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The development of the C. elegans uterus provides amodel for understanding the regulatory pathways that control
organogenesis. In C. elegans, the ventral uterus develops through coordinated signaling between the uterine anchor
cell (AC) and a ventral uterine (VU) cell. The nhr-67 gene encodes the nematode ortholog of the tailless nuclear
receptor gene. Fly and vertebrate tailless genes function in neuronal and ectodermal developmental pathways. We
show that nhr-67 functions in multiple steps in the development of the C. elegans uterus. First, it functions in the
differentiationof theAC. Second, it functions in reciprocal signalingbetween theACandanequipotentVUcell. Third,
it is required for a later signaling event between theAC andVUdescendants. nhr-67 is required for the expression of
both the lag-2/Delta signal in the AC and the lin-12/Notch receptor in all three VU cells and their descendants,
suggesting that nhr-67may be a key regulator ofNotch-signaling components.We discuss the implications of these
findings for proposed developmental regulatory pathways that include the helix–loop–helix regulator hlh-
2/daughterless and transcription factor egl-43/Evi1 in the differentiation of ventral uterine cell types.
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Introduction

The NR2E1/NR2E2 nuclear receptor transcription factors are con-
served among animal phyla where they play major roles in regulating
development. The Drosophila gene tailless (tll) functions in embryonic
body patterning and the development of neurons (Daniel et al., 1999;
Jürgens et al., 1984; Pignoni et al., 1990). The vertebrate ortholog of
tailless (Tlx) functions in the development of limbic and rhinencephalic
brain regions in themouse and is a key regulator of embryonic and adult
neural stemcell development (Monaghan et al., 1997; Shi et al., 2004; Yu
et al., 1994). The C. elegans genome sequencingproject identified nhr-67,
which encodes the nematode ortholog of tll (DeMeo et al., 2008;
Gissendanner et al., 2004). Likemost nuclear receptors, nhr-67 encodes a
protein with a well-conserved DNA-binding domain and amore weakly
conserved ligand-binding domain, although ligands have not been
identified for any members of the NR2E1/NR2E2 subclass. RNA-
mediated interference (RNAi) experiments revealed that nhr-67(RNAi)
animals were slow-growing and displayed cuticle-shedding defects,
egg-laying defects (Egl phenotype), and a protruding vulva (Pvl
phenotype), suggesting that nhr-67 playsmultiple roles in development
(Gissendanner et al., 2004). Fernandes and Sternberg (2007) demon-
strated that nhr-67 plays a role in cell fusion events during vulval
morphogenesis, Kato and Sternberg (2009) showed that nhr-67
functions in the migration of the male linker cell, and Sarin et al.
(2009) identified a role for nhr-67 in neuronal differentiation. In this
study, we describe the role of nhr-67 in regulating development of cells
that comprise the ventral C. elegans hermaphrodite uterus.

The development of the C. elegans uterus has served as a model for
understanding the mechanisms of organogenesis. A series of cell–cell
signaling events utilize the Notch pathway to create the adult hermaph-
rodite uterus, which consists of sixty cells that contain a lumen and
connect to the dorsal side of the vulva (Fig. 1; Newman and Sternberg,
1996; Newman et al., 1996). The anchor cell (AC) of the ventral uterus
plays a pivotal role in coordinating the development of the uterus. The AC
is generated fromone of two equipotent cells in the immature L2 somatic
gonad. The cell that does not become the AC becomes a VU (ventral
uterine) cell. The selection of which cell executes each fate depends on
birth order and reciprocal signaling between a delta-like signal, LAG-2,
and a Notch-like receptor, LIN-12 (Greenwald et al., 1983; Karp and
Greenwald, 2003;Kimble andSimpson, 1997). TheACexpresses the LAG-
2 signal and down-regulates expression of LIN-12 receptor, while the VU
cell down-regulates expression of LAG-2. When function of either lin-12
or lag-2 is compromised, the VU cell executes an AC fate, resulting in the
formation of 2 AC's. Two other somatic gonad cells also serve as VU cells,
for a total complement of three VU and one AC in late L2 wild-type
animals. While the AC is terminally differentiated in the L2, the three VU
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Fig. 1. Summary of ventral uterine development. Larval stages are designated in left
column. VU cells are shown as stippled nuclei. The AC is shown in black until it fuses with
UTSE. The π cells and their descendants are shown as white nuclei. Cell–cell
communication events are designated by solid gray arrows, cellular migrations by broken
arrows. The early L3 through late L4 views show the π cells and their descendant cells on
one side of the animal only; the total number of π lineage cells is double that shown.
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cells dividemultiple times during the L3 and L4 stages to produce 36 cells
that comprise the ventral uterine tissue and part of the uterine–
spermathecal junction (Kimble and Hirsh, 1979).

During the L3 stage, the AC signals using LAG-2 to six adjacent VU
descendants via the LIN-12 receptor to execute a single dorsal–ventral
division, which is termed the π fate (Fig. 1; Newman et al., 1995, 1996,
2000). The twelve π cell descendants differentiate into four UV1 cells,
whichwill connect directly to the dorsal side of the vulva, and eight cells
that fuse to create a large, thin UTSE syncytial cell that forms the ventral
surface of the uterus. The six additional VU descendants that do not
receive the LAG-2ACsignal executeadefault anterior–posterior division
and then divide a second time (ρ fate). Following its final role in
orchestrating the development of the uterus, the AC “retires” by fusing
with the UTSE syncytium during the L4 stage (Newman et al., 1996).

The similarity among the phenotypes caused by nhr-67 mutations
and the phenotypes of mutations in other genes that function in uterine
development, combinedwith a dynamic pattern of nhr-67 expression in
AC and VU cells, suggested that nhr-67might function in a lin-12/Notch
pathway to regulate uterine development. To test this possibility, we
identified and studied mutations in the nhr-67 coding region and
promoter, and explored the regulation of nhr-67 in ventral uterine cells.
Our data support amodel inwhichnhr-67 functions upstreamof the lin-
12/Notch receptor in the VU lineages, upstream of the lag-2/Delta signal
in the AC, and in a pathway that includes hlh-2/daughterless and egl-
43/Evi1 transcription factors to control ventral uterine development
at multiple steps.

Materials and methods

Identification and characterization of nhr-67 promoter mutations

During screens for spontaneousmutationswith visible phenotypes
in a dog-1(gk10)I background, we isolated a mutation with a partially
penetrant Egl and Pvl phenotype superficially similar to the weak sel-
12(ar131) presenilin mutation. Genetic mapping experiments placed
pf2 on LG IV in an interval between SNP_R13[1] and pkP4085 near
dbP7 (data not shown). dog-1 encodes a DNA helicase orthologous to
the human BACH1/BRIP1/FANCJ gene implicated in Fanconi anemia
and certain cancers (Cheung et al., 2002; Youds et al., 2008).
Elimination of dog-1 function leads to a high frequency of deletions
starting at long G-rich sequences, especially poly-G stretches, that can
form multiple G-quadruplexes when the DNA is single stranded
(Cheung et al., 2002; Kruisselbrink et al., 2008; Zhao et al., 2008). We
looked for candidate genes in the region that could explain the Egl
phenotype and which contained a G-rich sequence in, or near the
gene. For each candidate gene we designed primers flanking the G-
rich sequences and tested for the presence of deletions in the pf2
strain (Table S2). No deletions were identified for the Notch ligands
dsl-5 and dsl-6, nor for T01G1.3, but a small deletion was detected in
the promoter region of nhr-67 by genomic amplification. A stronger
Egl mutation with a larger deletion of the nhr-67 promoter, pf159, was
recovered in the same screen.

The pf88mutationwas recovered as a spontaneousmutation arising
in the background of a dog-1(gk10) I; sel-12(ty11) spr-3(pf83) X strain.
The sel-12(ty11) mutation causes a strong Egl defect and a moderate
penetrancePvl defect (Cinar et al., 2001;Gontijo et al., 2009), similar to a
weak lin-12(lf) allele. The phenotypic effects of sel-12 mutations are
completely suppressed by loss of spr-3 activity which leads to the de-
repression of the transcription of the hop-1 presenilin gene (Lakowski
et al., 2003). The pf88mutation causes a nearly 100% penetrant Egl and
Pvl phenotype in the sel-12 spr-3 background, indicating that pf88 is
epistatic to spr-3 (data not shown). The pf2, pf88 and pf159 mutations
were removed from the presence of all other known mutations in the
isolation strains by outcrosses and the presence of the nhr-67 deletion
and absence of dog-1(gk10) was confirmed by amplification from
genomic DNA using specific oligonucleotides (Table S2) before
phenotypic characterization. All three deletions start in, or near a C18
stretch in the promoter of nhr-67 which is the presumed site of
instability in thedog-1(gk10) background. The exact breakpoints of each
deletion were determined by DNA sequencing (Table S3). The
sequences of wild-type nhr-67 promoter regions (4 kb upstream from
start codon) from C. elegans, C. briggsae, C. brenneri, and C. ramaneiwere
aligned and compared using the UCSCMultiz Alignment Utility (http://
genome.ucsc.edu) and Clustal W (Thompson et al., 1994). Conserved
blocks were identified as sequences of at least six nucleotides in length
that were perfectly conserved among all four species.

Nematode strains and genetics

C. elegans were cultured and crosses performed as described by
Brenner (1974) and Stiernagle (2006). Strains were obtained from the
Caenorhabditis Genetics Center, the National Bioresource Project of
Japan, the C. elegans Gene Knockout Consortium, and individual
researchers (Table S1). Most strains were constructed using standard
Mendelian crosses. An nhr-67::gfp extrachromosomal array was
obtained from C. Gissendanner (U. La-Monroe) and A Sluder
(Scynexis) (Gissendanner et al., 2004). We integrated the array to
create transgenes bwIs5 and bwIs6 using gamma-irradiation from a Cs
source at the University of Pennsylvania Medical School (Mello and
Fire, 1995). Strains MU1269 (nhr-67(pf88)/nT1qIs51), MU1270 (nhr-
67(pf159)/nT1qIs51), and MU1255 (nhr-67(tm2217)/nT1qIs51), were
all created using the same approach. GFP+qIs51nT1males weremated
to homozygous nhr-67(pf88), homozygous nhr-67(pf159), and unbal-
anced heterozygous tm2217/+ hermaphrodites (the translocation-
linked qIs51 transgene expresses MYO-2::GFP in the pharynx, but is
homozygous lethal; K. Siegfried and J. Kimble, unpublished data). We
scored and picked live animals for GFP status using a Nikon SMZ 1500
fluorescent dissecting binocular microscope. Individual GFP+ F1
hermaphrodites were picked, allowed to reproduce. We tested F1
hermaphrodites individually for the presence of the heterozygous
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Table 1
Phenotypes of nhr-67 mutants and RNAi knockdown.

Genotype % Adult phenotype N

WT Pvl Egl Pvl Egl

Wild-type 100 0 0 0 47
nhr-67(RNAi) 11 8 18 62 70
nhr-67(pf159) 9 7 18 64 55
nhr-67(pf88) 0 1 23 76 66
nhr-67(pf2) 29 3 24 42 66
nhr-67(pf2)/nhr-67(ok631) 24 0 33 44 55
nhr-67(pf2)/mDf7 21 2 42 35 146

Percentages do not necessarily sum to 100% due to rounding.
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tm2217 deletion by amplification using the primers that were
designed for the original isolation of the deletion (S. Mitani, personal
communication; Jansen et al., 1997; Edgley et al., 2002). The
heterozygous pf88 and pf159 alleles were confirmed by the presence
of viable Pvl Egl (protruding-vulva, egg-laying defective) progeny in
the F2. Balancing the two strong hypomorphic viable alleles assisted
in subsequent strain construction because homozygous mutants mate
very poorly as hermaphrodites (due to vulval and uterine defects).
The VC419 strain obtained from the C. elegans Knockout Consortium
had the ok631 allele balanced in trans to nT1qIs51. The original strain
was back-crossed three times to nT1qIs51/+ males to create strain
MU1166.We tested complementation of pf2 and ok631 as follows:We
crossed wild-type males to ok631/nT1qIs51 balanced heterozygotes to
generate non-GFP ok631/+ males, which were then crossed to dpy-4
(e1166) nhr-67(pf2) hermaphrodites. We picked non-Dpy hermaph-
rodites in the F2 and scored them for visible phenotypes. The presence
or absence of pf2was determined by PCR using primers that flank the
deletion. We tested complementation of pf2 and mDf7 as follows:
nT1qIs51/+ males were crossed to dpy-13(e184sd) mDf7/nT1 let
(m435) IV;V hermaphrodites. F1 progeny that were GFP+ and semi-
Dpy were isolated to establish a dpy-13(e184sd) mDf7/nT1qIs51
balanced strain. Wild-type males were crossed to this strain and
non-GFP males picked (dpy-13(e184sd) mDf7/+ males), which were
then crossed to dpy-4(e1166) nhr-67(pf2) hermaphrodites. From
crosses in which the presence of wild-type progeny established
successful mating, semi-Dpy hermaphrodites were picked individu-
ally and scored for segregation of both the strong Dpy-4 phenotype
and the semi-Dpy-13 phenotype at a 1:2 ratio, thus establishing strain
MU1271 dpy-13(e184sd) mDf7/nhr-67(pf2) dpy-4(e1166) IV.

Microscopy

To examine external anatomy by Scanning Electron Microscopy,
wild-type and nhr-67(pf88) animals were fixed in 3% glutaraldehyde
(Eisner et al., 1996) and stained in 1% osmium tetroxide following
established procedures (Cox et al., 1981;Mackenzie et al., 1978;Morrill,
1986; Peixoto et al., 2000; Shaham, 2006). Samples were viewed with a
Topcon ABT-60 Scanning Electron Microscope. In order to evaluate
anatomical and cellular characteristics of arrested larvae and the uterus
of larvae and adults, we examined wild-type and mutant nematodes
using differential interference microscopy (DIC). We employed a Nikon
Eclipse TE 2000 U inverted microscope and captured images using a
Nikon DMX 1200 camera. To examine and record GFP, YFP and RFP
fluorescence patterns we used a Nikon UD Optiphot 2 microscope and
captured images using a Nikon DS camera. We cropped images and
adjusted for optimum contrast and brightness using Adobe Photoshop
software. We evaluated statistical differences in expression of GFP by
pairwise comparison using a t-test with two-tailed distribution or by
chi-square test. We defined “bright” and “weak” expression qualita-
tively based on our ability to detect expression: “bright” expressionwas
easily observed by direct observation with a 20× objective and could be
detectedwith a 5×objective; “weak” expression could only be observed
with a 40× objective and often required the summative effect of digital
capture to be clearly resolved.

RNAi

dsRNA-mediated interference (knockdown) was performed by
feeding nematodes dsRNA-producing bacteria using standard procedures
(Timmons et al., 2001).We obtained plasmids containing C. elegans cDNA
inserts in vector L4440 flanked by inducible promoters from Open
Biosystems (Hunstville, AL) or Geneservice (Nottingham, UK). Experi-
ments were performed either by picking L4 animals or placing
synchronized embryos onto RNAi feeding lawns on NGM-IA plates
(Ahringer, 2006; Stiernagle, 2006).We performed controls inwhich each
strain was also grown on OP50 bacteria and on HT115 feeding RNAi
bacteria on NGM. For all experiments, we confirmed RNAi effectiveness
by direct examination of the expected visible phenotypes (e.g. Pvl, Egl,
lethal, etc.). Early treatment of nematodes with the hlh-2(RNAi) feeding
strain results in a defect in AC differentiation, however the AC–VU
function of hlh-2 can be assessed by growing animals until the L1–L2molt
on the standard laboratory strain OP50 and then shifting animals to hlh-2
(RNAi) bacteria on NGM-IA plates. To evaluate the effects of L2 hlh-2
function on nhr-67::gfp expression, we performed an OP50-hlh-2(RNAi)
shift experiment (designated hlh-2(RNAi L2) using a synchronized L1
population of bwIs6 animals, largely as described by Karp and Greenwald
(2003). For experiments that focused on the effects of loss of nhr-67,
resultswith nhr-67(RNAi)were qualitatively and quantitatively similar to
the effects caused by the stronger pf88 and pf159mutations (Table 1; data
not shown).

Results

Coding region deletions of nhr-67 cause L1 arrest with tail morphology
defects

Three mutations that delete a substantial portion of the nhr-67
coding region have been isolated in systematic gene knockout projects
(ok631, tm2172, and tm2217). All three deletions have breakpoints in
introns four and six and therefore remove exonsfive and six completely
(Fig. 2). Because exons four and seven would be expected to splice out-
of-frame to each other in the absence of exons five and six, the mutant
mRNA product should encode a protein that is frame-shifted in the
ligand-binding domain. Placing ok631 in trans to the viable weak pf2
allele caused a similar phenotype to placing a large chromosomal
deletion in trans to the weak pf2 allele (Table 1). This observation
suggests that the ok631 allele is similar in strength to a complete
deletionof the entirenhr-67gene, consistentwith it beinganull allele, at
least as regards function in the egg-laying system.

In order to investigate the function of nhr-67, we examined
homozygous ok631 and tm2217 animals produced from balanced
strains.Homozygousmutants usually arresteddevelopment as embryos
or L1 larvae, as is the case for tllmutants in Drosophila. Less than 10% of
tm2217 homozygous animals developed to adulthood. All tm2217
homozygous escaper adults had protruding vulva (Pvl) and egg-laying
defective (Egl) phenotypes, and produced a small number (1–5) of
progeny that invariably arrested at or before the L1 stage. In contrast to
tm2217, we were unable to recover homozygous ok631 adult escapers.
This may reflect the fact that the ok631 deletion, but not the tm2217
deletion, removes a portion of a predicted non-coding RNA, C08F8.10,
which is located in intron four, or a difference in strain background
between ok631 and tm2217. The observation that all escaper homozy-
gous tm2217 animals display Egl and Pvl phenotypes confirms the
phenotypes obtained by RNAi-based studies of nhr-67 function
(Fernandes and Sternberg, 2007; Gissendanner et al., 2004).

We examined arrested homozygous nhr-67 (ok631) and nhr-67
(tm2217) L1 larvae by light microscopy to determine if loss of nhr-67
results in major effects on anatomy (Fig. 3). Arrested L1 larvae had
grossly normal pharynxes, intestine, and cuticular alae. They were
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able to move, but appeared slightly uncoordinated in comparison to
heterozygous sisters. Over 90% of arrested larvae did not have any
bacteria in their gut, suggesting that most nhr-67 homozygous mutants
are unable to eat. Both nhr-67 (ok631) and nhr-67 (tm2217) arrested L1
larvae displayed variable defects in tail morphology, including kinks,
bulges, and forks (Fig. 3B). Tailmorphologydefectswerenot observed in
later stage escapers, suggesting that either the defect is confined to an
event in late embryogenesis that can be resolved at the L1/L2 molt or
that escapers emerge from a small population ofmutants that escape all
cuticular defects at all stages.

Deletions in the nhr-67 promoter cause defects in the development of the
vulva and ectoderm

We identified three viable mutations that mapped to the nhr-67
promoter region. The pf2, pf88 and pf159 alleles delete 127, 398, and
494 bp, respectively, of overlapping portions of the nhr-67 promoter
in a region that lies between 1200 bp and 1700 bp upstream of the
predicted nhr-67 start codon (Fig. 2; Table S3). This region includes six
blocks of sequences that are conserved among four nematode species,
suggesting that multiple promoter cis-regulatory elements are
missing from each deletion. The pf2 deletion removes three conserved
blocks, the pf159 deletion five conserved blocks, and the pf88 deletion
all six conserved blocks.

Animals that are homozygous for any of these three recessive
hypomorphicmutations are viable and display Egl and Pvl phenotypes
(Table 1; Figs. 3D, E). Both phenotypes reflect a defect in the
development of the vulva and/or uterus. The larger pf88 and pf159
deletions cause considerably stronger phenotypes than the smaller
pf2 deletion, suggesting that loss of the three proximal conserved
blocks has a significant effect on transcription of the nhr-67 gene. The
pf2 mutation fails to complement in trans the ok631 deletion of the
nhr-67 ORF (Table 1), demonstrating that the Egl and Pvl phenotypes
are a consequence of the effect of the promoter deletion on nhr-67
rather than a neighboring gene. The larger promoter deletions, pf88
and pf159, cause a low-penetrance (2–5%) sterility, indicating that
nhr-67may also be required for normal germ-line development, and a
low-penetrance (about 5%) cuticular morphology defect in younger
larva, presenting as variably positioned bulges and lumps (Fig. 3C).
Taken together, these observations suggest that nhr-67 functions in
critical developmental processes in multiple tissues.

nhr-67 functions in ventral uterine development

Because the Pvl and Egl phenotype suggested that nhr-67 might
function in uterine development, we examined nhr-67 mutants for
defects in uterine cell types. In mid-L4 wild-type hermaphrodites, the
UTSE syncytium is normally visible as a very thin cell layer atop the
separated dorsal-most VulF vulval cells (Fig. 3F). In contrast, nhr-67
mutants have a thick cell layer atop the mid-L4 vulva and the VulF
cells do not separate (Figs. 3G, H), indicating that nhr-67 is required
for normal UTSE morphogenesis. We also found that the AC fails to
fuse with UTSE (Figs. 3G, H), a phenotype that is often observed in
other mutants when UTSE development is defective (Hanna-Rose and
Han, 1999). In order to examine the differentiation of the 4 UV1 cells,
we examined strains that carried an ida-1::gfp transgene that is
expressed in the UV1 cells (Fig. 3I; Zahn et al., 2001). nhr-67 mutants
have dramatically reduced numbers of UV1 cells expressing ida-1::gfp
(Fig. 3J). When UV1 cells were observed, they were often abnormal in
terms of position and morphology (data not shown). Therefore, both
mature uterine cell types derived from the π lineage are defective in
nhr-67 mutants.

nhr-67 is expressed dynamically in the developing uterus

The defects in the development of the ventral uterus could be
accounted for by nhr-67 function in the AC, the π cells, and/or the VU
cells, which give rise to the π cells. In order to identify potential sites
of nhr-67 function, we examined transgenic nematodes carrying an
nhr-67::gfp translational fusion that includes 6 kb of upstream
promoter sequence and the first three exons (Fig. 2; Gissendanner
et al., 2004). The translational fusion does not include the entire nhr-
67 DNA-binding domain and did not rescue nhr-67 Pvl, Egl, or cellular
phenotypes (data not shown). nhr-67::gfp was expressed at all
postembryonic stages in neurons of the head; the details of the
neuronal expression have been reported by Sarin et al. (2009). We did



Fig. 3.Morphology and uterine defects of nhr-67mutations. DIC Nomarski images (A–C, F–H), bright field image (D), scanning electron micrograph (E) and fluorescence microscopy
images (I, J) of wild-type (A, F, I) and nhr-67 mutants (B–E, G–H, J). L1 arrest tail defect (B) is identified by arrow. Cuticule morphology bulges (C) are identified by arrowheads.
A sterile Pvl animal is shown in (D), with a vulval protrusion indicated by the arrow. Note the absence of gonadal arms. Close-up of a Pvl protrusion (E). In (F–H), arrow indicates the
thinned UTSE tissue that separates the vulval lumen (asterisk) from uterine lumen, and arrowheads identify the unfused AC. Expression of ida-1::gfp in the UV1 cells (labeled) of the
ventral uterus (I, J). In addition to the four UV1 cells, the ida-1::gfp transgene is also expressed in several neurons. A, B, C, scale bar=10 μm. D, scale bar=30 μm. E, scale bar=5.3 μm.
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not observe any nhr-67::gfp expression in uterine or vulval precursors
in embryos or L1 larvae. In the L2 stage, we observed nhr-67::gfp
expression in the 4 pre-VU precursor cells (Z1.ppa, Z1.ppp, Z4.aaa,
Z4.aap) that become the AC and the three VU cells that give rise to
the ventral uterus (Fig. 4A). Expression of nhr-67::gfp in the 4 pre-VU
precursor cells appeared at or shortly after their birth. In the mid- to
late-L2 stage, expression of nhr-67::gfp in the three VU cells decreased,
while remaining at high levels (or possibly increasing) in the AC
(Fig. 4B). This change in nhr-67 regulation was roughly coincident
with the AC–VU lin-12/Notch-based signaling event that specifies AC
identity. During the L3 and early L4 stages, we observed consistent
and continual bright nhr-67::gfp expression in the AC and more
variable weak levels of expression in the six adjacent π cells (Fig. 4C).
We very rarely detected nhr-67::gfp expression in all 12 π cells after
their dorsal–ventral division. From early L4 through adulthood, we
observed weak expression of nhr-67::gfp in all 8 UTSE cells or
syncytium (Fig. 4D), suggesting that expression is turned off in all π
cells after their division and then re-expressed later in UTSE.
Expression of nhr-67::gfp was observed in the UTSE before AC fusion,
indicating that it does not reflect GFP introduced into UTSE by fusion
of the AC to UTSE. Bright expression of nhr-67::gfp in the AC nucleus
was not observed after mid-L4, indicating that it is reduced after
fusion of the AC with the UTSE syncytium. We did not observe
expression of nhr-67::gfp in vulval cells at any stage using our
transgenic reporter, although Fernandes and Sternberg (2007) have
demonstrated expression of nhr-67 in a subset of vulval cells during
morphogenesis in the L4 stage using a transgenic reporter that
includes intron 4. An nhr-67::mCherry reporter (Sarin et al., 2009) that
rescues nhr-67(ok631) mutants for viability, Egl and Pvl defects shows
the same uterine pattern that we report here, except for the late L4
and adult UTSE expression (data not shown). Therefore, the
expression pattern we have described should include expression of



Fig. 4. Expression of nhr-67 in the developing ventral uterus. Expression of nhr-67::gfp in wild-type animals during L2, L3, and L4 stages. (A–D) GFP fluorescence microscopy. (E–H)
GFP fluorescence overlays on DIC images. A–D and E–H are not matched images of the same animals. (A, E) Mid L2 larva showing GFP fluorescence in the four pre-AC/VU precursor
cells. (B, F) Late L2 larva showing GFP fluorescence in the AC and three VU cells (not visible in DIC overlay), after AC–VU signaling. Early L3 larva are similar. (C) Early L4 and (G) Late
L3 larva showing fluorescence in the AC and six adjacent π cells (not visible in DIC overlay). (D, H) Mid-L4 larva showing fluorescence in the UTSE cells. The AC has either fused with
UTSE or is no longer expressing nhr-67::gfp. The positions of cells are altered fromwild-type positions due to the presence of the co-transformingmarker rol-6, which causes the body
to corkscrew around the long axis. Low-level expression of NHR-67::GFP protein in the UTSE and π cells was typically cytoplasmic, but this is probably an artifact of the preferential
localization of the GFP fusion protein rather than an indication of different subcellular localization of the endogenous NHR-67 protein. The nhr-67::gfp fusion used for this study does
not include the entire DNA-binding domain (Fig. 2; Gissendanner et al., 2004), and a full-length nhr-67::mCherry transgene displays the expected nuclear localization (Sarin et al.,
2009). Anterior is to the left. All images are side views with ventral at bottom, except panel B, which is a ventral view, and panel C, which is an oblique ventral view.
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nhr-67 that is relevant to understanding function in uterine develop-
ment. These data demonstrate that nhr-67 is dynamically expressed in
the developing uterus, and suggests that nhr-67 function in the AC, VU,
and/or π cells may contribute to the defect in uterine development in
nhr-67mutants.

nhr-67 functions in the AC–VU decision

Theearlydifferential expressionofnhr-67::gfp in theACandVUcells in
late L2 suggested the possibility that nhr-67might function in the AC–VU
decision.We examinedwhethernhr-67 functioned in the development of
theACand/or theAC–VUdecisionby testing theeffectofnhr-67mutations
or RNAi knockdown onmarkers of AC identity. The lin-3 gene encodes an
EGF-like signalingmolecule that is expressed in the AC and in the three L2
VU cells (Hwang and Sternberg, 2004), following a pattern that is very
similar to that of nhr-67. Later stage expression of lin-3 in VU descendants
was weak and variable, but expression in the AC remains high (Fig. 5A).
Animals subjected to nhr-67 (RNAi) knockdown and nhr-67 hypomorphic
mutants displayed robust expression of lin-3::gfp in AC's at stages L2–L4
(Figs. 5A, B; Table 2). In addition, themorphology of the AC during the L3
stagewas superficially normal. The presumptive VU cell of L2 and L3 nhr-
67(RNAi) animals and nhr-67mutants often displayed a high level of lin-
3::gfp expression, consistent with upregulation of lin-3 in the VU cells
when nhr-67 is compromised (Fig. 5B; Table 2). Instead of the single
brightly fluorescing AC observed in wild-type animals, 33% of nhr-67
(RNAi) animals displayed two bright cells, often closely adjacent to each
other, which both displayed AC-like morphology. In some cases, two
adjacent AC-like cells could be seen invading into the underlying
ectodermal vulval precursor tissue (data not shown), indicating that
both cellswere behaving as bonafideAC's. During the late L4 stage, the lin-
3::gfp-expressing AC of nhr-67(RNAi) and mutant animals persisted,
apparently unable to fusewith the defective UTSE (Table 2).We obtained
similar results when we examined the expression of cdh-3 (Figs. 5C, D;
Table 2),which encodes a cadherin that is expressed in the AC beginning
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Fig. 5. nhr-67 functions in the AC–VU decision and AC differentiation. lin-3::gfp (A, B), cdh-3::gfp(C, D), zmp-1::gfp (E, F),and lag-2::yfp (G, H) fluorescence in wild-type (A, C, E, G) and
nhr-67(RNAi) knockdown (B, D, F, H) animals. Panels A–D and G–H show L3 animals. Panels E and F show early L4 animals. Arrowheads identify AC's. Asterisks identify the lumen of
the developing vulva. Solid line in panels G and H identifies four vulval precursor cells, which also express the lag-2::yfp transgene.
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in the L3 stage (Inoue et al., 2002; Pettitt et al., 1996). These data
demonstrate that multiple markers of AC identity are expressed in the
presumptive VU cell. Therefore, when nhr-67 function is compromised,
the presumptive VU cell is unable to respond to, or does not receive, the
LAG-2 signal from the AC and adopts an AC identity.
Table 2
Expression of genes in the AC in nhr-67 mutants and RNAi knockdown.

Larval stage L3 Mid L4 N

Expression pattern genotype % 1 AC % 2 AC % 0 AC % retained AC

lin-3::gfp 100 0 0 7 149
lin-3::gfp; nhr-67(pf88) 58 38 4 23 113
cdh-3::gfp 100 0 0 2 89
cdh-3::gfp; nhr-67(RNAi) 34 65 0 67 41
zmp-1::gfp 87 0 13 0 51
zmp-1::gfp; nhr-67(RNAi) 48 12 41 23 95
lag-2::yfp 95 0 5 0 62
lag-2::yfp; nhr-67(RNAi) 56 7 38 0 108
egl-43::gfp 97 0 3 5 76
egl-43::gfp; nhr-67(RNAi) 70 15 15 38 64

Percentages do not necessarily sum to 100% due to rounding.
nhr-67 functions in AC differentiation

In contrast to lin-3 and cdh-3, othermarkers of AC identity showed a
loss of expressionwhen nhr-67was compromised. zmp-1 encodes a zinc
metalloprotease, which is expressed in the AC beginning in the L3 stage,
at about the same time as cdh-3 (Inoue et al., 2002; Pettitt et al., 1996;
Sherwood et al., 2005; Sherwood and Sternberg, 2003). With a zmp-1::
gfp reporter, fluorescence in a second ACwas present in some L3 nhr-67
(RNAi) animals, but at a lower penetrance than observed for lin-3::gfp
and cdh-3::gfp (Figs. 5E, F; Table 2). Expression of zmp-1::gfp in the AC
was weaker and sometimes entirely absent in nhr-67(RNAi) treated
animals (Figs. 5E, F; Table 2). Thus a general loss of zmp-1 expression in
nhr-67(RNAi) animals may account for the lower penetrance of the
apparent two AC phenotype when zmp-1::gfp was used as a marker of
AC identity. We also observed a modest loss of AC expression coupled
with a two AC phenotype when we examined expression of the
transcription factor egl-43 (Table 2). In addition, the AC's of nhr-67
(RNAi) larvae display a defect in invasion of the basement membrane
that separates the AC from the vulval tissue below it (Sherwood and
Sternberg, 2003; D. Matus and D. Sherwood, personal communication).
These results indicate that nhr-67 is required for normal levels of zmp-1
expression and somecellular properties of theAC, indicating that nhr-67
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Table 3
Expression of nhr-67::gfp in the AC, VU cells, and π cells.

Stage Late L2 L3 N

Expression pattern % 2 bright cells Avg (±SD) number AC/VU cells % 1 AC % 2 AC % 0 AC Avg (±SD) number π cells

Wild-type 6 3.5 (±0.9) 91 0 8 2.5 (±2.5) 133
hlh-2(RNAi) ⁎18 3.4 (±1.0) ⁎12 ⁎2 ⁎86 1.6 (±2.4) 134
hlh-2(RNAi L2) nda nda ⁎49 ⁎24 ⁎28 nda 80
egl-43(RNAi) ⁎18 3.2 (±1.1) ⁎43 ⁎22 ⁎35 ⁎1.3 (±1.3) 129
lin-12(RNAi) ⁎28 3.1 (±1.2) ⁎49 ⁎41 8 2.1 (±1.1) 101
lag-1(RNAi) ⁎11 3.3 (±1.0) 85 ⁎12 4 1.7 (±2.4) 105
sel-12(ar131) 7 3.8 (±0.7) 92 0 8 2.5 (±2.1) 47

Percentages do not necessarily sum to 100% due to rounding.
⁎ Significantly different from wild-type transgene background at pb0.05.
a Not determined. We did not score AC or π cell phenotypes for hlh-2(RNAi L2) animals.
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functions in the differentiation of theACaswell as being required for the
VU fate during the AC–VU decision.

The observation that nhr-67 functions in some aspects of AC
development raises the possibility that its function in the AC–VU
decision may depend on nhr-67 regulating the expression of the lag-2
ligand in the AC. To test this possibility, we examined the expression
of a lag-2::yfp reporter construct (I. Greenwald, personal communi-
cation; Wilkinson et al., 1994) when nhr-67 function is compromised.
The expression of lag-2::yfp was absent from the AC of 38% of nhr-67
(RNAi) L3 animals (Figs. 5G, H; Table 2), and the intensity of lag-2::yfp
fluorescence was reduced in many nhr-67(RNAi) larvae that did show
detectable expression. As with zmp-1, a low penetrance two AC
phenotype was still apparent when lag-2::yfpwas used as a marker of
AC identity. Taken together these results support the conclusion that
loss of nhr-67 results in both a defect in AC–VU signaling and a defect
in AC differentiation. Furthermore, the loss of lag-2 expression could
contribute to the defect in AC–VU signaling, since lag-2 encodes the
signal.

Relationship between nhr-67 and the AC development transcription
factors hlh-2/daughterless and egl-43/Evi1

The observations that nhr-67 is expressed relatively early in all
four pre-VU cells of the L2 and functions in both AC differentiation and
the AC–VU decision suggested that it might depend on transcription
factors known to function in the earlier steps in AC development. To
address this question, we examined the dependence of nhr-67::gfp on
the transcription factors hlh-2 and egl-43, both of which have been
shown to play a role in early AC development. The hlh-2 gene encodes
a C. elegans helix–loop–helix transcription factor that is the ortholog
Fig. 6. Expression of nhr-67 depends on egl-43 and hlh-2. nhr-67::gfp fluorescence in (A) wild
shows GFP fluorescence, the middle column matched DIC micrographs, and the right colum
positions of AC's. Panels A–C show L3 animals. Panel D show an early L4 animal. The gon
requirements for hlh-2 in gonadogenesis (Karp and Greenwald, 2004). Brightness of panels B
shows a modest twisting of the body due to the presence of the rol-6 cotransforming mark
of the daughterless gene of Drosophila melanogaster (Krause et al.,
1997). It functions in multiple steps in ventral uterine development.
First, during the L1 stage, hlh-2 functions in the pre-VU cells to
regulate competency to develop into an AC (Karp and Greenwald,
2004). In the absence of hlh-2 function, the AC is unable to
differentiate and becomes a VU-like cell. Second, during the L2
stage, hlh-2 functions in the AC–VU decision to regulate VU
development, in part by positively regulating the expression of the
lag-2 ligand in the AC (Karp and Greenwald, 2003). Therefore, when
hlh-2 function is reduced by RNAi during L2, a two AC phenotype
results due to the loss of lag-2 signal to the VU.When we reduced hlh-
2 function during L1 by RNAi, we observed no significant effect on the
number of pre-VU cells that expressed nhr-67::gfp in the L2 (Table 3).
We also observed a low penetrance two bright AC phenotype, which
may reflect rare animals that escaped the early hlh-2 RNAi effect on AC
differentiation, but suffered from L2 RNAi effects on the AC–VU
decision. During L3, we observed a significant loss of bright AC-like
nhr-67::gfp expression (Figs. 6A, B; Table 3), consistent with the
expectation that the AC has been converted into a VU-like cell. When
we grew animals on non-RNAi bacteria until the L1 molt and then
shifted them to hlh-2 RNAi bacteria (designated hlh-2(RNAi L2)), we
observed animals with two bright nhr-67::gfp expressing AC's, as we
would expect due to the L2 AC–VU defect (Fig. 6C; Table 3). Therefore,
loss of hlh-2 at the L2 molt results in conversion of the VU cell into an
AC, with concomitant increase in expression of nhr-67. We also
observed a significant proportion of hlh-2(RNAi L2) animals that had
no nhr-67::gfp expression in the gonad, however these animals also
did not have clearly differentiated AC's on the basis of DICmorphology
(data not shown), indicating that reduction of hlh-2 in these animals
compromised the earlier hlh-2 function in pre-AC competency (Karp
-type, (B) hlh-2(RNAi), (C) hlh-2(RNAi L2), and (D) egl-43 (RNAi) larvae. The left column
n matched DIC micrographs with GFP fluorescence overlays. Arrowheads identify the
ad of hlh-2(RNAi) animals displays a highly abnormal morphology due to pleiotropic
and D was intentionally increased to emphasize the lack of GFP fluorescence. Panels B

er. Ventral is at the bottom and anterior to the left for all images.
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and Greenwald, 2004). Thus we were not able to “decouple” hlh-2
function in regulating nhr-67::gfp expression and hlh-2 function in AC
differentiation. This observation suggests that the loss of nhr-67::gfp
expression in hlh-2(RNAi) animals is intimately associated with hlh-2
function in establishing AC competency rather than reflecting hlh-2
function in positively regulating nhr-67 expression in an otherwise
normal AC.

The egl-43 gene encodes a C. elegans homolog of the EVI1 proto-
oncogene transcription factor (Garriga et al., 1993). The vertebrate
EVI1 zinc-finger transcription factor functions in regulating develop-
ment in multiple tissues, including the peripheral nervous system
(Hoyt et al., 1997; Lopingco and Perkins, 1996). Like hlh-2 and nhr-67,
egl-43 plays multiple roles in development, including regulating the
AC–VU decision, expression of zmp-1 in the AC, and invasive behavior
of the AC (Hwang et al., 2007; Rimann and Hajnal, 2007). The specific
array of AC phenotypes caused by loss of egl-43 are strikingly similar
to those we describe for nhr-67: loss of zmp-1 expression, but not cdh-
3 expression, and a failure to invade vulval tissue and fuse with UTSE.
HLH-2 appears to be a direct transcriptional regulator of egl-43
transcription, binding to a CACCTG “E-box” located in an egl-43
enhancer that directs expression of egl-43 in the AC (Hwang et al.,
2007). While AC differentiation by several criteria is clearly defective
when egl-43 function is compromised, it is not known whether the
presumptive AC is converted into a bona fide VU cell. To examine the
consequences of loss of egl-43 for nhr-67 expression, we examined
nhr-67::gfp animals that were subjected to egl-43(RNAi). Reducing egl-
43 function resulted in an increase in the two bright AC nhr-67::gfp
phenotype in L2, but no change in the overall number of pre-VU cells,
indicating that egl-43 is not required for early nhr-67 expression
(Table 3). However, during the L3 we observed a two bright AC nhr-
67::gfp expression phenotype in some animals coupled with a loss of
nhr-67::gfp expression in both the presumptive AC and VU de-
scendants (Fig. 6E; Table 3). We interpret this to mean that in some
egl-43(RNAi) animals the AC–VU decision fails, resulting in two bright
nhr-67::gfp-expressing AC's, while in other animals AC differentiation
itself is compromised and bright nhr-67::gfp expression is not
observed. The latter result is very similar to what is observed with
zmp-1 expression in egl-43(RNAi)-treated animals (Hwang et al.,
Fig. 7.Defects in expression of genes in the π lineages of nhr-67mutants. Fluorescencemicros
C, E), nhr-67 (pf88) (B, D), lin-12(n137gf) (F), and lin-12(n137gf); nhr-67(pf2) (G) background
developing vulva is indicated in each figure with an arrowhead, and π lineage cells are labe
2007). These data suggest that maintenance of nhr-67 expression in
the AC and VU descendants may depend on egl-43. The hlh-2 and egl-
43 effects on nhr-67 expression coupled with the similarity in defects
in AC differentiation among hlh-2, egl-43 and nhr-67, raises the
possibility that nhr-67 functions in a pathway with both transcrip-
tional regulators in regulating AC differentiation.

The lin-29 transcription factor functions in maintaining lag-2
expression in the AC (Newman et al., 2000). Given that nhr-67 is also
required for lag-2 expression in the AC, we examined the possibility
that nhr-67 expression in the ACmight depend on lin-29 in addition to
hlh-2 and egl-43. In contrast to the results we obtainedwith both hlh-2
and egl-43,we observed no loss of nhr-67::gfp expression in the AC of
lin-29 (RNAi) animals (data not shown). Therefore, regulation of nhr-
67 does not appear to depend on lin-29, which is consistent with an
earlier role for nhr-67 in AC development.

The ventral uterine cells of the π lineage require nhr-67

Because the AC also signals to the adjacent VU descendants during
the L3 to induce the π lineage, we hypothesized that the π cells would
also be defective when nhr-67 is compromised. Like the AC–VU
signaling event during L2, the AC-π signaling event during L3 depends
upon a LAG-2 signal from the AC and a LIN-12-mediated response in
the responding cells (Newman et al., 1995). Two transcription factors
have been shown to play important roles in the execution of uterine π
cell fates and serve as early markers of π lineage induction. The Sox
domain transcriptional factor gene egl-13 functions in the execution of
π cell fates (Cinar et al., 2001; Hanna-Rose and Han, 1999), and the
LIM homeobox gene lin-11 is required for the normal differentiation of
the UTSE cells (Newman et al., 1999). Genetic studies have
demonstrated that egl-13 and lin-11 are both downstream of lin-12.
Expression of both egl-13::gfp and lin-11::gfp transgenes in the π
lineages of nhr-67 mutants was markedly reduced, both in the
number of cells observed and in the brightness of fluorescence (Fig. 7;
Table 4). The loss of egl-13::gfp and lin-11::gfp-expressing cells was
observed at both late L3, when the π cells receive the LAG-2 signal and
in early L4 after they have executed their characteristic division
(Table 4). When egl-13::gfp-expressing cells were observed in later L4
copy showing expression of egl-13::gfp (A, B, E–G), and lin-11::gfp (C, D) inwild-type (A,
s. (A, B) Side view of L3 animals. (C–G) Side view of early L4 animals. The location of the
led. Anterior is to the left.
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Table 4
Expression of genes in the π lineage.

Genotype Late L3 (6π) Early L4 (12π) N

% WT
(5–8π)

% 0 π cells Avg (±SD) number
of π cells

% WT
(10–14π)

% 0 π cells % 13+ π cells Avg (±SD) number
of π cells

lin-11::gfp a57 a14 4.3 (±2.8) 91 0 0 11.1 (±3.3) 35
lin-11::gfp; nhr-67(pf88) 19 69 ⁎1.3 (±2.4) 5 73 0 ⁎0.9 (±1.5) 57
egl-13::gfp a89 a11 5.4 (±1.8) 97 0 2 12.0 (±1.5) 138
egl-13::gfp; nhr-67(pf88) 25 50 ⁎2.0 (±2.6) 28 51 2 ⁎2.4 (±3.3) 59
egl-13::gfp; nhr-67(pf2) 32 32 ⁎2.6 (±2.5) 52 6 0 ⁎5.6 (±3.6) 74
egl-13::gfp; lin-12(n137gf) 5 21 ⁎10.7 (±7.6) 5 0 95 ⁎25.1 (±4.8) 52
egl-13::gfp; lin-12(n137gf); nhr-67 (pf2) 14 36 ⁎3.0 (±4.5) 50 12 31 ⁎8.8 (±5.4) 63

Percentages do not necessarily sum to 100% because intermediate results (e.g. 1–4 π cells) are not shown.
⁎ Significantly different from transgene alone at pb0.05.
a Time of onset of lin-11::gfp and egl-13::gfp expression in the π lineage was variable among animals.
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animals, the π descendants were located in irregular positions (e.g.,
grouped together to one side or the other of the vulva), indicating that
even those π descendants that express egl-13 are defective. The
penetrance of the π lineage defect was stronger than the VU to AC
conversion defect due to nhr-67 function in the AC–VU decision,
suggesting that loss of one VU cell is not sufficient by itself to explain
the defect in the π cells. In some nhr-67 mutant late L3 and early L4
animals we observed one or more cells with π-like location and
appearance by DIC microscopy that did not express egl-13::gfp and
some early L4 animals that appeared to have undergone the dorsal–
ventral division typical of π cells, but did not express egl-13::gfp (data
not shown). However, in other early L4 mutants that displayed no egl-
13::gfp expression we were not able to identify obvious candidate
post-division π cells. Therefore, we infer that nhr-67 mutants are
defective in the production of the AC signal to π cells and/or at a
relatively early step in the π cell response to the AC signal.

A possible explanation for the π lineage defect is that it is a
secondary consequence of the earlier defect in AC differentiation. In
particular, the loss of LAG-2 expression in the AC could account for the
defects in π identity. In order to test this possibility, we examined the
effect of nhr-67 mutations on ventral uterine cells that have been
induced to form π cells independent of the AC and LAG-2 signal. A
gain-of-function mutation (n137gf) in the lin-12 receptor causes the
AC to adopt the VU identity due to inappropriate activation of putative
lin-12 targets in the AC (Greenwald et al., 1983; Wilkinson et al.,
1994). Despite the absence of the AC, lin-12 is activated in the
presumptive π and ρ cells, leading to ρ cells being converted into π
cells independent of the AC and LAG-2 signal (Newman et al., 1995).
As a result, the number of uterine cells that express egl-13 in early L4
larvae is increased from an average of 12.0 cells in wild-type animals
to 25.1 in lin-12(n137) animals (Table 4; Figs. 7E, F). We examined if
an nhr-67 mutation could suppress the lin-12(gf) phenotype by
constructing an nhr-67(pf2); lin-12(n137gf) strain that carries an egl-
13::gfp reporter. The strain was strongly suppressed for the lin-12(gf)
effect on π cells (Table 4; Fig. 7G), indicating that the reduction of nhr-
67 is more than sufficient to reverse the effect of the lin-12(gf)
mutation on π cell fate. This result demonstrates that AC-independent
lin-12 activation of the π lineage depends on nhr-67. While nhr-67
function in AC differentiation and lag-2 expression may contribute to
the defect in nhr-67-mutant π cells, nhr-67 must also play an
important role in the π cells themselves or in the VU cells that serve
as π cell precursors.

The suppression of lin-12(gf) by nhr-67(pf2) mutants might be
accounted for by nhr-67 being a downstream regulatory target of lin-
12 signaling in the π cells. If this is the case, however, wewould expect
a loss of nhr-67 expression in the presumptive π cells when lin-12
signaling is compromised. Loss-of-function mutations in lin-12 cause
a phenotype opposite to the gain-of-function mutation: two AC's,
extra ρ lineages and no π lineages (Greenwald et al., 1983; Newman et
al., 1995). Animals carrying the nhr-67::gfp were subjected to lin-12
(RNAi) to examine the consequences of lin-12 knockdown on nhr-67
expression. As expected, animals with reduced lin-12 activity
displayed two brightly fluorescing AC's in L2 and L3 animals
(Table 3). However, expression of nhr-67::gfp in uterine precursor
cells adjacent to the AC in L3 was not significantly different fromwild-
type. We obtained similar results when we explored the effects of the
loss of other Notch pathway mediators. The lag-1 gene encodes a
transcription factor that mediates lin-12 signaling (Christensen et al.,
1996; Henderson et al., 1994; Tax et al., 1994). Animals bearing the
nhr-67::gfp and subjected to lag-1(RNAi) displayed the expected 2 AC
phenotype, but did not have altered nhr-67::gfp expression in L3 VU-
derived cells (Table 3). Likewise, mutations in the sel-12 γ-secretase,
which is required for lin-12 signaling in the AC-π decision but not the
AC–VU decision (Cinar et al., 2001; Levitan and Greenwald, 1995; Li
and Greenwald, 1997), did not significantly affect nhr-67::gfp
expression in L3 VU-derived cells. Taken together, these data suggest
that nhr-67 is not a significant transcriptional regulatory target of the
lin-12 response in π cells.
nhr-67 is required for the expression of lin-12 in the VU and π cells

The expression of nhr-67::gfp in the VU cells in mid-L2 animals
suggested that nhr-67 might function in VU development prior to the
AC–VU signal. Because the lin-12/Notch receptor plays a central role in
both AC–VU and AC-π signaling, we examined expression of lin-12::
gfp in the developing gonad of nhr-67 mutants. In most mid to late-
stage L2 animals, a lin-12::gfp transgene was expressed in 2–4 cells of
the AC/VU group (average 2.8), but no other gonadal cells (Fig. 8A). In
nhr-67(pf88) and nhr-67(pf159) mutants, expression in all four AC/VU
cells was very rarely observed (average 0.4 cells for bothmutants) and
was undetectable in 89% of late L2 larva examined (Fig. 8B). We
conclude that nhr-67 is a key regulator of lin-12 expression in the VU
cells. Therefore, the defect in AC–VU signaling apparently reflects the
combined effects of the loss of LAG-2 in the AC and loss of LIN-12 in
the VU cell.

We also tested the possibility that expression of the lin-12/Notch
receptor in the L3 π cells and other VU descendants depended on nhr-
67. A lin-12::gfp reporter was expressed in 8–24 VU descendants
(average=13.8) during the L3 stage (Fig. 8C). The nhr-67(pf88) and
nhr-67(pf159) mutants expressed lin-12::gfp in a range of only 0–12
VU descendants (average=4.3 and 2.9, respectively), with 48% of
mutant L3 animals displaying no detectable lin-12::gfp expression
(Fig. 8D). When expression of lin-12::gfp was detected, it was often
weak and found only in the more distal VU descendants rather than
the π lineage cells. These results demonstrate that expression of lin-12
in the π cells depends on nhr-67, but not vice versa. Therefore,
suppression of lin-12(gf) by nhr-67 in the π lineagemay result entirely
or in large part from the failure to express the gain-of-function protein
in the absence of nhr-67.



Fig. 8. Expression of lin-12/Notch depends on nhr-67. Fluroescence microscopy showing lin-12::gfp expression in wild-type (A, C) and nhr-67mutant (B, D) larvae. (A, B) shows early
lin-12 expression in the pre-VU cells of L2 larvae. (C, D) shows later lin-12 expression in L3 larvae. Arrowheads (D) identify weak lin-12::gfp expression in distal extents of the
expanding ventral uterine region; note the absence of lin-12::gfp in the proximal VU descendants.
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Discussion

nhr-67 plays multiple roles in ventral uterine development

Our analysis of nhr-67 function in C. elegans uterine development is
consistent with roles at multiple steps and times. First, we propose
that nhr-67 functions in the differentiation of the AC, possibly in
conjunction with hlh-2 and egl-43, and is a key regulator of lin-12
expression in L2 VU cells. The defects in lag-2 and zmp-1 expression in
the AC that result from nhr-67 loss-of-function indicate that
differentiation of the AC requires nhr-67. Loss of nhr-67 causes defects
in AC differentiation that are strikingly similar to those caused by loss
of egl-43 (Fig. 5; Rimann and Hajnal, 2007; Hwang et al., 2007). Taken
together, the requirement for nhr-67 in both AC and VU cell types that
are produced from the 4 pre-VU cells suggests that nhr-67 is an
important regulatory factor for differentiation of both cell types.

Second, nhr-67 is required for the AC–VU decision in L2 larvae. This
conclusion is supported by the 2 AC phenotype observed in nhr-67
mutants and RNAi experiments (Fig. 5; Table 2). As judged bymultiple
markers of AC identity (lin-3, cdh-3, zmp-1 and egl-43) the loss of nhr-
67 results in the VU cell adopting an AC identity, which is consistent
with a defect in LAG-2 to LIN-12 signaling. It is possible that the defect
in AC–VU signaling is entirely due to the loss of lag-2 expression in the
AC and loss of lin-12 expression in the VU cells. Thus it may not reflect
an immediate role for nhr-67 in the L2 AC–VU signaling event itself,
but rather a requirement for nhr-67 in the differentiation of all four
pre-VU cells at an earlier developmental event.

Third, nhr-67 is required for the development of the π cells of L3
larvae. The loss of expression of key early markers of the π lineage
demonstrates that nhr-67 is required for an early step in π lineage
development (Fig. 7; Table 4). Because the induction of the π cells is a
relatively late event that depends on both AC identity and VU identity
at earlier stages (Newman et al., 1995; 1996; Oommen and Newman,
2007), it is likely that the effect we observe on nhr-67 mutant π
lineage reflects the additive consequence of the requirement for nhr-
67 at several steps. LAG-2 appears to be the ligand for AC-π signaling
(Newman et al., 2000), so the defect in π development in nhr-67
mutants may reflect in part compromised lag-2 expression in the AC.
However, the ability of a relatively weak nhr-67 mutation (pf2) to
strongly suppress the lin-12(gf) π lineage defects indicates that nhr-67
functions in either VU or π lineages as well, since lin-12(gf) mutants
have no AC's and the lin-12(gf) effect is not ligand-dependent. The loss
of lin-12 expression in L3 VU descendants may be sufficient to explain
this phenotype.

The loss of lin-12::gfp expression in nhr-67 mutants is the most
penetrant and earliest consequence we have observed, indicating that
nhr-67 is required for the development of all four pre-VU cells. This
raises the possibility that the development of both ρ and π lineage
cells might depend on nhr-67, since both lineages are derived from the
four pre-VU cells. A lack of early markers for ρ cell identities has
prevented us from directly addressing the effect of nhr-67 mutations
on ρ cell development, but adult structures derived from ρ lineage
cells, such as the spermatheca, and expression of ser-2::gfp inmature ρ
descendants, do not appear to be significantly affected (data not
shown). The consequences of loss of nhr-67 appear to fall most heavily
on the AC–VU decision and π lineage, both of which require lin-12
signaling. In contrast, the ρ lineage can be executedwithout an AC and
without lin-12 (Newman et al., 1995). Therefore, it is possible that the
function of nhr-67 is primarily the regulation of components of lin-12-
related signaling components and AC differentiation.

nhr-67 functions in transcription factor pathways that regulate uterine
development

nhr-67 functions in defined pathways that have been previously
shown to play key roles in the development of the ventral uterus. We
propose that nhr-67 functions in a pathway with hlh-2/daughterless
and egl-43/Evi1, and upstream of lag-2 and zmp-1 in AC development,
and upstream of lin-12 in VU development. The presence of two
evolutionarily conserved CACCTG “E-box” sites in the region removed
by the nhr-67 promoter deletions (Fig. 2) raises the possibility that
HLH-2 could be a direct regulator of nhr-67 transcription in the AC.
These particular sites are demonstrated targets for HLH-2/HLH-4 and
HLH-2/HLH-10 heterodimers in vitro (Grove et al., 2009). In addition,
the loss of hlh-2 causes amore severe phenotype, conversion of the AC
into a VU cell (Karp and Greenwald, 2004), as compared to the partial
differentiation defect we observe in nhr-67mutants. This difference in
strength of phenotype also suggests that hlh-2may function upstream
of nhr-67. The regulatory relationship between egl-43 and nhr-67 is
not clear from our data, since compromising either gene causes a
reciprocal change in the expression of the other (Tables 2 and 4). The
putative promoter regions of nhr-67 and egl-43 do not have conserved
binding sites that match the known binding activities of the other
protein, so a regulatory relationship between themmay not be direct.
zmp-1 has three and lin-12 has one evolutionarily conserved
monomeric AAGTCA NHR-67 binding sites within 2 kb upstream of
the predicted start of transcription (B.W., unpublished; DeMeo et al.,
2008), raising the possibility that some of the potential regulatory
targets of nhr-67 could be direct. Both lin-11 and egl-13 have promoter
regulatory regions that have been shown to drive expression in the π
lineage (Gupta and Sternberg, 2002; Oommen and Newman, 2007).
Both these regions contain well-conserved TAGTCA and TTGTCA
sequences (B.W., unpublished), which are related to the defined nhr-
67 binding site, raising the possibility that nhr-67 could be a direct
transcriptional regulator of both genes.

Comparison to nhr-67 function in other tissues

nhr-67 plays multiple, apparently unrelated, roles in C. elegans
development, just as tailless plays multiple roles in Drosophila
development (Daniel et al., 1999; Pignoni et al., 1990). Sarin et al.
(2009) showed that nhr-67 plays a key role in regulating the left/right
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asymmetric identity of the ASE neurons, demonstrating that as for
Drosophila tailless and vertebrate Tlx, nhr-67 plays an important
function in neuron development. They also found that NHR-67
directly regulates the transcription of the homeobox gene, cog-1 via
a conserved canonical AAGTCA binding site. This is unlikely to be a
regulatory interaction that is relevant to our study of ventral uterine
development, since cog-1 is not expressed in the AC or VU lineages
(Palmer et al., 2002), although it is possible that nhr-67 could function
to repress expression of cog-1 in the ventral uterus.

Fernandes and Sternberg (2007) described a role for nhr-67 in a
circuit of transcription factors that regulate gene expression and
morphogenesis in the vulva. The vulval cells express some of the same
genes as ventral uterine cells, and they found that nhr-67was required
for the expression of zmp-1 in the VulA cell and lin-3 in the VulF cell,
but did not find a requirement for lin-11 expression in any vulva cells.
Therefore, their results overlap with ours, identifying vulval regula-
tory requirements for nhr-67 in the uterus that are both like those we
have described (zmp-1) and different from those we have described
(lin-3 and lin-11) in the uterus.

Kato and Sternberg (2009) showed that nhr-67 is expressed in the
male linker cell (LC), where it functions in the timing of changes in the
direction ofmigrationof the LCduringmale gonadogenesis. The LC is the
male equivalent of the hermaphrodite AC, generated by reciprocal
signalingmediated by lin-12 between the same two gonadal precursors
(Greenwald et al., 1983; Kimble and Hirsh, 1979). In males, the LC
migrates along a stereotyped pattern to create the overall shape of the
male gonad, eventually connecting to the cloaca at the tail. Thus it
undergoes a long-range migration unlike the AC. They also found that
nhr-67 is required for expression of zmp-1 in the male LC, similar to the
requirement we have described in the hermaphrodite AC. However,
nhr-67 does not appear to function in the specification of the LC, since a
two LC phenotype analogous to the two AC phenotype in the nhr-67
mutant hermaphrodite was not observed in males. Therefore, while
positive regulation of zmp-1 is a feature of nhr-67 function in the
hermaphrodite AC, hermaphrodite vulva, and male LC, the function of
nhr-67 in gonadogenesis appears to have diverged somewhat between
the two sexes.

Implications for conserved tailless function and regulation

The common thread in NR2E1/NR2E2 function across phylogeny is a
role in neuron development, suggesting that this is an ancestral
function. The tailless gene got its name in Drosophila on the basis of its
key role in patterning the termini of embryos.While we have identified
a tail morphology defect in nhr-67 coding-region deletion homozygotes
(Fig. 3B), our observation that all regions of larvae can display cuticle
morphology defects in later larva carrying nhr-67 promoter deletions
suggests that nhr-67 may not have a region-specific function in
nematode patterning (Fig. 3C). tailless and its orthologs appear to be
pleiotropic regulators of animal development with several exaptations
to various developmental programs in different species.

Our study suggests a parallel between regulatory pathways in
nematode uterine development and regulation of vertebrate neural
stem cell identity, which also depends on Notch, daughterless, and Tlx
(Bertrand et al., 2002; Shi et al., 2008). Tlx is a repressor that coordinately
prevents differentiation into glial cell types and maintains vertebrate
neuronal stem cells in the cell cycle (Shi et al., 2004; Zhang et al., 2006).
The nhr-67 AC–VU phenotype is conceptually analogous to the effect of
the loss of Tlx in vertebrate stem cell lines: in both cases the loss of gene
function results in a cell that should proliferate (VU in the case of nhr-67)
exiting the cell cycle and differentiating (becoming AC).

Extensive research in Drosophila embryogenesis also connects
proneural bHLH regulation and Notch signaling to control of neural
development (Bertrand et al., 2002; Cummings and Cronmiller, 1994;
Jan and Jan, 1993). nhr-67 and lin-12 in wormsmay function in pathways
that are analogous to thoseof theproneural bHLHgenes andNotch inflies.
The regulation of nhr-67, high in the lag-2-expressing AC and low in the
lin-12-expressing VU, parallels that of the Drosophila proneural bHLH
genes. Furthermore, lag-2 expression depends on nhr-67, just as Delta
expression depends on proneural bHLH genes (Artavanis-Tsakonas et al.,
1999; Bertrand et al., 2002). Thus nhr-67 appears to function analogously
to the proneural genes in regulating AC development, raising the
possibility that tll in flies and Tlx in vertebrates may also play parallel
roles in neurogenic pathways.

Supplementarymaterials related to this article can be found online
at doi:10.1016/j.ydbio.2011.06.007.
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