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B Annotation

The present work analyzes the role of conserved nuclear hormone receptor NHR-25
during vulva formation in C. elegans through genetic, cellular, and biochemical
techniques. NHR-25 is expressed in graded manner during vulva cell fate specifications
and migrations. In vitro and in vivo sumoylation assays identified that a proper ratio of
sumoylated to un-sumoylated NHR-25 specifies 3° cell fates. In addition, nhr-25(RNAi)
and nhr-25(ku217) studies identified a pivotal role for NHR-25 during vulva cell
migrations, fusions and morphogenesis. Altered gene expression pattern of EGF/LIN-3,
HOX/LIN-39, and Semaphorin SMP-1 were seen in nhr-25(lf) within vulva. Thus NHR-

25 orchestrates proper vulva organogenesis.
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Rationale and Research objectives

Genetic analysis identified multiple roles for NHR-25 during C. elegans
development such as molting, male tail morphogenesis, and gonad axis formation.
During these processes, NHR-25 works in a cell type and tissue specific manner. It is not
clear how NHR-25 elicits distinct gene regulatory networks in different cell types.
Studies from mammalina SF-1, NHR-25 ortholog showed that SUMO modification is an
important regulatory mechanism of nuclear receptor function. NHR-25 has four potential
sumo consensus motifs and so far no information is available to account for the effect of

sumoylation on NHR-25 activity.

Six epidermal cells have equal potential to receive signal from gonad and develop
into mature vulva in C. elegans. Strong nhr-25(lf) through RNA1 severely effects
generation of both goand and epidermal cells and hypomorphic allele, nhr-25(ku217)
show weaker phenotypes. Abnormal vuvla morphology was also reported in nhr-
25(ku217) animals. But, how NHR-25 regulates vulva morphogenesis and what genes
interact with it is unknown. Sumo deletion mutant, smo-1(0k359) is known to regulate

vulva and gonad morphogenesis.

The following specific aims were postulated to study the role of NHR-25 during

vulva formation:

1. To analyze the effect of SUMO modification on NHR-25 transcriptional activity and
its localization properties (Chapter 3).

2. To study genetic interactions between smo-1 and nhr-25 during vulva formation
(Chapter 3).

3. To analyze the spatio-temporal expression of NHR-25 during vulva formation and to
comprehend the repertoire of vulva phenotypes observed in nhr-25(lf) (Chapter 4).

4. To identify signaling networks that interact with NHR-25 during vulva

morphogenesis (Chapter 4).

Towards the goals, available C. elegans genetic, cellular, molecular and biochemical
techniques were applied. A minor portion of the obtained results were duplicated in

chapter 3 & 4 to suit the context.



Chapter 1. Introduction

1.1 C. elegansasa mode to study development

Caenorhabditis elegans (or C. elegans or the worm) measures ~1mm in length and
is found in natura soils that are rich in organic matter. The worm possess a long,
cylindrical, transparent and un-segmented body and is nhon-parasitic. They exists as males
(XO) and hermaphrodites (XX). An adult male consists of 1031 cells and hermaphrodite
959 that congtitute reproductive, muscle, intestine and nervous tissue systems. The
transparent body of the worm allows direct observations of cellsand cell divisions through
simple diffraction contrast microscopy (DIC). Through this advantage, John Sulston
developed complete cell lineage history starting from an egg to adult animal (Horvitz &
Sulston, 1980). In addition, complete neuronal circuitry was also mapped with a total of
302 neurons. These features can help to study cell fates during development with single
cell resolution. The pioneering efforts by Nobel laureate Sydney Brenner made C. elegans

asamodel organism to study developmental biology and neurobiology.

In the laboratory, the worms were grown on NGM agar plates with E. coli OP50 as
afood source. Its life cycle involves four larval stages and is very short ~ 3.5 days at 20°
(Figure 1.1). Under unfavorable conditions such as starving, the worms survive through
dauer larvae. C. elegansisapproachableto both forward and reverse genetics. The genome
is organized into five autosomes and one sex chromosome and is composed of 100 Mbps.
The compl ete genome sequence is available and thus facilitates RNAi and gene knock out
technologies (Fraser et a., 2000; Kamath et al., 2003)

1.2 C. elegans vulva organogenesis

During animal development, individual cells acquire specific fates and develop
into unique tissues and organs. Execution of cell fates require precise spatial and

temporal control of gene expression which regulates pattern of cell divisions, polarities,



fusions and migrations. These features modulate cellular differentiation and

organogenesis.

C. elegans reproductive system, the vulvais an excellent model system to study
cell fate specifications and morphogenesis (Sternberg, 2005). The vulvais a non-essential
organ for survival which serves as a passage way between uterus and external
environment and helps in egg-laying and copulation (Figure 1.2A). The mature vulvais
composed of seven multi-nucleate concentric rings called toroids that provide structural
integrity and stability during egg-laying behavior. The cellular, genetic, and molecular
events that regulate vulva organogenesis and its orchestration by cross talk among
multiple conserved signaling pathways such as Egf, Ras, Wnt and Hox networks are well
known and are summarized as below (Schindler & Sherwood, 2013; Sharma-Kishore et
al., 1999; Sternberg, 2005)

1.2.1 Cellular aspects

The somatic gonad cell known as anchor cell (AC) isthe source for vulva
induction process (Sulston & White, 1980). The ventral hypodermal cells, P(3-8).p cells
receive the inductive signal and develop into mature vulva. They are referred as Vulval
Precursor Cells (VPCs) or Pn.p cells. The AC signal acts as morphogen. The VPC that
receives the maximum signal adopts 1°fate, while moderate levels produces 2° fate, and
further low levels 3°fates. Accordingly, the AC ensures 1°fate in P6.p, 2°fate in P5.p and
P7.p and 3°fate in the remaining VPCs (Figure 1.2B). The 1°and 2° cells undergo three
rounds of cell divisions (Pn.x to Pn.pxxx) and the 3° cells one round of division (1.2C-E).
In both 1° and 2° cell fates, the first two rounds of cell divisions are identical and occur
longitudinally (L) which resultsin 12 daughter cells that are arranged in bilateral
symmetry along the anterior-posterior axis (AB-CD-EF/FE-DC-BA). But they differ in
their third and final round of division during which the daughters of the 1° cells divide
transversely ina TTTT fashion and the 2° cells divide in LLTN fashion (Figure 1.2E).
The 3°cells divide once and their daughters fuse with the syncytial hypodermis (SS fate),



except P3.p which fuses with hypodermis without dividing in roughly 50% of the animals
(F or fused fate). Thefinal invariant cell lineages of P(3-8).p are represented as (F/SS-
SS-LLTN-TTTT-NTLL-SS) or (F/3%3°-2°-1°-2°-3%), Thus the mature vulvais formed
from the descendants of 1°and 2° cell lineages and is composed of 22 cells, 8 from 1° and
7 from each 2° cell (1. Greenwald, 2005; Sternberg, 2005). The 1°and 2° cell fates are
called as vulval fates and 3° as non-vulval or syncytial fates.

1.2.2 Genetic aspects

Genetic screens aimed towards defective vulva formation resulted in many viable
mutants that are generally described as egg-laying defective (Egl). In addition, two other
classes of vulval mutants: vulvaless (Vul) and multivulva (Muv) are isolated based on
induction properties of the VPCs (Horvitz & Sulston, 1980). In Vul P(5-7).p adopt 3°
fates resulting in non-functional vulva. In Muv the VPCs, P3.p, P4.p and P8.p which
usually adopt 3° non-vulval fates acquire either 2°or 1°fates. Everted or protruding vulva
(Pvl) mutants are al so isolated based on the abnormal protruding vulva structures in adult
animals (D. M. Eisenmann & Kim, 2000). In normal animals, P(5-7).p cells generate
vulva (index 3), in Vul index is <3 and in Muv index >3. Many genes that regulate vulva
invariant cell lineages were also identified through direct observation of cell divisions
and orientation of division axes (Sulston & Horvitz, 1981). These mutants are typically

referred aslin, defective for lineage.

1.2.3 Molecular aspects

Several conserved signaling pathways work in concert to regulate vulva cell fate
pattering (Sternberg, 2005). Biochemical studiesidentified LIN-3, an EGF family protein
expressed in AC as the source of inductive signal (Hill & Sternberg, 1992). The LIN-
3/EGF signal works as a morphogen and ensures 2°-1°-2° fates within P(5-7).p cells. The
P6.p receives maximum amount of LIN-3 from the extra cellular matrix (ECM) through

its cognate receptor LET-23, an EGFR family protein. Thisinteraction elicits the



conserved LET-60(Ras)-LIN-45(RAF)-MPK-1(MAPK) cascade within the cytoplasm
(Aroian et al., 1991; Han et a., 1990). Activation of RassMAPK pathway phosphorylates
LIN-1 which in acomplex with LIN-31/Fork Head and LIN-39/HOX regul ates 1° fates
positively (Beitel et al, 1995; Wagmaister et a., 2006) (Figure 1.3). Intriguingly, in the
absence of Ras pathway, LIN-1 is sumoylated and inhibits 1° fates (Leight et al., 2005).
Thus LIN-1 regulates 1° fates both positively and negatively and acts downstream of
LET-23-LET-60-MPK-1 pathway.

The FGF (Fibroblast Growth Factor) protein EGL-17 istemporally expressed in
vulval cell lineages from Pn.p to Pn.pxxx stages (Burdine et. al, 1998) (Figure 1.4). After
inductive signaling highest egl-17 expression was observed in P6.p and intermediate
levelsin P(5,7).p and still low levelsin the remaining cells (Inoue et al., 2002; Y 00 &
Greenwald, 2005). Interestingly, the early P6.p expression was completely abolished in
AC ablated animals and strong loss-of-function of LET-23/EGFR where inductive
signaling is absent (Cui & Han, 2003). Thus providing evidence that early egl-17
expression in the P6.p lineages corresponds to 1° fate and is a good read out for LIN-
3/LET-23/MAPK signaling in the VPCs. At Pn.pxxx stage egl-17 expression disappears
in primary lineages and was seen in VulC and D of 2° lineages. This activity is regul ated
by LIN-12/Notch signaling. Egl-17 mutants show normal vulva development.

The precise patterning of 2°-1°-2° fates within P(5-7).p cells results from the
orchestration of ‘love and hate’ relationship between Ras and Notch pathways through
‘lateral inhibition process’ ((I. S. Greenwald et a., 1983; Sternberg, 2005; Greenwald,
2005) (Figure 1.5). EGF/Ras’'MAPK cascade promotes 1° fate within P6.p and LIN-
12/Notch pathway promotes 2° fates in P(5,7).p. Notch receptors are activated by Delta-
Serrate-LAG-2 (DSL) family ligands. Activated EGF/Ras’yMAPK promotes LAG-2
expression and also degrades LIN-12/NOTCH pathway to prevent P6.p from adopting 2°
fates. Once activated, LAG-2 from P6.p up-regulates LIN-12 within P5.p and P7.p célls.
In turn, LIN-12 pathway activates LIP-1(Lateral Signal induced Phosphotase-1) to reduce
Ras activity through endocytosis and degradation of LET-23/EGFR within P(5,7).p cells,



thus inhibiting 1° fates (Berset et al., 2001). Ablation of AC before inductions or |0ss-of-
function of LIN-3/LET-23/LET-60/LIN-12 resultsin Vul and hyper-activation of LIN-
3/LET-23/LET-60/LIN-12 results Muv.

Canonical WNT signaling also plays significant role in the regulation of LIN-39
expression and vulvainductions. Multiple Wnt ligands and receptors, BAR-1/ B-catenin
and POP-1/TCF are the key players (D M Eisenmann, 2005). Five WNT ligands; LIN-44,
CWN-1, CWN-2, EGL-20 and MOM-2 and four receptors; LIN-17/Fz, M1G-5/dsh,
MOM-5 and MIG-1 and LIN-18/ryk act redundantly to control vulvainduction process
(D M Eisenmann, 2005; Gleason et al, 2006). MOM-2 and LIN-44 are expressed in the
AC and other ligands are known to act in multiple tissues surrounding the VPCs, such as,
neurons and muscles and also within VPCs (Inoue et al., 2004; Myers & Greenwald,
2007). The B-catenin BAR-1 actsin concert with LET-60/RAS in the positive regulation
of vulval fates and PRY-1/AXIN and APC/APR homolog inhibit BAR-1 activity within
the VPCs (D M Eisenmann et al., 1998; Gleason et al., 2002). Loss-of-function of PRY -1
produces phosphorylated BAR-1 that translocate to nucleus and forms an activating
complex with POP-1 to up-regulate genes involved in vulvainductions. Thus pry-1(If)
results in Muv situation which can be suppressed by 1in-39(If) or pop-1(If) (Gleason et al.,
2002, Seetharaman et al., 2010).

Another level of regulation of vulva inductions are maintained by components of
Nucleosome Remodeling (NURD) complexes or chromatin regulators (Fay & Y ochem,
2007). Based on the level of genetic redundancy, these components are classified into class
A, B and C groups. Mutations within a single class appear wild type but in combination
with any of the two classes (A-B, B-C or A-C) are Muv. This particular mutants are
described as synmuv — synthetic multivulva mutants. The conserved family of proteins
LIN-35RB, HDAC-1, HPL-1, HP1 and components of sumoylation pathway (smo-1, ubc-
2 and ubc-9) are encoded by synmuv genes (Cui et a., 2004; Cui & Han, 2007; Davison et
a., 2011; Poulin et a., 2005; Saffer et a., 2011). SynMuv A and synMuv B genes

redundantly repress lin-3/EGF in the hypodermis and as such in lin-15AB mutant animals,



lin-3 is ectopically expressed in hyp 7, resulting in highly penetrant Muv animals (Cui et
a., 2006; Myers & Greenwald, 2005; Saffer et al., 2011) (Figure 1.6). In accordance, lin-
15AB multivulva phenotype is suppressed by loss-of-activity of lin-3 or let-23 genes,
suggesting that the synMuv components work either upstream or in parallel to lin-3/let-23
pathway during vulva induction. Some classes of synMuv genes are known to act outside
of hyp7, such as lin-36B and lin-15A (Sternberg 2005). synmuv genes regulate LIN-39
activity through transcriptional repression autonomously in VPCs (Zhe Chen & Han,
2001).

1.3 Regulation of EGF/LIN-3 during vulva formation

C. elegans genome encodes for only one EGF family protein, the LIN-3 which is
located on chromosome 1V. LIN-3 protein contains an extra cellular domain with one
EGF motif (50-60 AA), a trans-membrane domain and a cytoplasmic domain (Hill and
Sternberg 1992). The N terminal cytoplasmic portion of LIN-3 isrequired for its general
functionality and the C terminal portion regulates its tissue —specific activities (Liu et al.,
1999). Alternative splicing within the lin-3 locus spanning the EGF repeat and trans-
membrane domains, in the region of exons 5 to 7, resulted in three splice variants, LIN-
3S, LIN-3L and LIN-3XL (Duitt et al., 2004; Hill & Sternberg, 1992) (Figure 1.7). The
two mutually exclusive splice variants, LIN-3XL and LIN-3L were resulted from the
insertion of 41 and 15 amino acid residues, respectively, when compared to the LIN-3S.
The LIN-3L variant results from the donor splicing region located at the 3’ end of exon
6a and LIN-3XL results from the insertion of additional exon 6b between 6aand 7. Thus
both LIN-3L and XL variants include the common region, 6athat encodes for LIN-3S
variant. All the three LIN-3 isoforms were detected by RT-PCR during the time of AC
induction at L2/L 3 transition. But their tissue specific distribution during C. elegans
development is unknown. The Rhomboid/ROM-1 regulates the activity of LIN-3L
autonomously during vulva development. LIN-3is cleaved in aROM-1 dependent and
later LIN-3 signal is propagated in arelay manner from proximal to distal VPCs (Duitt et
al., 2004).



The molecular lesion within lin-3 allele €1417 is located in the regulatory region
of lin-3 and not in the coding sequences (Liu et al 1999). Accordingly, deletion analysis
of lin-3 locus, spanning the €1417 lesion resulted in the loss of lin-3 expression
specifically in the AC (Hwang & Sternberg, 2004). Further biochemical and molecular
studies identified 59 bp enhancer element within the lin-3 regulatory region that is
necessary for AC specific lin-3 transcription. This anchor cell specific enhancer element
(ACEL) is known to contain one nuclear hormone receptor (NHR) binding site and two E
boxes (Figure 1.8). The €1417 is mutated within the NHR binding site of ACEL.
Mutations in E-boxes and NHR binding sitesin the ACEL eliminated AC specific lin-3

expression.

The Drosophila E-protein/daughterless homolog HLH-2 is expressed in the AC
during C. elegans vulva formation. HLH-2 binds to the two E-boxes (CACCTG moatif) in
ACEL and post-embryonic RNAI treatment of hlh-2 abolisheslin-3::gfp in the AC
(Hwang and Sternberg 2004). The C. elegans FTZ-F1 family protein, NHR-25 binds
specifically to the ‘“TCAAGGTCA’ FTZ-F1 motif (Lavorgnaet a 1991). The wild type
ACEL sequence possesses homology to eight bases (TCAGGGTCA) within the FTZ-F1
motif and the e1417 mutation has a substitution (G-A) at the 5™ base position within this
motif (TCAGAGTCA). NHR-25 exists in two isoforms, o -FTZ-F1 and B-FTZ-F1
(Asahinaet a., 2000; C R Gissendanner & Sluder, 2000). The - form contains partialy
deleted DBD sequences and results in impairment of DNA binding ability of FTZ-F1. In
EMSA based binding assays, o — form bound to wild type ACEL but not to the mutated
€1417 motif and B- form to neither of the probes (Hwang and Sternberg 2004). These
results suggested that NHR-25 indeed binds to wild type ACEL and not to the mutated
version. Surprisingly, post-embryonic RNAI of nhr-25 does not abolish lin-3::gfp in the
AC, suggesting that other NHR related genesin C. elegans (270nhrs) may be involved in
this process.



1.4 Multiple developmental processes or chestrate vulva mor phogenesis

The entire process of vulva morphogenesis occurs over aperiod of 20 hrs starting from
late L3 (Pn.pxx) to L4 stage (Pn.pxxx) and involves similar mechanisms to common
epithelial invaginations, such as; short range migrations, acquisition of polarities, cell
shape changes accompanied by re-organization of adherens junctions and cell-cell fusion
events (Estes & Hanna-Rose, 2009; A J Schindler & Sherwood, 2013; Sharma-Kishore et
al., 1999; Shemer et a., 2000) (Figure 1.9).

1.4.1 Short range migrations and invariant cell divisions

At Pn.pxx stage, 12 daughter cells of P(5-7).p cells align themselves along the
ventral hypodermis in anterior-posterior position (ABCD-EF/FE-DCBA) (Figure 1.9A).
Later short range migrations of outer P5.pxx and P7.pxx cells towards the vulva midline
resultsin upward movement of inner P6.pxx cells alowing them to detach from the ventra
cuticle to leave a small lumen space (Estes and Hanna Rose 2009). This event is the hall
mark of advent of vulva morphogenesis. Afterwards, P5.pxx and P7.pxx cells divide
invariably, acquire crescent shapes and extend their adherens junctions laterally towards
the midline to reach their contra-lateral homologs (Sharma kishore et a., 1999, Shemmer
and Podbilewicz 2000, Figure 1.9C,D).

The stereotypical cell migrations of vulva cells are well coordinated through time
and space. Each half of the vulva primordia develop independently of the other (Shrama
kishore 1999 and Shemmer and Podbilewicz 2000). The vulval cells of the most dorsa
toroid VUlF play akey role in the regulation of midline oriented vulva cell migration and
isreferred as dorsal organizer. In absence of VulF and E cells, the next vulva cell typein
the hierarchy VulD will become the dorsal organizer (Shemmer et a 2000). VUlE célls
dividefirst and extend their lateral projections towards the vulva midline along the ventral

surface of VUlF cells. Similar pattern is followed up by VulD, C, B1, B2 and A cell types



in ahierarchical manner. These cellular behaviors of the vulva primordiaduring migration
are described as “collective vulva cell migrations” (Dalpe et a., 2005) (Figure 1.9C-E).

Thefina and terminal events of morphogenesis are revealed by the midline fusions
of contra-lateral homologs of VUlA to F in atemporal fashion to form syncytia toroidal
rings, VUIA to F, except VulB1 and B2 which never fuse with their homologs (Sharma
kishore et al., 1999, Shemmer and Podbilewicz 2000, Figure 1.9F,G). These seven vulva
toroids are arranged in a pyramidal manner along the proximal/ventral — distal/dorsal axis.

Thus the integration of stereotypic vulva cell divisions and migrations move the
vulvacellsfrominitial ventral positions to dorsally inwards to generate distinct dorsal (by
VUIE and F) and ventral lumens (by VUulABCD). Finally, the uterine, sex muscles and seam
cells make appropriate contacts with the toroids and ensure proper functioning of the egg-
laying system (Schindler and Sherwood 2012).

1.4.2 Orientation of asymmetric cell divisons and polarities

During development, asymmetric cell division generates two different daughter
cell types from a single mother cell. Vulva formation also involves asymmetric cell
divisions. The daughters of P(5-7).p generate different vulva cell types by dividing
asymmetrically at Pn.px. P(5,7).px cellswill generate 4 cell types each which arrange
themselvesin mirror symmetric fashion (ABCD-DCBA). P6.px generates 4 cell types
(EF-FE). Thefinal pattern is represented as (AB-CD-EF/FE-DC-BA) where °/ * depicts
the axis of symmetry (Figure 1.10).

For the establishment of EFFE pattern within 1° lineages a direct physical contact
between VUlF (F-F) cellsand AC isrequired (Wang & Sternberg, 2000). For ABCD-
DCBA pattern within 2° lineages two types of polarities establishments are required;
default and refined (Green et al., 2008) The default polarity maintains ABCD-ABCD
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orientation for both P5.p and P7.p daughters along the anterior-posterior axis. But
refined polarity reverses the orientation of P7.p from ABCD to DCBA. So that the mirror
asymmetry ABCD-DCBA is established. Wnt signaling plays crucial roles in both 1° and
2° lineages pattern and polarity formation and will be discussed |ater.

1.4.3 Vulvaterminal differentiations

During the final and third round of vulva cell division the daughters of P(5-7).p
undergo terminal differentiation processto develop into seven cell types VUIA to F that
constitute 22 cells arranged in AAB1B2CCDEEFFFFEEDCCB2B1AA fashion
(Schindler and Sherwood 2012). Direct observations through nomarski optics helpsin
identifying terminal vulva cell positions. But in a mutant situation it is extremely difficult
to specify the vulva cell lineages by position owing to perturbations in division axes,
timing of cell divisions and altered migratory behaviors. To compensate for these
inequalities GFP based reporter gene fusions were used as an alternative to lineage
analysis. Spatio-temporal expression of various GFP fusion reporter genes was observed
in certain vulvalineages and cell types during terminal differentiation process (Takao
inoue et al., 2002). The expression analyses of these reportersin wild type and mutant
animals facilitates cell type identity purely based on positive GFP expression in the
corresponding cell types without any prior knowledge of their cell lineages and positional

information.

Precise gene expression pattern associates with vulva cell fate pattering (Takao
inoue et al., 2002). The FGF (Fibroblast Growth Factor) protein EGL-17 is temporally
expressed in vulval cell lineages from Pn.p to Pn.pxxx stages (Burdine et al 1998). Late
egl-17 expression appears in VulC and D lineages of 2° cells beginning from early to mid
L4 stages (Figure 1.11). The Zinc Metall oprotease protein, zmp-1:: gfp expression was seen
inVulD and E at late L4 stage and in Vul A in adults (Figure 1.11). The VUIE expression
isused asaread out for proper 1°cell fate specifications. The NIpc family proten EGL-26
isaso expressed in VUlE and VulB from mid to late L4 stages (Estes et al., 2007; Hanna-
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Rose & Han, 2002). The cadherin related protein CDH-3 is expressed in VuUlC, D, Eand F
beginning form L3 to adults (Pettitt et al., 1996). The EGF/LIN-3 isexpressed in AC at the
time of vulva induction process and later re-appears in VUlF cells from early L4 stage
onwards (Chang et al., 1999). The expression of lin-3::gfp in VulF is also used as aread
out for proper 1° cell fate specifications. The Pax 2/5/8 family protein EGL-38 is aso
expressed in VulF (Fernandes & Sternberg, 2007; Ririe et al., 2008). The homeodomain
protein belonging to Drosophila empty spiracles, ceh-2 is expressed in VulB1 and B2 at
L4 and in VulC during L4 lethargus (Jolene Fernandes 2007, T. inoue et al 2002).

Thus the mature vulval cell types VUIA to F have distinct and precise pattern of gene

expression code that attributes for proper vulvaterminal differentiations.

1.5 Signaling pathways regulating vulva mor phogenesis

1.5.1 Wnt signaling and vulva cell polarities

Whnt signaling plays crucial roles during the orientation of secondary vulva
lineages (Gleason et al., 2006; Green et a., 2008; Inoue et a., 2004) (Figure 1.10). The
default orientation of secondary vulva lineages P5.p and P7.p isto face posteriorly
through ground polarity. But Wnt signaling re-orients the posterior P7.p lineages to face
anteriorly through refined polarity. Wnt ligands EGL -20 expressed from the tail and
MOM-2 expressed within AC and surrounding cells regulate these polarity events. At the
receptor level both LIN-17/Fz and ROR family CAM-1 and LIN-18/Ryk and components
of PCP pathway VANG-1 areinvolved (Green et ., 2008). At the signal transduction
level, B-catenins BAR-1, LIT-1, SYS-1, WRM-1 and TCF homolog POP-1 are involved.
These components work in concert both canonically through WNT/FZ/BAR-1/POP-1
and non-canonically through WNT/Ryk or ROR or Van Gough/SY S-1 or WRM-1 or
LIT-1.
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At Pn.px stage, POP-1 is localized in a high-low manner between VulA and B; VulC and
D lineages stage and specifies proper mirror image cell fates (ABCD-DCBA)
(Deshpande et al., 2005). Alteration in POP-1 localization results in mis-specification of
cell fates, for example ahigh level of POP-1in VulB changesitsfate to VUlA (ref). In
lin-17 and lin-18 mutants, POP-1 localization is revered in P7.p lineages so that the cells
acquire default ground polarities and the mirror symmetry is broken (ABCD — ABCD).

Cell ablation and mutant analysis aimed to understand the patterning of primary
vulva lineages suggested that the preferential invasion of AC towards the inner P6.pxx
cells makes them future VulF cells and the neighboring outer P6.pxx cells as future VUIE
cells, thus regulating E-F-F-E pattern formation (Wang & Sternberg, 2000). They aso
showed that the two halves of the primary lineages, [EF] and [FE] develop autonomously
during development. The outer and inner cells possessintrinsic polarities and also can
communicate with each other during the invariant E-F-F-E pattern formation. Ablation of
AC specifically after AC inductioni.e., at P6.px and P6.pxx stage resulted in abnormal
expression pattern of zmp-1::gfp in VUIE and F cells at P6.pxxx stage, suggesting
aterations in E-F-F-E pattern formation. Similar results were seen in a situation where
Ras signaling activity is reduced within vulva cells specifically after AC induction.
Mutation in the Wnt receptor, lin-17/fz results in wild type patterning of primary vulva
lineages. In the double mutant, lin-17/fz and lin-18/ryk, abnormal primary cell fate
patterning was seen. Thus both Wnt and Ras signaling regul ates EFFE pattern formation
after AC induction.

1.5.2 GRNs gover ning vulva terminal differentiations

What factors regulate the differential gene expression within VulA to F cell types
within vulva? RNAI based screens aimed to identify the gene regulatory networks
governing vulva organogenesis resulted in two nuclear hormone receptors nhr-67 and
nhr-113 as potential transcription factors regulating vulval cell fate patterning (Jolene
Fernandes 2007, Ririe et a 2008,). nhr-67 regulates cell fate pattering in multiple cell
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types by forming a combinatorial regulatory code with lin-11(LIM), cog-1 and egl-38
(Jolene Fernandes 2007, Figure 1.12). nhr-113 is known to regulate pattering of Vul A
specific gene, zmp-1::gfp expression but does not regulate other expression markers, such
as, cdh-3, ceh-2 and lin-3 (Ririe et al 2008). The heterochronic gene LIN-29 that
functionsin developmental regulation of L4-adult transition is also known to regulate
gene expression pattern in vulva cell types (Jolene Fernandes 2007, Ririe et al 2008, T.
inoue et a 2002). LIN-29 regulates the expression of egl-17 in VulC and D, ceh-2in
VulC, and zmp-1 in VulD and E during mid L4 stage but does not regulate lin-3
expression in VUlF (Ririe et a 2008). nhr-67 regulates VulF lin-3 expression positively.
vab-23 also positively regulates VulF/lin-3 and V ulE/egl-26 expressions (Pellegrino et
al., 2011).

1.5.3 SMP-1/PL X-1 system

Specific ligand-receptor interactions at the cell membrane triggers cell migration
process. The conserved family of type | transmembrane proteins, the semaphorins
interacts with their receptors, plexins (Plexin 1A family) to regulate diverse
morphogenetic events, such as, axon guidance, cardiac development and growth of
endothelial cells (Kruger et al., 2005). Trandational control of cytoskeletal proteins was
identified as the key mechanism by which semaphorin-plexin interactions target mRNA
molecules of RhoA (Wu et al., 2005), B-actin (Leung et al., 2006)and ADF/cofilin (Piper
et a., 2006). During C. elegans male tail development, the semaphorin-plexin system
targets phosphorylation of elF-a and regulates translation of UNC-60/Cofilin to mediate
ray morphogenesis (Nukazuka et al., 2008).

The SMP-1/PLX-1 system in C. elegans also regulates seam cell and vulva
morphogenesis (Dalpé et a, 2005; Fujii et a., 2002; Z. Liu et a., 2005). The spatio-
temporal expression pattern of SMP-1/PLX-1 GFP reporters corresponds with the cellular
migration behavior of vulva primordia (Dalpe et a., 2005, Figure 1.13). The dorsal

organizer VUlF initiates SMP-1 expression on the lumen facing side of vulvacellsto
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attract PLX-1 expressing VUIE cells. Once V UlE reaches the midline, it switches on
SMP-1 expression and attracts the neighboring VulD through PLX-1. This cycle of SMP-
1/PLX-1 attraction repeats until the remaining secondary vulvacells (Vul C, B and A)
migrate to the midline and align themselves in a pyramidal manner. In accordance with
this model mis-expression of SMP-1 through plx-1 promoter in the secondary vulva cells
resultsin two SMP-1 organizers, periphera artificial SMP-1 levels away from the
midline and inner endogenous SMP-1 levels at the midline. In this scenario, the vulva
cellsthat are aligned between two SMP-1 signals show confused state of migration
(Dapeet d., 2005).

Smp-1(ev715) and plx-1(ev724) presumptive null mutants show partial penetrance
levels for vulva defects where the outer secondary cells failed to migrate towards the
vulvamidline. Genetic epistasis studies suggested that ced-10 acts in the same pathway
as smp-1/plx-1 and mig-2 and unc-73 work in other parallel pathways (Dalpeet al.,
2005).

1.5.4 RAC/RHO system

Collective cell movements during cell migration and morphogenesis involve re-
arrangements of actin cytoskeleton within the cytoplasm and initiation of transcription of
genes responsible for cell migration with in the nucleus. Studies from mammalian cell
migration systems identified RAC family GTPase molecules as key playersin regulating
cell migration processes (Tapon & Hall, 1997). The C. elegans Rac proteins, CED-10 and
MIG-2 wereidentified to redundantly control orientation of division axes and secondary
vulva cell migration during vulva fate execution and migration processes, respectively
(Kishore & Sundaram, 2002) (Figure 1.13). The guanine nucleotide exchange factor,
UNC-73/Trio regulates CED-10 and MIG-2 activities during this process.

1.5.5 LET-60/Ras signal
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In addition to regulating cellular fates |et-60 also helpsin the extension of
filopodia during vulva cell migration and in intra-toroidal fusions during vulva
morphogenesis (Shemmer and Podbilewicz 2000). In let-60(gf) animals, a subset of vulva
cells showed abnormal cell fusions and migrations (Shemmer and Podbilewicz 2000).
Especialy the outer secondary cells, VUlA and B failed to direct their midline oriented
cell migrations. Thus the ectopic activation of |et-60 perturbs vulva morphogenesis and
provides afirst indication that continuous activity of EGF/Ras’MAPK is necessary for

vulva organogenesis.

1.5.6 LIN-39/Hox and its effectors

The C. elegans LIN-39/HOX activity is regulated by multiple signaling inputs,
such as Egf, Wnt and synmuv pathways to ensure proper vulva cell fusions, competence,
induction and morphogenesis events (Clark et al., 1993; Maloof & Kenyon, 1998;
Pellegrino et a., 2011; Gidi Shemer & Podbilewicz, 2002). LIN-39 bindsto its cofactors
and effectors through the conserved HOX/PBX domains ‘TGATNNAT” to regulate
development (Jiang et al., 2009). It interacts with CEH-20/PBX and UNC-62/MEIS and
the Zinc Finger Transcription factor VAB-23 during vulva cell migrations and
morphogenesis (Jiang et a., 2009, Pellegrino et a., 2011).

Before vulvainductions, lin-39 activity within P(3-8).p cells renders them competent to
respond to vulvasignals. In lin-39(If) situation, P(3-8).p cells fuse with hypodermis and
lose their vulva competence. This fusion event is regulated by fusogen EFF-1 (Gidi
Shemer & Podbilewicz, 2002). LIN-39 inhibits EFF-1 activity to inhibit Pn.p cell fusion.
After vulvainductions, LIN-39 is upregulated by EGF/Ras’yMAPK pathway and regulates
competence of P(5-7).p cellsto adopt 2°-1°-2° fates. This event is also maintained by
preventing fusion of vulvacells to hypodermis. In lin-39(If); eff-1(If) situation, P(5-7).p
cells escaped fusions but failed to proliferate and prematurely stopped their cell divisions.
Surprisingly these non-proliferative cells were able to differentiate terminally and
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develop into toroids. Thus LIN-39 regul ates multiple events during vulva formation at

multiple times.

VAB-23isthedirect target of LIN-39 and its cofactor CEH-20. LIN-39
regulates VAB-23 expression positively during early and later vulva morphogenesis
events. Thisinteraction is mediated by EGF/RassyMAPK pathway that acts upstream of
LIN-39. In turn, VAB-23 regulates SMP-1 expression during vulva cell guidance (Figure
1.13). Vab-23 mutants show abnormal vulvacell contacts, toroidal fusions and defective
vulva cell migrations towards the midline (Pellegrino et al., 2011). VAB-23 down-
regulates smp-1::gfp expression during vulva morphogenesis. Smp-1 is adirect
transcriptional target for VAB-23 and its promoter contains VAB-23 binding sites. Both
VAB-23 and SMP-1 have similar expression pattern during vulva formation and their

loss-of -function mutations show similar phenotypes for vulva migration defects.

1.5.7 LET-502/ROCK and actomyosin contractions

What changes in cytoskeleton constitute vulva cell migrations and how are they
regulated? Rho-associated protein kinase (ROCK) family member LET-502 generates the
actomyosin contractions that initiate vulva dorsal migrations (Farooqui et al., 2012)
(Figure 1.14). EGF/RassMAPK and NOTCH pathways regulate LET-502 activity. The
LIN-12/NOTCH signaling upregulates LET-502 (ROCK) within secondary vulva cells
through non-phosphorylated LIN-1 (Farooqui et a., 2012). Thisresultsin midline
oriented secondary cell migrations. In primary lineages, EGF/Ras’MAPK pathway down-
regulates LET-502 to allow their expansion to facilitate their fusion with AC during L4
stage. Thus both the primary and secondary vulva pathways antagonize each other to
regulate LET-502 expression to ensure proper vulva morphogenesis. This study provides
concrete evidence that same signaling pathways involved ininitial vulvacell fate
specifications have additional rolesin fate execution process at alater time during vulva

organogenesis.
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1.6 Nuclear hor mone receptors

1.6.1 General Overview

Nuclear Hormone Receptors (NHRS) are special kind of transcription factors
(TFs) that regulate gene expression either positively or negatively (Antebi 2006) (Figure
1.15). The molecular structure of NHRs is conserved across metazoans and contains N-
terminal DNA binding domain (DBD) and C-terminal Ligand Binding Domain (LBD).
The DBD consists of two Cys4 Zinc Finger domains and LBD contains multiple domains

that can bind several co-activators and co-repressor molecules.

NHRs are activated by ligands of lipophilic properties such as, steroids, retinoids,
thyroid hormones, and farsenoids, etc. Binding of these ligands to receptor LBDs results
in homo or heterodimerization followed by confirmation changes within C- terminal
transactivation helix (AF-2) that resultsin functional consequences. NHRs mediate
diverse biological processes during physiology, development, metabolism and
xenobiotics (Antebi 2006).

NHR family is sub-divided into six classes NR1-NR6 based on sequence
comparisons and phylogenetic anal yses across metazoan (Laudet, 1997). Humans consists
of 48 NHRs and Drosophila 21. Surprisingly, NHR family in C. elegans is largely
expanded and consists of 284 receptors with 15 orthologs to humans and flies (Antebi,
2006; Chris R. Gissendanner et al., 2004). C. elegans NHRs regulate molting, sex
determination, dauer formation, and many developmental and metabolic processes.

1.6.2 Orphan nuclear receptor NHR-25

Sub-family of NHRs called orphan nuclear hormone receptors are regulated by
ligands of unknown origin or no ligands at al. One of the orphan family member NHR-
25 isgenetically well studied in C. elegans. NHR-25 possesses unique DBD domain
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called Ftz-F1 and belongs to Nuclear Receptor sub-family 5 group A (NR5A). NHR-25
exists in two isoforms a and B. a-Ftz-F1 regulates embryogenesis and B-Ftz-F1 molting
and larval metamorphosis (Ueda et al.,1990; Yu et al., 1997).

Drosophila fushi tarazu (Ftz-F1), mammalian steroidogenic factor-1 (SF-1) and
liver receptor homolog-1 (LRH-1) are orthologs to NHR-25. SF-1 regulates
steroidogenesis, development of gonad and adrenal gland (Parker et a., 2002). LRH-1
controls bile metabolism and cholesterol homeostasis (Fayard et al., 2004)).

1.6.3 Developmental rolesand interactions of NHR-25in C. elegans

NHR-25 regulates multiple developmental processesin C. elegans. Null
mutations of nhr-25 results in severe embryonic lethality (emb) (Asahinaet al., 2000; CR
Gissendanner & Sluder, 2000). To further analyze roles of NHR-25 in post-embryonic
development, genetic studies were carried through nhr-25(RNAI) and hypomorphic allele

nhr-25(ku217) which cause less severe emb defects.

NHR-25 maintains cell-shape dynamics during the differentiation of seam cells
(Silhankovéaet al., 2005). Seam cells undergo asymmetric cell divisions. After each
division, the daughter cells renew their adherens junctions to elongate and reach their
neighbors. This process of cell-cell contacts is necessary to maintain proper seam cell fate
specifications. NHR-25 activity is necessary to maintain seam cell-cell contacts and thus
cell fates. Nhr-25(RNAI) results in defective seam cell fates through disrupting cell
contacts. Nhr-25 also interacts with heterochronic gene lin-29 to regulate proper seam
cell proliferations during larval to adult transition (Hada et al., 2010).

NHR-25 regulates cell fate decisions during gonad development (Asahinaet al.,
2006) (Figure 1.16). C. elegans gonad is formed from the asymmetric cell divisions of
the somatic gonad precursor cells (SGPs). Daughters of SGPs, Z1 and Z4 differentiate to



19

distal tip cells (DTCs) to establish adistal axis. Daughters of SGPs, Z2 and Z3
differentiate to anchor cell (AC) to establish aproximal axis. NHR-25 interacts with Wnt
signaling components during gonad differentiation. WRM-1/p-catenin, SY S-1/p-catenin
and POP-1/TCF regulate proximal fates of SGPs. Reciprocal asymmetric |localization of
SY S-1 and POP-1 in SGPs maintains proper gonad differentiations. nhr-25(RNAI) results
in proximal to distal fate transformation and thus produces extra DTCs. Loss-of-function
of single mutants of pop-1, sys-1 and wrm-1 results in the opposite, adistal to proximal
fate transformation and thus loss of DTCs. nhr-25(RNAI) rescues pop-1(g645) defects
and thus DTCs formation. Thus NHR-25 antagoni zes Wnt pathway during gonad
differentiation. Wnt/B-catenin pathway also regulates asymmetric cell divisionsduring T
cell differentiation in male tail development. Surprisingly, nhr-25(If) enhancesthe T cell
defects of pop-1 and sys-1 and thus cooperates with Wnt signaling (Hajduskova et al.,
2009). This genetic interaction is opposite of the situation during gonad devel opment.
Thus depending on the tissue context NHR-25 can either synergize or antagonize Wnt/f3-

catenin pathway.

NHR-25 regulates cell fusion and morphogenesis events during vulva formation.
P(3-8).p cells are competent to respond to AC signal. But their sister cells, P(1,2).p and
P(9-11).p show no competence and fuse with hypodermis. These fusion events happen
before AC induction at L1 stage and are regulated by three hox genes lin-39, mab-5 and
nob-1. Both nhr-25(RNAi) and nhr-2(ku217) resultsin abrupt fusion of P(3-8).p cellsto
hypodermis at L1 stage. At later stage and after AC induction, nhr-25(If) animals show
abnormal vulvacell proliferations, changes in axis of division and toroidal fusions (Z
Chen et al., 2004). NHR-25 binds to HOX proteins LIN-39 and NOB-1 in vitro ( Z Chen
et a., 2004). NHR-25 actsindependent of LIN-39 during L1 fusions but possibly

cooperates with it to regulate vulva cell proliferations.

Gene regulation studies at the level of post-transational modifications from
mammalian SF-1 showed that SUMO modification or sumoylation is an important
regulatory mechanism of nuclear receptor function (W. Y. Chen et a., 2004). Sumo
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attachesto lysine (W-K-X-E) in target protein molecules by which their transcriptional
activity and localization properties are affected (Figure 1.17). NHR-25 has four potential
sumo consensus motifs (W-K-X-E) (See Chapter 3). Only one sumo mutant was isolated
in C. elegans, smo-1(0k359) and is known to regulate vulval development and gonad
morphogenesis (Broday et a., 2004; Leight et al., 2005).
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Figure 1.1 C. eleganslife cycle and larval stages.
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C. eleganslife cycle and larval stages. C. elegans transits from egg to adult through
four larval stages, L1to L4 in 3.5 days at 25° C. Thelarval transition involves molting
followed by growth and development. L1-L4 larvae are distinguished by their body size.
In unfavorable conditions, L1 larvae exits from normal life cycle to become dauer larvae
which can survive up-to 4 months without food. (Adapted from Erkut, 2014).
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Figure 1.2 Vulva cell fates and lineages.

(A) DIC images of adult C. elegans and close-up view of vulval structure which positions
at the mid-body. Ut, uterus and Sp, spermathecae. (B,C,D,E and F) Depicts cartoon
illustrations and the corresponding DIC images of Pn.p cell positions and their lineages
during larval development. AC, anchor cell. P(5-7).p cells adopt 2-1-2 fates and develop
into VUlA to F cell types through 3 rounds of cell division. In (B) the cellsare a Pn.p
stage, (C) Pn.px stage, (D) Pn.pxx stage and in (E) Pn.pxxx stage where ‘x’ denotes the
stage of cell cycle. (Adapted from Schindler and Sherwood 2013)



23

0¥ .-
Antetepost. S
Ventral |

25 h post-hatch

28 h post-hatch

31 h post-hatch

]
:
3




24

Figure 1.3 Rassignaling pathway isinvolved in vulva formation.
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Ras signaling pathway isinvolved in vulva for mation.
The Anchor cell (AC) secretes LIN-3. The VPCsreceive LIN-3 signal through LET-23.

Components of Ras signals further transduce the signals to regulate the activity of LIN-1
transcription factor. LOF — Loss Of Function situation of the pathway produces vulvaless,
Vul animals and constitutive activation or GOF — Gain Of Function in multivulva, Muv.
The DIC adult animal is a classic example of muv, where extra bumps (arrow heads)

called as pseuovulvae represent ectopic inductions along with central vulva (arrow).

(Adapted from Jorgensen & Mango, 2002).
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Figure 1.4 Temporal expression pattern of egl-17 in vulva.
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Temporal expression pattern of egl-17 in vulva.
Inductive signaling upregulates egl-17 in P6.p lineages from L3 to early L4 stages.

Later this expression disappears at midL4 stage and isrestricted to VulC and D
lineages.(Adapted from Cui and Han 2003).
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Figure 1.5 Crosstalk between Ras and Notch regulates vulva cell fate patterning.

P5.p P6.p P7.p

Crosstalk between Ras and Notch regulates vulva cell fate patterning.

Activation of EGF pathway upregulates Rasin P6.p (yellow). Later the differentiated
P6.p activates DSL/LAG-2 ligands that activate Notch in P(5,7).p cells (blue). Thus P6.p
adopts the first fate (1°) and P(5,7).p adopt the next secondary (2°) fates.

(Adapted from Sundaram, 2005).



Figure 1.6 Synmuv genesredundantly regulate L1N-3 expression and vulva
inductions.

Anchor cell
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Synmuv genes redundantly regulate L IN-3 expression and vulva inductions.
AC signal acts as a morphogen and induces vulvafatesin P(5-7).p cells (V). The
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remaining three VPCs (H) divide once and fuse with hypodermis. In If of both SynMuv A

and B, lin-3 is de-repressed from hypodermis (hyp7) resulting in all the six VPCsto

adopt vulval fates. (Adapted from Mingxue Cui and Min Han 2006).



Figure 1.7 Alternate splicing generates three L1 N-3 isoforms
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Alternate splicing generatesthree LIN-3 isoforms.

(A) The architecture of lin-3 genomic region with intron-exon boundaries was adopted
from Duitt et.al., 2004 and re-drawn using fancygene (Rambaldi D. and Ciccarelli F.D.
2009). The EGF repeat that occupies exon 5 and part of exon 6a. The trans-membrane
domain in the exon 7. (B) Alternative splicing within the lin-3 locus spanning the EGF

repeat and trans-membrane domains, resulted in three splice variants or minigenes, LIN-
3S, LIN-3L and LIN-3XL.
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Figure 1.8 Model representing regulation of lin-3 expression in AC.
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Model representing regulation of lin-3 expression in AC.
The 59 bp enhancer element contains one FTZ-F1 NHR binding site and two E-boxes.

HLH-2 binds to E-boxes and unknown NHRs bind to NHR box to regulate AC specific
lin-3 expression that activates LET-23 signaling in VPCs. (Adapted from Wang and
Sternberg 2000).
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Figure 1.9 Vulva cell migrations, homotypic fusions and toroid for mation.

(A) During the first two rounds of cell divisions, P(5-7).p cells and their daughters divide
longitudinally (L) resulting in 12 daughter cells that arrange themselvesin bilatera
symmetry along the anterior-posterior axis (ABCD-EFFE-DCBA). (B) Short range
migrations of outer P5.pxx cells (A,B,C and D) towards the midline pushes inner P6.pxx
cells (E and F) to move them dorsally. (C,D and E) Further stereotypic cell shape
changes and migrations towards the midline moves initiates further dorsal movements.
(F) Latera view of mid-L4 stage vulvawith typical Christmas tree morphology. The
DIC image shows the position of 22 vulva cells and the fluorescence images shows the
morphology of vulvatoroids. VulF position at the top dorsal and VUlA at the bottom
ventral. (G) Terminally, the vulvacell types on either side of the midline recognize their
counter-homol ogs and fuse temporally to form complete vulvatoroids or rings. Except
VulB1 and B2 which do not fuse. All the vuvla cell types are syncytia with VulF,E,C
and A have 4 nuclei and VulB1,B2 and D have 2 nuclei (shaded circles with toroids). Ut,
uterus. (Adapted from Schindler and Sherwood 2013).
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Figure 1.10 Wnt signaling regulates vulva cell polarities.
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Whnt signaling regulates vulva cell polarities.
Whnts work in concert to regulate refined polarity and their absence defines ground

polarity. AC produces Wnt ligands LIN-44 and MOM-2 and EGL-20 is secreted from tail
region (Adapted from Schindler and Sherwood 2013).
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Figure 1.11 Expression profile of vulva terminal differentiation markers egl-17 and
zmp-1.

Egl-17 is expressed from midL4 state onwards and zmp-1 from late L4 to young adults
(adapted from Inoue et al., 2002).
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Figure 1.12 Nhr-67 controls Gene Regulatory Networ ks (GRNSs) that govern
terminal differentiations.
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Nhr-67 controls Gene Regulatory Networ ks (GRNS) that govern terminal
differentiations.

Nhr-67 expression from AC regulates distinct networksin VUlE and F and helpsin
proper differentiation of each cell type. Network modules are generated by BioTapestry
Editor, Version 2.1.0 (www.biotapestry.org). Barsindicate negative regulations and

arrows indicate positive regulations (adapted from Fernandes and Sternberg 2007).


http://www.biotapestry.org/
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Figure 1.13 Signaling pathways regulating vulva cell migrations.
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Signaling pathways regulating vulva cell migrations.
VUIE expresses SMP-1 at its lumen facing side. The neighboring cell VulD follows

similar expression pattern for PLX-1. SMP-1/PLX-1 interactions allow the cellsto
migrate towards the midline by activating Rac GTPase CED-10 and GEG UNC-73.
SMP-1 expression at the midline is regulated by Ras LET-60 through HOX LIN-39 and
VAB-23. Another parallel pathway regulated by MIG-2 isalso involved in cell migration
(Adapted from Schindler and Sherwood 2013).
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Figure 1.14 Vulvatoroid contractions and expansions mediated by actomyosin
myofibrils.

Vulvatoroid contractions and expansions mediated by actomyosin myofibrils.
Cdll bodiesin light red represent 1° VulF and VUIE toroids, light green 2° VulD and

VulC, and in dark green of VulB2, VulB1, and VUlA. Actomyosin myofibrils (MFs) are
shown in green lines and black and gray lines represent apical cell junctions. Rho kinase
LET-502 regulates apical contractions of VUlA, VulB, and VulB2 toroids which resultsin
adorsal pushing force (red arrows). Meanwhile invasion of the AC (dark blue) into the 1°
toroids allow expansion of the dorsal toroid lumen (blue arrows). At the end, the AC
fuses with the utse (light blue) to allow the attachments of toroids to the utse. Utse,

uterine seam cell (adapted from Farooqui et al., 2012).
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Figure 1.15 Structure and functions of NHRs.

(A) DNA binding domain of NHRs is composed of two Cys4 Zn fingers. DNA binding
specificity is confirmed by typical P-box, (CEGCKG). Multiple coactivators and
corepressors dock at the ligand binding domain. During hormonal activation the AF-2
transactivation helix alows closure of the ligand binding pocket. (B) Green triangle
represent hormones. Hormonal activation results in binding of NRs to their hormone
response el ements (HRES). This results in assembly of coactivator complexes that
regulates acetylation (ac, p300,etc) or methylation (me, CARM1, etc) of nucleosomes
(NUC). Additional Mediator proteins associates with NRs to facilitate the recruitment of
the basal transcription machinery, which turns on gene expression. In the absence of
hormone, NRs associate with corepressor complexes, such as SMRT and NCoR to recruit
histone deacetylases (HDA Cs) and represses gene transcription (adapted from Antebi
2006).
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Figure 1.16 NHR-25 interacts with p-cateninsto regulate gonad axis for mation.

(A) Asymmetric cell divisions in Somatic Gonad Precursors (SGPs), Z1-Z4 resultsin
adoption of distal and proximal cell fates. (B) Nhr-25(1If) resultsin proximal to distal cell
fate changes, which resultsin extra Distal Tip Cells (DTCs). In the proximal cell, NHR-
25 acts as a negative regulator by inhibiting SY S-1/POP-1 activity. In the distal cell,
WRM-1 and LIT-1 alow SY S-1/POP-1 activity by mediating nuclear export of POP-1.
SY S-1 association increases NHR-25 activity on gene expression and WRM-1 inhibits it
(adapted from Asahina et a., 2006).



Figure 1.17 Sumoylation machinery and target activation.
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Sumoylation machinery and target activation.

SUMO pathway components are synthesized as precursor mol ecules, which later matured
by the hydrolase activity of SUMO proteases (SENPs). After maturation, SUMO is
activated in an energy/ATP-dependent process. Later by the association of SUMO
activating enzyme 2 (SAE2), ubiquitin conjugating enzyme 9 (UBC9), and an E3 enzyme
helps SUMO to bind target lysine. Usually the target lysine resides in The target lysine
residue often liesin a'V-K-X-[D/E] consensus motif, where ¥ denotes large hydrophobic
residue (I, V or L) and X denotes any residue. SUMO attachment to target proteinsis
dynamic and the dissociation is mediated by the isopeptidase activity of the SENP
proteases (adapted from Martin et al., 2007).
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2.1 Strains and Genetics:

Wild type Bristol (N2) strain and additional transgenic lines were maintained at
20° C through standard protocols (Brenner 1974).

AH142: lip-1::gfp- zZhIsA[pTB10] 111 (Berset et al., 2001)

PS3972 : syls90 [egl-17::yfp + unc-119(+)] 111 (Sherwood 2003)

PS3239 : syl s49[ pMH86(dpy-20(+) + pJB100(zmp-1::GFP)] 1V. (Wang and Sternberg
2000).

P34308 : syls107[unc-119(+) + lin-3(delta-pes-10):: GFP] (Hwang and Sternberg 2004).
MH1564: kuls36[unc-119(+) egl-26::GFP] 1I, (Wendy Hanna Rose and Han, 2004)
NW1644: evEx170[ smp-1:: GFP(pVGSla: : GFP) + rol-6(sul006)]. (Dalpe et a., 2005).
OP18: wgls18 [1in-39:: TYL1::EGFP::3xFLAG + unc-119(+)] .TY 1::EGFP::3xFLAG tag

inserted in frame at C-terminus of 1in-39 coding sequence of fosmid ID#WRM0616aE11
by recombineering. Expression of transgene confirmed by GFP. (www.modencode.org).

OP33: wgls33 [nhr-25::TY1::EGFP::3xFLAG(92C12) + unc-119(+)] .This construct
contains over 30 Mb upstream sequence of nhr-25 and full nhr-25 gene including nhr-25

3-utr. (A gift from Sarov) (www.modencode.org).
NW1702: smp-1(ev715) I; jcIsl 1V; him-5(e1490) V (Dape and Culotti J, 2005)
ST54: plx-1(nc37) IV; him-5(e1490) V (Fujii and Takagi 2002)

pIx-1(nc37) 1V; jclsl 1V; him-5(e1490) V (Martina Hajduskova, present study)
MT688: 1in-12(n137)/unc-32(e189)111; him-5(e1467)V (Horvitz B, 1980)
MT4007: [in-39(n1760)I11. (Clark and Horvitz B, 1996)

SU93: Jelsl [(ajm-1::gfp;unc-29(+); rol-6(sul006)] 1V (Mohler et a., 1998)
MH1955; nhr-25(ku217) (X) (Z Chen 2004)

CB1417: lin-3(e1417)IV (Horvitz B, 1980)

MT378: 1in-3(n378) 1V (Horvitz B, 1980)

MT309: lin-15AB(n309) X (Horvitz B, 1980)


http://www.modencode.org/
http://www.modencode.org/

MT1806: lin-15A(n767) X. (Ferguson and Horvitz 1995)

MT2495: lin-15B(n765) X (Ferguson and Horvitz 1995)

CB1026: lin-1(e1026)IV (Brenner S and Hodgkin J, 1969)

MT2124: |et-60(n1046) 1V (Feguson/Desal and Horvitz B,1985)

MT4866: let-60(n2021)IV. (Scott Clark and Horvitz B,1993)

PS21: let-23(syl) I1; him-5(e1490) V. (Paul Sternberg 1997)
pdlg::lifeact::gfp (1) and pdig::dig-1::rfp(I11) (Farooqui et a., 2012). Obtained from
Alex Hajnal group, Zurich.

VC186: smo-1(0k359)/szT1[lon-2(e678)] |; +/sZT1 X. (Broday et al., 2004)
syls90; nhr-25(ku217)

syls49; nhr-25(ku217)

syls107; nhr-25(ku217)

jclsl; nhr-25(ku217)

wglsl18; nhr-25(ku217)

lin-3(el417); wgls33,

[in-15AB(n309); wgl s33,

lin-1(e1026); wgl s33,

let-60(n1046gf); wgl s33

smo-1(0k359); syl s90

smo-1(0k359). syls107

2.2 Scoring vulva induction patter ns of VPCs:

All observed animals were anesthetized using 10mM levamisole dissolved in S.
basal solution and mounted on 5% noble agar pads. In wild type, P(5-7).p adopt invariant
cell lineages to produce a mature vulva of 22 cells. Vulvainduction index of ‘1’ is given
to the Pn.p that adopts 1° or 2° fates, “0” for syncytial fatesand 0.5 for mixed or hybrid



fates. Alternately, expression pattern of cell fate markers, egl-17::yfp (1°) and lip-1::gfp
(2°) were used to decode induction patterns. Positive and wild type GFP expressions
within Pn.p and their daughters confirms proper fates and thus inductions. In addition,
AJIM-1::GFP expression at the apical surfaces of Pn.ps and their daughters was also used
to distinguish vulval, syncytial, and hybrid fates. The Pn.p cell that adopts syncytial fates

fuses with hypodermis and loses its AJM-1 expression.

2.3 Scoring vulva lineage patterns;

Vulva lineage analyses wad done as previously described by (Sulston and
Horvitz, 1977) and at 20° C. Complete vulvacell lineage analyses for P(3-8).p cells were
observed through continuous DIC observations. Larvae were picked at 2 to 4 cell stage
(Pn.px to Pn.pxx) and mounted on 5% noble agar pads without the anesthetic. Scrap of
OP50 or HT115 was applied to the agar pads which serves as food for the worms.
Periodical addition of S-basal with intervals of 15-30° were added to avoid desiccation.
The final and third round of Pn.pxx cell divisions were analyzed based on their axes of
nuclear divisions, L for longitudinal, O-oblique, S-syncytial, N-undivided and D-
ambiguous.

2.4 Temporal nhr-25(RNAI):

Feeding RNAi was performed as previously described and at 20° C (Timmons et
al., 2001) Liquid culture of control (pPD129.36 vector), nhr-25 and other dsRNA were
initially induced as described in Silhankova et al., 2005, and later centrifuged bacteria
was seeded onto NGM agarose plates mixed with 50 ug/ml carbenicillin, 12.5 ug/ml of
tetracycline and 0.4 mM isopropyl-p-D-thiogalactosidase (IPTG). 30 ul of centrifuged
bacteria was seeded on 3 cm NGM plates and 60 ul for 6 cm plates.
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Synchronized populations of worms were obtained as described in Asahina et al.,
2006. Thefreshly obtained L1 larvae were placed immediately (0 hrs after fertilization)
onto control and nhr-25(L1-RNAI) plates and later observed for vulva phenotypes. For
nhr-25(L2-RNAI), fresh larvae were placed on control treatment for 20 hrs and later
placed on nhr-25 RNAI plates. Vulvalineages were analyzed after 32- 34 hrs
developmental timein all RNAI treatments. By thistime all larvae reached Pn.pxx stage.
Terminal vuvlacell migrations and toroid morphogenesis were analyzed at L4 Stage.
Double-target RNAI was performed similar to Asahinaet al., 2006.

2.5 Confocal Microscopy:

Worms were anesthetized using 10mM |evamisole and mounted on 5% agarose
pads. Olympus Fluoview confoca microscope was used to observe fluorescent reporter
gene expression patterns and toroid morphologies. Series of seria optical sectionsfor z-
axis were obtained with 0.5 -1 um thickness for cell fate expressions and 0.2-0.5 pm for
toroid morphology. Later, imaris v6.3.1 (Bitplane) was used to analyze vulvatoroidsin
3D (asper Dalpe et al., 2005). Finally all the images were manipulated using Adobe
Photoshop.

2.6 Transformations and Microinjections:

Transgenesis and microinjections were performed as described by Mello et al., 1991.
More details discussed in Chapter 3.

2.7/ dRT-PCR:

Total RNA was isolated from synchronized worm populations from 14 to 38 hrs
through TRIzol reagent (Invitrogen, Carlsbad, CA). A total of 2 mg of RNA was used
for cDNA synthesis with Superscript 11 reverse transcriptase (Invitrogen). DNase
treatment was done through TURBO (Ambion, Austin, TX). Quantitative RT-PCR was
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performed through iQ SYBR Green Supermix kit and the C1000 Thermal Cycler (both
from Bio-Rad Laboratories, Hercules, CA) and later relative transcript levelsfor lin-3
isoforms were measured. Data was normalized to relative levels of ribosomal proteins
rpl-26 as per (Dolezel et al., 2008). Isoform specific lin-3 primers used for qRT-PCR are
listed in Table 4.6.

2.8 smFI SH technique:

Lin-3 probes for detection were provided as a gift from Hendrik Korswagen and
Teije Middlekoop (Utrecht, Netherlands). Preparation and hybridization steps of smFISH
detection for lin-3 were performed as described (Rg et al., 2008). Only nhr-25(ku217)
animals carrying the syls107 (lin-3:: gfp transgene) were analyzed for detection. Several
plates of worms carrying nhr-25(ku217);lin-3::gfp were grown until gravid stage and
later bleached. After bleaching eggs were collected and alowed to grow synchronously at
20°C. Once the larvae reach Pn.pxx stage (~ 32 hrs after hatching) they were washed
from the plates with ddH20 and later fixed in 4% formal dehyde and 70% ethanol .
Hybridization with chemically coupled Cy5 lin-3 probes was performed for >12 h at
30°C in dark conditions. The hybridized animals were washed with DAPI for nuclear
staining and later mounted for microscopy. 0.5 um thickness z-stacks were collected
using a Leica DM 6000 microscope equipped with aLeica DFC360FX camera, 100 x
objective, and an Y5 filter cube (Cy5). Images are analyzed with ImageJ through
1024 x 1024 resolution and 2 x 2 binning specifications. Quantification was performed
by manually counting lin-3 mRNA spotsin AC and vulva cells of animals. The GFP
expression of syls107 transgene helped to mark the boundaries of the corresponding cells.
Fluorescent spots visible in at least two neighboring Z-slices were only counted to

eliminate false positive signals.
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Chapter 3: Research article

Sumoylated NHR-25/NR5A regulates cell fate during C. elegans vulval

devel opment
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Abstract

Individual metazoan transcription factors (TFs) regulate distinct sets of genes depending on cell type and developmental or
physiological context. The precise mechanisms by which regulatory information from ligands, genomic sequence elements,
co-factors, and post-translational modifications are integrated by TFs remain challenging questions. Here, we examine how
a single regulatory input, sumoylation, differentially modulates the activity of a conserved C. elegans nuclear hormone
receptor, NHR-25, in different cell types. Through a combination of yeast two-hybrid analysis and in vitro biochemistry we
identified the single C. elegans SUMO (SMO-1) as an NHR-25 interacting protein, and showed that NHR-25 is sumoylated on
at least four lysines. Some of the sumoylation acceptor sites are in common with those of the NHR-25 mammalian orthologs
SF-1 and LRH-1, demonstrating that sumoylation has been strongly conserved within the NR5A family. We showed that
NHR-25 bound canonical SF-1 binding sequences to regulate transcription, and that NHR-25 activity was enhanced in vivo
upon loss of sumoylation. Knockdown of smo-1 mimicked NHR-25 overexpression with respect to maintenance of the 3° cell
fate in vulval precursor cells (VPCs) during development. Importantly, however, overexpression of unsumoylatable alleles of
NHR-25 revealed that NHR-25 sumoylation is critical for maintaining 3° cell fate. Moreover, SUMO also conferred formation
of a developmental time-dependent NHR-25 concentration gradient across the VPCs. That is, accumulation of GFP-tagged
NHR-25 was uniform across VPCs at the beginning of development, but as cells began dividing, a smo-7-dependent NHR-25
gradient formed with highest levels in 1° fated VPCs, intermediate levels in 2° fated VPCs, and low levels in 3° fated VPCs.
We conclude that sumoylation operates at multiple levels to affect NHR-25 activity in a highly coordinated spatial and
temporal manner.
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a simple metazoan with powerful genetic tools, a compact genome,
and an invariant cell lineage leading to well-defined tissues. NHRs
are DNA-binding TTs characterized by a zinc-finger DNA
binding domain (DBD) and a structurally conserved ligand
binding domain (LBD) [1]. The genome of C. elegans encodes
284 NHRs while humans only have 48 NHRs [1]. Of the 284

Introduction

Tissue-specific and cell type-specific transcriptional networks
underlie virtually every aspect of metazoan development and
homeostasis. Single TFs, operating within gene-specific regulatory
complexes, govern distinct gene regulatory networks in different

cells and tissues; thus, combinatorial regulation underpins tissue-
and cell type-specific transcription. Determining the precise
mechanisms whereby such specificity arises and how networks
nevertheless remain flexible in responding to environmental and
physiological fluctuations is an interesting challenge. TTFs integrate
signaling information from co-factors, chromatin, post-translation-
al modifications, and, in the case of nuclear hormone receptors,

small molecule ligands, to establish transcription networks of

remarkable complexity.
Here, we approach this problem by studying a covalent
modification of a nuclear hormone receptor (NHR) in C. elegans,

PLOS Genetics | www.plosgenetics.org

NHRs, 269 evolved from an HNF4o-like gene [2], and 15 have
clear orthologs in other species. NHR-25 is the single C. elegans
ortholog of vertebrate SF-1/NR5Aland LRH-1/NR5A2, and
arthropod Ftz-F1 and fulfills many criteria for the study of tissue-
specific transcriptional networks [1]. NHR-25 is broadly expressed
in embryos and in epithelial cells throughout development [3,4]. It
is involved in a range of biological functions such as molting [3-5],
heterochrony [6], and organogenesis [7]. Furthermore, both
NHR-25 and its vertebrate orthologs regulate similar processes.
SF-1 and NHR-25 promote gonadal development and fertility
[8,9], while NHR-25 and LRH-1 both play roles in embryonic
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Author Summary

Animals precisely control when and where genes are
expressed; failure to do so can cause severe developmen-
tal defects and pathology. Transcription factors must
display extraordinary functional flexibility, controlling very
different sets of genes in different cell and tissue types. To
do so, they integrate information from signaling pathways,
chromatin, and cofactors to ensure that the correct
ensemble of genes is orchestrated in any given context.
The number of regulatory inputs, and the complex
physiology and large numbers of cell and tissue types in
most experimentally tractable metazoans have rendered
combinatorial regulation of transcription nearly impene-
trable. We used the powerful genetics and simple biology
of the model nematode, C. elegans, to examine how a
single post-translational modification (sumoylation) affect-
ed the activity of a conserved TF (NHR-25) in different cell
types during animal development. Our work suggests that
sumoylation constrains NHR-25 activity in order to
maintain proper cell fate during development of the
reproductive organ.

development and fat metabolism [4,10-12]. The pleiotropic
phenotypes seen following RNAi or mutation of nAr-25 highlight
the broad roles of the receptor, and its genetic interaction with
numerous signaling pathways (B-catenin, Hox, heterochronic
network) [6-8] make it an excellent model to study combinatorial
gene regulation by NHRs.

SUMO (small ubiquitin-like modifier) proteins serve as post-
translational modifiers and are related to but distinct from
ubiquitin [13]; we show here that NHR-25 is sumoylated.
Sumoylation uses similar enzymology as ubiquitination to
conjugate the SUMO protein onto substrate lysines [13]. Briefly,
SUMO is produced as an inactive precursor. A SUMO protease
activates SUMO by cleaving residues off the C-terminus to expose
a di-glycine [13]. A heterodimeric E1 protein consisting of UBA2
and AOS] forms a thioester bond with the exposed diglycine and
then transfers SUMO to an E2 enzyme (UBCY), also through a
thioester bond [14]. The E2 enzyme then either directly
conjugates SUMO onto a target lysine, or an E3 ligase can
enhance the rate of sumoylation; that is, unlike in ubiquitination,
E3 ligases are not always required. Like many post-translational
modifications, sumoylation is reversible and highly dynamic. The
same SUMO protease that initially activated SUMO cleaves the
isopeptide linkage that covalently attaches SUMO to the target
protein [14]. Indeed, global failure to remove SUMO from
substrates compromises viability in mice and S. pombe [15,16].

The extent of sumoylation of a given target can be regulated by
varying the expression, localization, stability or activity of
components of the sumoylation machinery in response to external
and internal cellular cues [14]. SUMO-regulated processes include
nuclear-cytosolic transport, DNA repair, transcriptional regula-
tion, chromosome segregation and many others [14]. For example,
sumoylation of the glucocorticoid receptor prevents synergy
between two GR dimers bound at a single response element
[17]. In this sense, SUMO is analogous to the small hydrophobic
hormones and metabolites that serve as noncovalent ligands for
nuclear receptors, except it associates both covalently and non-
covalently with its targets. Sumoylation modulates the activities of
multiple classes of cellular proteins, such as transcriptional
regulators, DNA replication factors and chromatin modifiers.

Elucidating how a single nematode NHR integrates cellular
signals to regulate specific genes in distinct tissues will advance our
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understanding of metazoan transcription networks. To this end,
we examined how sumoylation regulates the C. elegans nuclear
hormone receptor NHR-25, and the physiological relevance of this
nuclear hormone receptor-SUMO interaction. Using a combina-
tion of genetics, cell biology, and i vitro biochemistry we sought to
understand how signaling through sumoylation impacts NHR-25’s
role in animal development, and how sumoylation affects the
NHR-25 transcriptional network.

Results

NHR-25 physically interacts with SMO-1

We identified an interaction between NHR-25 and the single C.
elegans SUMO homolog (SMO-1) in a genome-wide Y2H screen
using the normalized AD-Orfeome library, which contains 11,984
of the predicted 20,800 C. elegans open reading frames [18]. SMO-
1 was the strongest interactor in the screen on the basis of two
selection criteria, staining for B-galactosidase activity and growth
on media containing 3-aminotriazole (Figure 1A). To assess the
selectivity of the SMO-1-NHR-25 interaction, we tested pairwise
combinations of SMO-1 with full-length NHR-25, an NHR-25
isoform [ that lacks the DNA-binding domain, and each of seven
additional NHRs: NHR-2, NHR-10, NHR-31, NHR-91, NHR-
105, FAX-1, and ODR-1 (Figure SIA). The NHR-25-SMO-1
interaction proved to be selective, as SMO-1 failed to bind the
other NHRs tested. NHR-25 also interacted with the GCNF
homolog, NHR-91 (Figure S1A).

nhr-25 and smo-1 genetically interact during vulval
development

SMO-1 was an enticing NHR-25 interacting partner to pursue.
SUMO in C. ¢legans and other eukaryotes regulates TFs and
chromatin, thus is well positioned to impact NHR-25 gene
regulatory networks. Furthermore, spatial and temporal expres-
sion patterns of smo-I and nkr-25 during development largely
overlap [3,4,19]. SUMO interacts with the mammalian homologs
of NHR-25, suggesting that the interaction is likely evolutionarily
conserved [20,21]. Among its many phenotypes, smo-1 loss-of-
function (/) mutants display a fully penetrant protruding vulva
(Pvl) phenotype, reflecting disconnection of the vulva from the
uterus [19] (Figure 1B, C). smo-I RNAI1 or mutation also cause low
penetrance of ectopic induction of vulval cells, which can generate
non-functional vulval-like structures known as multivulva (Muv)
[22] (Figure 1B, C). Similar to smo-I/ mutants, nkr-25 reduction-of-
function leads to a Pvl phenotype, but does not cause Muv [7].
This nhr-25 Pvl phenotype results from defects in cell cycle
progression, aberrant division axes of 1° and 2° cell lineages, and
altered vulval cell migration (Table 1, Figure 2, Bojanala et al.,
manuscript in preparation). Because at an earlier stage NHR-25 is
also necessary for establishing the anchor cell (AC) [8], which
secretes the EGT signal that initiates vulval precursor cell (VPC)
patterning, our RNAi treatments were timed to allow AC
formation and examination of the effect of nkr-25 depletion on
later developmental events.

When smo-1 and nhr-25 were simultaneously inactivated,
animals exhibited a fully penetrant vulvaless (Vul) phenotype
and an exacerbated Muv phenotype (Figure 1B, C). The
ectopically induced vulval cells expressed an ¢gl-17::YFP reporter,
indicating that 3°-fated cells aberrantly adopted 1° and 2° fates in
these animals (Figure S2B). This egl-17::YFP reporter allowed us to
monitor 1°/2° fate induction despite the cell division arrest
phenotypes of nhr-25(RNAi) and smo-1(1f);nhr-25(RNAi) animals.
Lineage analyses showed that following simultaneous inactivation
of both smo-1 and nhr-25, daughters of all VPCs normally
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smo-1 -/- vector 0 100 0 15 100 147
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Figure 1. SMO-1 and NHR-25 physically and genetically
interact. (A) NHR-25 fused to the Gal4 DNA binding domain (DB)
interacted with wild type (WT) SMO-1 fused to the Gal4 activation
domain (AD). No interaction was seen with empty vector (No insert). -
galactosidase (LacZ) and HIS3 (3AT; 3-aminotriazole) reporters were
assayed, and yeast viability was confirmed by growth on a plate lacking
leucine and tryptophan (-Leu-Trp). (B) DIC microscopy examining vulval
morphology in animals of the indicated genotype. Characteristic
protruding vulvae (Pvl) seen in nhr-25(RNAi) and smo-1(ok359) animals
are indicated, as is the low penetrance multivulva phenotype (Muv) of
smo-1(If) animals. RNAI inactivation of nhr-25 in a smo-1(0ok359) mutant
resulted in vulvaless (Vul) animals. (C) Table providing scoring of the Pvl,
Vul, Muv, and sterility phenotypes of the indicated genotypes.
n =number of animals scored.

doi:10.1371/journal.pgen.1003992.g001

responsible for vulva formation, (P5.p, P6.p and P7.p) failed to
undergo the third round of vulval cell division (Table 1) resulting
in premature cell division arrest and the Vul phenotype. Although
P5.p, P6.p and P7.p VPCs were induced, the execution of 2° fate
was abnormal: in both smo-1(0k359) and smo-1(0k359);nhr-25(RNA1)
backgrounds, the expression of the 1° marker, e¢gl-17::YFP
exhibited ectopically high expression in P5.p and/or P7.p (Figure
S2A) at the 4-cell stage. Moreover, in smo-1;nhr-25(RNAt) animals,
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the P(3,4,8).p cell, which normally divides only once and fuses into
the hypodermal syncytium, kept dividing (T'able 1). This continued
division enhanced the Muv induction phenotype seen in smo-/
mutants. Thus, reduction of SMO-1 activity enhanced cell division
defects in 1° and 2° nhr-25 mutant VPCs, while reduction of NHR-
25 activity enhanced the smo-/ mutant Muv phenotype in 3° fated
cells.

SMO-1 binds NHR-25 covalently and non-covalently

NHR-25 and SMO-1 interact physically in Y2H assays and
genetically i wvivo, consistent with their overlapping expression
patterns [4,19]. Furthermore, the mammalian NHR-25 homologs
are sumoylated, suggesting that SMO-1-NHR-25 interactions are
conserved and physiologically important. Y2H interactions with
SUMO can reflect non-covalent binding, or covalent sumoylation
where the SUMO protein is coupled onto the substrate through an
isopeptide bond. These two possibilities can be distinguished
genetically. Mutations in the B-sheet of SUMO interfere with non-
covalent binding, whereas deletion of the terminal di-glycine in
SUMO selectively compromises covalent sumoylation [23]. As can
be seen in Figure 3A, deletion of the terminal di-glycine residues of
SMO-1 (AGG) completely abrogated the interaction with NHR-
25. The SMO-1 V31K mutation predicted to disrupt the
conserved P-sheet of SMO-1 hampered the Y2H interaction
between NHR-25 and SMO-1, although not as severely as the
SMO-1 AGG mutation (Figure 3A). These findings are similar to
those with DNA thymine glycosylase and the Daxx transcriptional
corepressor, both of which bind SUMO non-covalently and are
also sumoylated [24,25]. The V31K B-sheet mutant was
competent to bind the C. elegans SUMO E2 enzyme, UBC-9,
confirming its correct folding (Figure S3A). Together, these results
suggested that NHR-25 is both sumoylated and binds SMO-1
non-covalently; conceivably, the two modes of interaction confer
distinct regulatory outcomes.

Three lysines in the hinge region of NHR-25 are required
for sumoylation

As our Y2H data suggested that NHR-25 was sumoylated, we
identified candidate sumoylation sites within NHR-25 using the
SUMOsp2.0 prediction program [26]. The sumoylation consensus
motif is Y-K-X-D/E, where \ is any hydrophobic amino acid, K
is the lysine conjugated to SUMO, X is any amino acid, and D or
E is an acidic residue [14]. Three high scoring sites reside in the
hinge region of the protein: two are proximal to the DBD (K165
and K170) and one (K236) is near the LBD (Figure 3C). We
mutated these sites, conservatively converting the putative SUMO
acceptor lysine residues to arginine to block sumoylation. Single
mutation of any of the three candidate lysines had no apparent
effect on the NHR-25 interaction with SMO-1 in Y2H assays,
whereas the three double mutants had modest effects, and the
NHR-25 3KR triple mutant (K165R K170R K236R) abrogated
binding (Figure 3D). A fourth candidate sumoylation site (K84)
located in the DBD was completely dispensable for the Y2H
interaction (data not shown). To verify that the 3KR mutations
blocked the interaction with SMO-1 specifically, rather than
causing NHR-25 misfolding or degradation, we confirmed that
NHR-25 3KR retained the capacity to bind NHR-91 (Figures S1,
Figure 3B). These data suggested that either non-covalent binding
is dispensable for the SMO-1-NHR-25 interaction and that this
was a rare case in which the SUMO B-sheet mutation impaired
sumoylation, or that the three lysines in NHR-25 were important
for both the covalent and non-covalent interaction with SMO-1.

To ensure that our Y2H results indeed reflected NHR-25
sumoylation, we turned to @ vitro sumoylation assays. As both
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(i) Cell fate specifications and pattern formation
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Figure 2. Vulval morphogenesis. The fully formed vulva of C. elegans is generated post-embryonically from cell divisions of three vulval precursor
cells (VPCs). These three VPCs are denoted as P5.p, P6.p and P7.p and undergo a series of stereotyped divisions producing 22 cells. Cells arising from
the P6.p precursor are designated as having the primary (1°) fate, while those arising from P5.p and P7.p precursors are designated as having the
secondary (2°) fate. 2° cells generate vulA-D cells and 1° cells generate vulE and vulF. In early to mid L3 larvae, the proximity to a gonadal cell known
as the anchor cell (AQ) initiates vulval patterning by secretion of LIN-3/EGF [64]. The closest VPC to the AC (P6.p) receives the highest LIN-3/EGF dose,
which activates LET-60/Ras signaling in P6.p [65-68], prompting it to adopt a 1° fate. This EGF-Ras signaling also induces P6.p to express the Notch
ligand. The moderate level of LIN-3 received by neighboring P5.p and P7.p cells combined with lateral inhibition through the Notch pathway, induces
P5.p and P7.p cells to adopt a 2° fate. In the L3 larval stage, the 1° and 2° cell lineages divide three times, and undergo a coordinated series of
migrations and fusions during morphogenesis to complete vulval development [38]. Three VPCs (P3.p, P4.p and P8.p) normally adopt a 3° fate, which
means that they divide once and fuse into an epidermal syncytial cell called hyp7, with the exception of P3.p of which about 50% of the lineage fuses
without division (designated as S). Syncytial fate is designated S or SS in the figure. The pattern of cell division axes are depicted as L (longitudinal), T
(transverse) and U (undivided).

doi:10.1371/journal.pgen.1003992.g002

human and C. elegans sumoylation enzymes were used in these
experiments, we distinguish them with prefixes “h” and “Ce”. As
a positive control, we expressed and purified recombinant hEIL,
hUBC9, hSUMOI1, and hSENP1 from E. coli. We also purified a
recombinant partial hinge-LBD fragment of mouse SF-1 from E.
colz; this fragment contains a single sumoylation site in the hinge
region. SF-1 is a vertebrate ortholog of NHR-25 and the fragment
that we used is a robust sumoylation substrate (Figure S4A) [27].
We then purified an N-terminally hexahistidine-Maltose Binding
Protein (6 xHis-MBP) tagged fragment of NHR-25 (amino acids
161-541) containing most of the hinge region and ligand-binding
domain, including all three candidate SUMO acceptor lysines.
Coomassie staining and immunoblotting revealed three slower-
migrating species, which were collapsed by the addition of the
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SUMO protease, hSENP1 (Figure 4A, S5A). We detected
sumoylation of the same 6 xHisMBP-NHR-25 fragment when it
was expressed in rabbit reticulocyte lysates, followed by incubation
with hE1, hE2 and hSUMOI (Figure 4B).

We further tested NHR-25 substrates containing two (2KR;
K170R K236R) or three arginine substitutions (NHR-25 3KR).
When only one predicted acceptor lysine was available (2KR), we
detected a single dominant sumoylated species, whereas for NHR-
25 3KR, sumoylation was abrogated (Figure S5B). We performed
sumoylation reactions on i vitro transcribed and translated wild
type NHR-25, NHR-25 3KR, and NHR-25 3EA. In NHR-25
3EA (E167A E172A E238A) the acidic glutamic acid residues
within the three consensus sumoylation sites were mutated to
alanine. NHR-25 3EA leaves the acceptor lysines available, but is
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Table 1. Vulva cell lineage analyses in nhr-25(RNAi) and smo-
1(If) animals.
Genotype Pn.p lineages
P3.p P4.p P5.p P6.p P7.p P8.p n
wild type S SS LLTU TTTT UTLL SS 4
SS SS LLTU TTTT UTLL SS 3
smo-1(ok359) S SS LLTU TTTT UTLL SS 3
SS SS LLTU  TTIT UTLL  SS 2
nhr-25(RNA) S SS LLTU TTTT UTLL SS 2
SS SS LLUU LUUL UULL SS 2
SS SS LLUU LUUL ULLL SS 1
smo-1(ok359); S SS UUUU UUUU UUUU SS 3
nhr-25(RNAI) SS SS UUUU UUUU UUUU SS 4
S S LU UUuUU  LUUL UUUU  SS 1
SS SS LLUU UUUU UUUU  SS 1
SS UUD LLUU UUULU UUS LUS 1
S UULL UUUU UUUU UUUU  SS 1
UULU UUUU UUUU UUUU UUUU LUUU 1
SS UUUU UUUU UUUU UUUU Ss 1
SS S LU UUUU UUUU UUUU SS 1
SS UUUL UUUU UUUU UUUU UUuU 1
S- syncytial fate; L- longitudinal; T - transverse; D-undetermined and U-
undivided cell.
doi:10.1371/journal.pgen.1003992.t001

predicted to inhibit sumoylation by impairing interaction with
UBC9. While wild type NHR-25 was clearly sumoylated, the 3EA
mutation severely impaired sumoylation (Figure 4B).

When sumoylation reaction times were extended 5-20 fold,
additional species of sumoylated NHR-25 were generated (Figure
S6A). These species could reflect sumoylation of NHR-25 on other
sites or formation of hSUMOI chains. To distinguish between
these possibilities, we used methyl-hSUMOI, which can be
conjugated onto a substrate lysine, but chain formation is blocked
by methylation. Long incubations with methyl-hSUMOI1 resulted
in only three sumoylated NHR-25 bands, as determined by NHR-
25 immunoblotting, indicating that there are indeed only the three
major acceptor lysines (Figure S6A). hSUMO2, which readily
forms polySUMO chains, was included as a control in this
experiment. Even with extended incubation times, we observed
only three dominant sumoylated forms of NHR-25, suggesting
that additional bands in reactions using hSUMO1 or CeSMO-1
reflect inefficient chaining. We conclude that NHR-25 is
sumoylated m wvitro on three lysines and that C. elegans SMO-1
does not readily form polySUMO chains, unlike yeast SM'T'3 and
mammalian SUMO2.

Biochemical characterization of C. elegans UBC-9 and
SMO-1

All studies of C. elegans sumoylation to date have used hEI,
hUBC9, and hSUMO proteins [19,28,29]. We purified recombi-
nant CeEl, CeUBC-9 and CeSMO-1 from E. coli and tested their
activity in i vitro sumoylation assays. Our CeEl preparation was
inactive, but was effectively substituted by hEl. Under those
conditions, our CeUBC-9 and CeSMO-1 catalyzed sumoylation of
the SF-1 hinge-LBD fragment (Figure S4B). Similar to hUBC9
and hSUMOI, recombinant CeUBC-9 and CeSMO-1 yielded
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three sumoylated species using the 6 xHis-MBP-NHR-25 substrate
(Figure 4C, S4C).

To determine the kinetics of the three SUMO modifications of
NHR-25, we performed a time course of standard sumoylation
reactions with hUBC9/CeUBC-9 and hSUMO1/CeSMO-1
proteins. In both cases, we detected a single band by 15 minutes,
followed by two and then three sumoylated species as the reaction
progressed (Figure S6B-E). These data imply that the three
sumoylation sites are modified sequentially, in a particular order.

All of our reactions were performed without addition of an E3
ligase. The high efficiency of SF-1 sumoylation in the absence of
E3 ligase is in part due to a direct interaction with UBC9 [30].
Surprisingly, we failed to detect an interaction between NHR-25
and CeUBC-9 either by Y2H assays or through immunoprecip-
itation of purified proteins (Figure S3B; data not shown). However,
when we performed a yeast three-hybrid assay, where untagged
CeSMO-1 was added to the system, we observed a weak
interaction between NHR-25 and CeUBC-9, suggesting either
that CeSMO-1 bridges NHR-25 and CeUBC-9 or that NHR-25
recognizes a CeSMO-1-bound CeUBC-9 species (Figure S3B).

NHR-25 binds consensus sequences derived from NR5
family binding sites

To begin to investigate how sumoylation affects NHR-25-
dependent transcriptional activity, we employed a HEK293T cell-
based assay. We used a luciferase reporter driven by four tandem
Ftz-F1 (Drosophila homolog of NHR-25) consensus sites, previously
shown to be responsive to NHR-25 [8]. When Myc-tagged wild
type NHR-25 was transfected, reporter expression was enhanced
(Figure 5A), and the sumoylation-defective mutant NHR-25 (3KR)
activated the reporter more strongly (Figure 5A). Anti-Myc
immunostaining indicated no detectable increase in protein level
or nuclear localization (Figure 5B).

To better characterize NHR-25-dependent transcriptional activ-
ity and generate reporters that could subsequently be used for in vivo
assays, we generated a construct based on the canonical, high
affinity SF-1 regulatory elements derived from the Mullerian
inhibiting substance (MIS) and CYP11A1 (CYP) genes. We assessed
NHR-25 binding to these elements using yeast one-hybrid (Y1H)
and electrophoretic mobility shift assays (EMSAs). The Y1H assays
indicated that NHR-25 bound the MIS and CYP11Al eclements
(Figure S7A, B). Mutations in the MIS binding site that block SF-1
binding (MIS MU'T) [27] prevented NHR-25 binding (Figure S7B).
Moreover, the NHR-25 L32F (ku217) mutant, which has impaired
DNA binding i vitro [7], displayed reduced activity in the Y1H
experiment (Figure S7B). Consistent with the Y1H data, we found
that a 6 xHis-MBP tagged fragment of NHR-25 (amino acids 1
173) purified from E. coli clearly bound MIS and CYPI1ALI sites
singly (Figure S7C) or in combination (2xNR5SRE WT, for nuclear
receptor NR5 family Response Element; Figure S7D) but only
weakly to the mutant sites (Figure S7C-D, 7A).

Sumoylation of SF-1 regulates binding to specific DNA
sequences [27]. Therefore, we asked whether sumoylation could
similarly affect DNA binding capacity of the 6 xHis-MBP tagged
fragment of NHR-25. We found that this fragment, which
encompasses the DBD and part of the hinge region of NHR-25
(amino acids 1-173), was an even more potent sumoylation
substrate than the hinge-LBD fragment, as almost all of the DBD
substrate could be sumoylated (Figure 6A). Unlike SF-1 [27],
NHR-25 DNA binding did not inhibit sumoylation (data not
shown). Use of methyl-hSUMOI in our @ vitro sumoylation assays
indicated that there were three sumoylation sites within the
6xHis-MBP tagged fragment of NHR-25 DBD substrate
(Figure 6B). These corresponded to the hinge region K165 and
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Figure 3. Three lysines in NHR-25 are necessary for the interaction with SMO-1. (A) NHR-25 fused to the Gal4 DNA binding domain (DB)
interacted with wild type (WT) SMO-1 fused to the Gal4 activation domain (AD). No interaction was seen with empty vector (No insert), SMO-1 with
the terminal di-glycine residues deleted (AGG), or SMO-1 with a -sheet mutation (V31K). (B) The NHR-25 3KR (K165R K170R K236R) allele specifically
blocked interaction with SMO-1, as both NHR-25 and NHR-25 3KR interacted with NHR-91. (C) Schematic of NHR-25 domain structure illustrating the
DNA binding domain (DBD), hinge region, and ligand binding domain (LBD). The candidate SUMO acceptor lysines (K165, K170, K236) are indicated.
(D) Mutating the indicated SUMO acceptor lysines to arginine in NHR-25 only abolished the interaction when all three were mutated (K165R K170R
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Switching the Gal4 domains did not result in an interaction, as sometimes occurs in Y2H interactions [69]. B-galactosidase (LacZ) reporters were

assayed in A, B, and D.
doi:10.1371/journal.pgen.1003992.g003

K170 acceptor lysines, which are analogous to the SF-1 fragment
used by Campbell et al. (2008), and a third SUMO acceptor lysine
(K84) within the DBD region between the second zinc finger and
the conserved Ftz-F1 box (Figure 6C). This acceptor lysine is
conserved in D. melanogaster Ftz-F1 as well as the mammalian
LRH-1 (Figure 6C) [31]. EMSAs indicated that sumoylation
diminished binding of the NHR-25 DBD fragment to the MIS and
CYP derived binding sites (Figure S7D). Modifying the EMSAs
such that the sumoylation reaction preceded incubation with the
2xNR5RE oligos severely impaired binding (Figure S7E). These
i vitro findings are consistent with the notion that, as in mammals,
sumoylation could diminish NHR-25 DNA binding.

Sumoylation inhibits NHR-25 dependent transcription in
vivo

We next wanted to assess the effects of sumoylation on NHR-
25-dependent transcription i vivo. To enhance the sensitivity of

PLOS Genetics | www.plosgenetics.org

our assays, we constructed a reporter carrying four tandem repeats
derived from each of MIS and CYP genes (Figure 7A, eight SF-1/
NHR-25 binding sites designated as 8 xXNRSRE). The binding
sites were spaced ten base-pairs apart to facilitate potential
cooperative binding [32]. We generated transgenic C. elegans
carrying the 8 XNRSRE positioned upstream of a pes-10 minimal
promoter and driving a 3xVenus fluorophore bearing an N-
terminal nuclear localization signal. In wild type animals, reporter
expression was not detected (Figure 7B), whereas after smo-1
RNAI, strong expression was detected in developing vulval cells,
the hypodermis, seam cells, the anchor cell (Figure 7B) and
embryos (not shown), tissues in which NHR-25 is known to be
expressed (Figures 7F) and functional [4,7,33]. Reporter expres-
sion was especially prominent during the L3 and L4 stages.
Mutation of the binding consensus, 8 xXNRSRE(MUT) abolished
reporter expression in a smo-/ (RNAi) background (Figure 7E), as
expected for NHR-25-dependent reporter expression. Moreover,
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Figure 4. /In vitro sumoylation of NHR-25. In vitro sumoylation reactions were resolved by SDS-PAGE and analyzed by either Coomassie staining
(A,C) or immunoblotting with anti-NHR-25 antibody (B). (A and B) used recombinant human sumoylation enzymes (hE1, hE2, hSUMO1, hSENP1 SUMO
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doi:10.1371/journal.pgen.1003992.g004

genetic inactivation of nfr-25 either by RNAI (smo-1, nhr-25 double
RNAI) or by use of nkr-25(ku217), a reduction-of-function allele of
nhr-25, abrogated reporter expression even in smo-I knockdown
animals (Figure 7C, D). We conclude that sumoylation of NHR-25
strongly reduces its transcriptional activity i vivo.

Sumoylation of NHR-25 prevents ectopic vulval
development

To examine functionally the consequences of NHR-25
sumoylation, we returned to the roles of nir-25 and smo-1 in
vulval organogenesis. Noting that smo-/ mutants but not nkr-25
reduction-of-function mutants display a Muv phenotype, we
investigated whether this might reflect enhanced NHR-25 activity
due to its reduced sumoylation. We therefore generated transgenic
animals expressing tissue-specific NHR-25 and/or SMO-1 driven
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by three different promoters; ¢gl-77 for the VPCs, grl-21 for the
hypodermal hyp7 syncytium, and wrt-2 for the seam cells. These
transgenes included (i) wild type NHR-25; (i) NHR-25 3KR; or
(iif) SMO-1 alone. Although egl-17 is typically used as a 1° and 2°
cell fate marker during vulva development, it is expressed in all
VPCs in earlier stages [34](Figure S2C). We used the egl-17
promoter rather than commonly used VPC driver, lin-31, because
the heterodimeric partner of LIN-31 1s sumoylated and directly
involved in vulva development [28].

Muv induction was scored by observing cell divisions of the six
VPCs with the potential to respond to the LIN-3/EGF signal,
which promotes differentiation. Normally, only P5.p, P6.p, and
P7.p are induced while P3.p, P4.p and P8.p each produce no more
than two cells as they are destined to fuse with the surrounding
hyp7 syncytium (Figure 2). In wild type animals, overexpression of
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Figure 5. NHR-25(3KR) displays elevated activity in heterolo-
gous reporter assays. (A) A luciferase reporter vector containing four
Ftz-F1/NHR-25 binding sites was transfected into HEK293T cells along
with a Renilla internal control and either Myc-NHR-25 (WT) or Myc-NHR-
25(3KR) expression constructs. Relative luciferase activity was normal-
ized to the internal Renilla control and empty expression vector (EV).
Eight biological replicates from three independent experiments were
analyzed and error bars indicate standard deviation. (**T-test p<<0.07;
*** p<<0.0007) (B) Transfected cells were stained with anti-Myc antibody.
NHR-25(3KR) does not affect NHR-25 levels or localization. Nuclei were
visualized with DAPI staining and an overlay of Myc and DAPI staining is
shown.

doi:10.1371/journal.pgen.1003992.g005

NHR-25 in the VPCs (¢g/-17 promoter) but not in hyp7 or seam
cells (¢r-21 and wrt-2 promoters, respectively) drove Muv
induction at the P8.p position, mimicking smo-/ RNAI (Figure 8,
Table S1). Thus, high level NHR-25 acted cell-autonomously to
produce a Muv phenotype. Overexpression of the NHR-25 3KR
mutant in the VPCs resulted in an even more penetrant Muv
phenotype and greater induction of P3.p, P4.p, and P8.p

PLOS Genetics | www.plosgenetics.org
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(Figure 8A). In contrast, overexpression of SMO-1 alone did not
produce the Muv phenotype.

These overexpression experiments implied that excess unsu-
moylated NHR-25 altered 3° VPC fate, permitting extra divisions
that produce the Muv phenotype. If sumoylation of NHR-25
normally constrains its activity, animals with decreased sumoyla-
tion activity would be expected to enhance the Muv phenotype.
To test this hypothesis, we assessed the effect of smo-7 RNAI in
animals expressing a low-copy, integrated transgene expressing C-
terminally GFP-tagged NHR-25 [35]. This transgene likely
recapitulates the expression pattern of endogenous nir-25, since
the construct includes the complete 20 kb intergenic region
upstream of nfir-25, and the entire nir-25 gene and 3'-UTR; the
animals display normal vulvas. However, exposure to smo-/ RNAi1
caused the Muv phenotype in about 30% of animals carrying the
nhr-25:.gfp transgene, which exceeded the 12% Muv frequency in
smo-1 RNAI controls (Figure 8). This extra vulva induction was
seen in the P4.p. lineage in addition to P8.p. Together, our
findings strongly suggest that in wild type animals, NHR-25
sumoylation prevents ectopic vulva induction in 3° fated cells.

Effects of smo-1 deficiency on NHR-25 expression

One interpretation of our genetic and biochemical data is that
the i vivo ratio of sumoylated to non-sumoylated NHR-25 specifies
or maintains the 3° VPC fate. We were therefore interested in how
NHR-25 sumoylation was regulated. SMO-1 is expressed at
constant levels throughout wvulval development [19], so we
examined whether NHR-25 levels were regulated in VPCs during
development. The low-copy, integrated NHR-25::GFP transla-
tional fusion allowed us to examine the developmental pattern of
NHR-25 expression. NHR-25::GFP was evenly distributed prior
to the first division in all VPCs, whereas after the first division the
pattern became graded: highest in 1° P6.p daughters, lower in 2°
P5.p and P7.p daughters, and lowest in 3° P(3,4,8).px (Figure 9A,
B). After the third round of cell divisions NHR-25::GFP expression
continued in all 22 P(5-7).pxxx cells and remained high during
early vulva morphogenesis (Figure 9D) until it temporarily
disappeared by the “Christmas tree stage” (data not shown).

smo-1 RNAi caused ectopic NHR-25:GFP expression in
P4.,8).pxx cells (Figure 9E), which displayed the strongest Muv
induction in  NHR-25:GFP;smo-1(RNAy), and Pegl-17::NHR-
25(3KR) backgrounds (Figure 8). In wild type animals, NHR-
25::GFP was normally expressed in the anchor cell at the time of
the first VPC divisions, and subsequently decreased (Figure 9D).
Interestingly, we noted that in nine of ten smo-/(RNAi) animals
NHR-25::GFP was re-expressed in the AC at the “bell stage”
(Figure 9F). Subsequently, no AC invasion occurred and the AC
remained unfused. Therefore, in addition to restricting NHR-25
activity in 3° cells (previous section), sumoylation also limits NHR-
25 accumulation in cells that are destined to assume the 3° fate.
The resultant NHR-25 gradient combined with constant levels of
SMO-1 may account for the observed pattern of NHR-25
sumoylation.

Discussion

The capacity of TFs to specify expression of precise networks of
genes in a given context, yet remain flexible to govern dramatically
different sets of genes in different cell or physiologic contexts, likely
involves combinatorial regulation of transcription. In this study,
we show that sumoylation represses bulk NHR-25 activity in
multiple C. elegans tissues. In addition, our findings suggest that
particular fractional sumoylation states of NHR-25 govern the
appropriate course of cell divisions and the 3° fate decision of
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Figure 6. The NHR-25 DBD is robustly sumoylated. (A and B) In vitro sumoylation reactions were resolved by SDS-PAGE and Coomassie stained.
A 6 xHis-MBP-NHR-25 (amino acids 1-173) substrate was used and incubated with hE1, hE2, and either CeSMO-1 (A) or methyl-hSUMO?1 (B) for the
indicated time in minutes. Methyl-hSUMOT1 is a modified protein that blocks SUMO chain formation. Recombinant hSENP1 SUMO protease was
included in (B) to demonstrate that bands reflected sumoylated species. A size standard in kilodaltons (kDa) is provided. (C) Schematic of sumoylation
sites within NR5 family proteins. DNA-binding domains (DBD), hinge, and ligand-binding domains (LBD) are indicated. Sumoylation sites based on
SUMOplot prediction and conservation in multi-species alignments are shaded red. SUMO acceptor lysines confirmed by in vitro biochemistry or cell-
based sumoylation assays are shaded blue. The DBD-hinge fragment used in (A and B) is underlined.

doi:10.1371/journal.pgen.1003992.9006

vulval precursor cells, thereby determining morphogenesis of the
entire organ.

Balance of NHR-25 sumoylation in vulval morphogenesis

Supporting the notion that sumoylation can constrain NHR-25
activity, we found that a reporter fusion responsive to NHR-25
was strongly upregulated upon depletion of smo-I by RNAi

PLOS Genetics | www.plosgenetics.org

(Figure 7B). Our @ witro findings suggested that sumoylation of
NHR-25 diminished DNA binding (Figure S7), while our i vivo
studies suggested that reduction of smo-/ caused ectopic accumu-
lation of NHR-25 (either synthesis or impaired degradation) in
VPCs P4.p and P8.p (Figure 9). These data suggest two modes, not
mutually exclusive, through which sumoylation can regulate
NHR-25. Moreover, overexpression of either NHR-25 or its
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Figure 7. Sumoylation inhibits NHR-25-dependent transcription /n vivo. (A) NHR-25 binds to canonical SF-1 target sequences. Sequence of
the wild-type (WT) and mutant (MUT) MIS and CYP11A1 binding sites used are shown on top. Bases altered in the MUT sequences are underlined. The
annealed 2 xNR5RE oligonucleotides were incubated with combinations of the following: sumoylation enzymes (hUbc9+CeSMO-1) with or without
hE1 enzyme, and NHR-25 DBD substrate. Recombinant hSENP1 SUMO protease was included to demonstrate that bands reflected sumoylated
species. The corresponding proteins in the EMSA were detected by anti-MBP immunoblotting (input). The positions of unsumoylated and sumoylated
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interference contrast (DIC) image of the same animal is provided (ii). Representative Venus expression in transgenic animals treated with smo-7 RNAi
(iii—vii). Expression was observed in seam cells at L4 (iii), in seam cells and hyp7 at L3 (iv), in hyp7 at L4 (v), in the AC and vulF at early L4 (vi), and in
developing vulval cells at L3 (vii). Fluorescent and DIC images were merged in vi and vii. (C and D) Transgenic animals expressing the Venus reporter
in at least one of the following tissues: seam cells, hyp7, or vulval cells; were scored. Reduction of nhr-25 function either by RNAi (C) or by ku217
mutation (D) reduced the 8xNR5RE (WT) reporter activity following smo-1 RNAi. (n) number of animals scored. (E) Mutations (MUT) in NR5RE
completely eliminated Venus expression following smo-1 RNAI. DIC (i and iii) images corresponding to Venus fluorescence images (ii and iv,
respectively) are provided. Positions of hypodermal nuclei (i) and the developing vulva (iv) are outlined. (F) NHR-25:GFP is expressed in nuclei of
seam cells and hyp?7 (i) and the developing vulva (ii), similar to 8 xNR5RE (WT)::NLS::3 xVenus reporter expression. All animals are positioned with the
anterior to the left.

doi:10.1371/journal.pgen.1003992.g007
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Figure 8. Overexpression of unsumoylated NHR-25 causes multivulva induction. (A) Table providing scoring of overall multivulva (Muv)
induction in the indicated strains/genotypes, as well as induction in individual VPCs. Number of animals (n) scored for each strain genotype is
provided. Use of brackets denotes transgenic genotypes. (B) Graphical representation of the overall percentage of animals for each strain that display

Muv induction of any VPC.
doi:10.1371/journal.pgen.1003992.g008

sumoylation-defective form (NHR-25 3KR) led to multivulva
induction in cells that normally adopt the 3° fate (Figure 8).
Together, our data support a model in which proper
differentiation of VPCs depends on the appropriate balance
of sumoylated and unsumoylated NHR-25 (Figure 10). Impor-
tantly, NHR-25 affects VPC specification cell-autonomously, as
overexpression of NHR-25 in other epidermal cells, such as the
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seam cells or hyp7, did not cause a Muv phenotype (Table S1).
Furthermore, NHR-25 appears to form a gradient across the
VPC array, accumulating to high levels in 1° fated cells,
intermediate levels in 2° fated cells and low levels in 3° fated
cells (Figure 9). Owur findings indicate that sumoylation
promotes a specific pattern of NHR-25 activity in differentially
fated VPCs and the relative level of NHR-25 sumoylation is
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Figure 9. NHR-25::GFP (OP33) expression during vulval development. Expression in 1-cell stage Pn.p cells (A), in 2-cell stage Pn.px cells (B)
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doi:10.1371/journal.pgen.1003992.9g009

critical for promotion and/or maintenance of the 3° cell fate
(Figure 10).

The role(s) of NHR-25 and SMO-1 in vulval induction are
likely pleiotropic. Multiple vulval development factors are
sumoylated [22,28,29,36], including LIN-11, which is responsible
in part for promoting vulval-uterine fusion [19]. Based on
expression pattern and phenotypes, NHR-25 likely acts in other
cell-types (hyp7, 1°/2° VPCs, or AC) and at different develop-
mental time points to regulate vulval induction. The Muv
phenotype of smo-I-deficient animals was enhanced by nir-25
RNAI (Figure 1). Synthetic multivulva (synMuv) genes inhibit fin-
3 activity in the syncytial hyp7 cell to prevent aberrant vulva
induction in the neighboring 3° cells [37]. Yet, overexpression of
NHR-25 in the hyp7 syncytium did not cause Muv induction
(Table S1), thus it is unlikely that NHR-25 acts through this
pathway. Our overexpression data indicates that NHR-25 acts
cell-autonomously in the VPCs (Figure 8), and likely interacts
with canonical signaling pathways that promote VPC fate. The
NHR-25 expression gradient is reminiscent of the LIN-3/EGF
gradient which promotes vulval induction through Ras activation
and subsequent Notch signaling [38]. nkr-25 appears to act
downstream of LET-60/Ras signaling, as gain-of-function LET-
60/Ras causes elevated NHR-25 expression (data not shown).
However, regulation of fn-3 by NHR-25 in the anchor cell has
also been suggested [39]. Ectopic expression of NHR-25 in the
AC following smo-I RNAi is unlikely to cause Muv induction
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since, developmentally, this expression occurs much later than
VPC fate determination. In wild type animals, NHR-25 levels are
therefore downregulated in the AC, which may be required for
proper completion of AC invasion and/or fusion. Additionally,
the cell division arrest seen in nhr-25 RNAI leading to the Pvl
phenotype was enhanced by inactivation of smo-/ (Figure 1). For
instance, the Pvl phenotype can arise from nkr-25 reduction of
function, which causes defective 1° and 2° cell divisions (Figure 1,
Table 1), or from smo-I(lf), which impairs uterine-vulval
connections [19]. Thus, an exquisite interplay between various
sumoylated targets as well as the balance between sumoylated
and unsumoylated NHR-25 collaborate to ensure proper vulval
formation.

How could unsumo:sumo NHR-25 balance regulate 3° cell
fate? Sumoylation might alter NHR-25 levels or activity in a
manner that shifts the unsumo:sumo NHR-25 ratio, which in turn
acts as a switch to determine NHR-25 output. The activities of a
mammalian nuclear hormone receptor have been shown to shift
dramatically with signal-driven changes in levels of receptor
activity [40]. Another possibility is that the sumoylated and
unsumoylated versions of NHR-25 regulate distinct targets, and
the unsumo:sumo ratio in different cells thereby determines the
network of NHR-25-regulated genes. Indeed, sumoylation appears
to affect the genomic occupancy of the NHR-25 ortholog SF-1
[27]. We note that NHR-25 sumoylation could be context-
dependent. Sumoylation could increase NHR-25 activity at
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doi:10.1371/journal.pgen.1003992.g010

particular response elements. Accordingly, sumoylation positive
regulates the activity of the nuclear hormone receptors RORa and
ER [41,42].

The finding that overexpression of NHR-25 strongly provoked a
Muv phenotype suggests that sumoylation state of NHR-25 in
VPCs is exquisitely regulated. Such regulation might be accom-
plished by subtle changes in availability of SUMO in different
VPCs, not detected by our assays, or by the relative activities of the
sumoylation machinery and the SUMO proteases. A similar
competition for constant levels of SUMO regulates Epstein-Barr
virus infections, where the viral BZLF protein competes with the
host PML protein for limiting amounts of SUMO1 [43].

Sumoylation as a nuclear hormone receptor signal

It is intriguing to consider SMO-1 as an NHR-25 ligand parallel
to hormones or metabolites bound noncovalently nuclear
hormone receptors in other metazoans, and by the C. elegans
DAF-12 receptor. Indeed, such expansion of the concept of
signaling ligands could “de-orphan” many or all of the 283 C.
elegans nuclear hormone receptors for which no traditional ligands
have been identified. Detection of noncovalent ligands is very
challenging; numerous mammalian NHRs remain “orphans”
despite intensive efforts to find candidate ligands and evidence that
the ancestral NHR was liganded [44]. In principle, SUMO can be
conjugated to its target sequence motif anywhere on the surface of
any protein, whereas classic NHR ligands bind only stereotyped
pockets within cognate NHR LBDs. Viewed in this way, SUMO
may directly regulate many NHRs (and other factors as well),
whereas classical NHR ligands act more selectively on only one or
a few NHRs. The multifactorial regulation of NHRs would
provide ample opportunity for gene-, cell- or temporal-specificity
to be established in cooperation with the SUMO ligand.
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Modes of SUMO regulation in C. elegans

There are three ways in which SUMO can potentially interact
with target proteins: i) non-covalent binding, where a protein binds
either free SUMO or SUMO conjugated onto another protein; ii)
sumoylation, where SUMO associates covalently with a target
protein through an isopeptide linkage; and iii) poly-sumoylation,
where chains of SUMO are built up from an initially mono-
sumoylated substrate. In C. elegans, SMO-1 can bind proteins non-
covalently [45] or can be covalently linked to substrates (Figure 4).
Polysumoylation occurs through SUMO modification of acceptor
lysines within SUMO proteins [46]. In our assays, we saw no
robust polyCeSMO-1 chains compared to the hSUMO2 control,
even after prolonged reaction times (Figure S6). Consistent with
this result, sumoylation motifs were predicted within hSUMOL, 2
and 3, and yeast SM'T'3 but not in CeSMO-1. PolySUMO chains
in yeast and vertebrates can be recognized by SUMO targeted
ubiquitin ligases (STUbLs) that polyubquitinate the polySUMO
chain and direct it for degradation by the 26S proteasome [46].
Judging from BLAST analysis, there are no evident homologs of
the known STUbLs hsRNF4 or yeast SLX5-8 in C. elegans. As
both 8. cerevisiaee SUMO (SM'T3) and vertebrate SUMO2 and
SUMO3 form polySUMO chains, it appears that C. elegans has lost
the ability to form polySUMO chains.

Functional homology with SF-1/LRH-1

The mammalian homologs of NHR-25 (SF-1 and LRH-1) are
sumoylated on two sites within the hinge region of the protein,
between the DBD and LBD [21,27,47]. These SUMO acceptor
sites occur at corresponding positions in NHR-25, with the site
near the DBD being duplicated (Figure 6C). Additionally, our
DBD sumoylation experiments suggest the presence of a fourth
sumoylation site in NHR-25, conserved with D. melanogaster Ftz-F1
and mammalian LRH-1 (Figure 6C) [7,31]. Thus, NHR-25
appears to have sumoylation sites that are conserved in both SF-1
and LRH-1 as well as at least one site that is only conserved in
LRH-1. Similarly, NHR-25 seems to combine regulation of
processes that in mammals are either regulated by SF-1 only or
LRH-1 only. Additionally, human SUMOI can be conjugated
onto NHR-25 and C. elegans SMO-1 can be conjugated onto SF-1
(Figure 4, S4). Therefore, despite the 600-1200 million years of
divergence since the common ancestor of humans and nematodes,
regulation of NRJA family by sumoylation appears to be
incredibly ancient. There are also, however, notable differences.
For instance, while LRH-1 and SF-1 strongly interact with UBC9,
providing a mechanism for robust, E3 ligase-independent
sumoylation [20], this did not appear to be the case for NHR-
25. As indicated above, we also did not find evidence for
polysumoylation of NHR-25.

Having established SUMO as an NHR-25 signal that regulates
cell fate, it will be exciting to further explore how sumoylation
affects the NHR-25 gene regulatory network. It will be essential in
future work to identify direct NHR-25 target genes by ChIP-seq,
to determine how sumoylation impacts NHR-25 response element
occupancy, and to mutate sumoylation sites and response elements
with genome editing technologies, such as CRISPR/Cas9 [48].
The compact C. elegans genome facilitates unambiguous assign-
ment of putative response elements to regulated genes, a daunting
challenge in vertebrate systems. Further, the extensive gene
expression and phenotypic data accessible to the C. elegans
community will allow identification of candidate NHR-25 target
genes directly responsible for regulating animal development and
physiology. Understanding how NHR-25 sumoylation regulates
specific genes, and how this information is integrated into
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developmental circuits will advance our understanding of combi-
natorial regulation in metazoan gene regulatory networks.

Materials and Methods

Molecular biology

cDNAs and promoters/binding sites were Gateway cloned
(Invitrogen) into pDONR221 and pDONR-P4PI1r, respectively.
Mutations were introduced into the nhr-25 cDNA using site-
directed mutagenesis with oligonucleotides carrying the mutation
of interest and Phusion polymerase (NEB). cDNAs and promoters
were then moved by Gateway cloning into destination vectors.
NHR-25 (amino acids 161-541) and NHR-25 (amino acids 1-173)
were moved into the bacterial expression vector pETG-41A,
which contains an N-terminal 6xHis-MBP tag. CeUBC-9 and
CeSMO-1 cDNAs were moved into the bacterial expression
vector pETG-10A, which contains an N-terminal 6 xHis tag. The
CeUBC-9 construct also carried an N-terminal tobacco etch virus
(TEV) cleavage site for removal of the 6 xHis tag, similar to the
hUBC9 bacterial expression construct. For YIH experiments,
2xSF-1 binding sites were Gateway cloned into pMW2 and
pMW3 [49]. For Y2H experiments, cDNAs were moved into
pAD-dest and pDB-dest [18], which contain the Gal4 activation
domain and DNA binding domain, respectively. For Y3H, smo-/
was moved into pAG416-GPD-ccdB-HA [50], which results in
constitutive expression. For luciferase experiments, cDNAs were
moved into pDEST-CMV-Myc. For our C. elegans expression
experiments, cDNA constructs were Gateway cloned into pKA921
along with either the egl-17, wrt-2, or grl-21 promoter. The egl-17
promoter was PCR cloned from N2 genomic DNA. The wit-2 and
grl-21 promoters (pKA279 and pKA416, respectively) were
previously cloned [12]. pKA921 contains a polycistronic mCherry
cassette to allow monitoring of construct expression. For our
3xVenus reporters, three-fragment Gateway cloning into
pCEJ150 [51] was performed. The 8xXNRIRE-pes-104 promoter
fragments were cloned into pDONR-P4PlIr. C. elegans codon
optimized 3 x Venus was cloned from Prmyr::CYB-1DesBox::3 X Venus
[52] and an NLS was added on the 5’ end of the gene and NLS-
3xVenus was Gateway cloned into pDONR221. The unc-5¢ 3'-
UTR in pDONR-P2rP3 was a gift from the Lehner lab. Primer
sequences are provided in Table S2. Plasmids generated for this
study are listed in Table S3.

Y2H screening and matrix assays and Y1H analyses

Yeast transformations and Y2H assays were carried out as
described by Deplancke et al. [53]. For the Y2H screen, S. cerevisiae
strain MaV103 carrying a pDB-nAr-25 construct was transformed
with 100 ng of the AD-Orfeome ¢cDNA library, in which 58% of the
known C. elegans open reading frames are fused to the Gal4 activation
domain [18]. Six transformations were performed per screen and
149,800 interactions were screened, representing 12.5-fold coverage
of the library. Positive interactions were selected for by growth on SC
dropout plates lacking leucine, tryptophan, and histidine; these plates
were supplemented with 20 mM of the histidine analog 3-
aminotriazole. Interactions were confirmed by B-galactosidase
staining. We identified 42 candidate interactors, but only smo-/ was
recovered multiple times (seven independent isolations). Moreover,
upon cloning and retesting the candidate interactor cDNAs, only smo-
1 was confirmed as an interactor. The screen identified no other
components of the SUMO machinery or known SUMO binding
proteins. Generation of Y1H bait strains and YIH analyses were
performed as described [53]. pDB constructs carrying NHR-2,
NHR-10, NHR-31, NHR-91, NHR-105, FAX-1, and ODR-1
cDNAs were a gift from Marian Walhout.
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Protein purification

Recombinant hEl, hUBC9, hSUMO1, hSUMO?2, hSENPI,
and murine SF-1 LBD were purified as described [27,54-56].
6 xHis-CeSMO-1 and 6 xHis-TEV-CeUBC-9 were expressed in
BL21(ADE3) E. coli and purified using a similar scheme as used to
purify their human counterparts [55,56]. 6 xHis-MBP-NHR-25
(amino acids 161-541) was freshly transformed into BL21(ADE3) E.
col. A'1 L culture was grown to an OD600 of ~0.8, induced with
0.2 mM isopropylthio-B-galactoside (IPTG), and shaken at 16°C
for four hours. Bacteria were lysed using a microfluidizer in 20 mM
Tris-HCI pH 8.0, 350 mM NaCl, 20 mM imidazole containing
EDTA-free Protease Inhibitor Cocktail III (EMD Millipore).
6xHis-MBP-NHR-25 was then purified using nickel affinity
chromatography (5 ml His Trap FF column, GE Healthcare). Peak
fractions were pooled, dialyzed into 20 mM HEPES (pH 7.5),
I mM EDTA, and 2 mM CHAPS {3-[(3-cholamidopropyl)-
dimethylammonio]-1-propanesulfonate}, and purified by anion-
exchange chromatography using a MonoQ) column (GE Health-
care) and eluted with a 1 M ammonium acetate gradient. Peak
fractions were pooled, concentrated and 6 xHis-MBP-NHR-25 was
purified by size-exclusion chromatography using an S200 column
(GE Healthcare). Peak fractions containing 6 xHis-MBP-NHR-25
were pooled, concentrated, dialyzed into 20 mM Tris pH 7.5,
50 mM NaCl, 10% glycerol, flash frozen in liquid nitrogen, and
stored at —80°C. Later purifications used only nickel affinity
chromatography. Using this preparation in sumoylation assays
produced results similar to those obtained using the preparations
purified over the three aforementioned columns. 6xHis-MBP-
NHR-25 (amino acids 1-173) was expressed and purified using a
single nickel affinity chromatography step, as described above for
the 6 xHis-MBP-NHR-25 (amino acids 161-541) fragment.

In vitro sumoylation assays

Reactions were performed as described by Campbell et al. [27].
Briefly, 50 pl sumoylation reactions were set up with 0.1 uM E1,
10 uM UBC9, and 30 uM SUMO in a buffer containing 50 mM
Tris-HCI (pH 8.0), 100 mM NaCl, 10 mM MgCl2, 10 mM ATP,
and 2 mM DTT. Substrates were added at 1 pM and when
required, 2.5 pg of hRSENP1 SUMO protease was added. When
vitro transcribed proteins were used as substrates, 50 ul reactions
were generated using a TnT T7 Quick Coupled Transcription/
Translation System (Promega). 16 pl of this reaction was then used
as a substrate in a 25 pl sumoylation reaction using the same
molarities as described above. When SUMO protease was
required, 1.25 pg of hSENPI was added. Reactions were
incubated at 37°C for the desired time, and stopped by boiling
in protein sample buffer (10% Glycerol, 60 mM Tris/HCI
pH 6.8, 2% SDS, 0.01% bromophenol blue, 1.25% beta-
mercaptoethanol). Proteins were resolved by SDS-PAGE on either
4-12% Bis-Tris gradient gels (Invitrogen) or 3-8% Tris acetate
gels (Invitrogen) followed by either Coomassie staining or
immunoblotting. For immunoblotting, anti-NHR-25, anti-guinea
pig-HRP (Santa Cruz), and anti-guinea pig-IR800 (Li-Cor)
antibodies were used. Blots were developed using a LAS500
imager (GE Healthcare) or an Odyssey laser scanner (Li-Cor).

Electrophoretic mobility shift assay (EMSAs)

Reactions were performed as described by Campbell ¢t al. [27]
with the following alterations. We added 400 pg/ml of bovine
serum albumin to the EMSA buffer (50 mM Tris (pH 8.0),
150 mM NaCl, 10 mM MgCl,, 10 mM DTT, 10 mM ATP, and
a 1 uM concentration of double-stranded oligonucleotide).
Sequences of oligonucleotides are provided in Table S2.
Oligonucleotides were annealed and then centrifuged in an
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Amicon Ultra 0.5 ml centrifugal filter MWCO 50). Sumoylation
reactions were set up on ice and added directly to the annealed
oligonucleotides (20 pl final volume). Standard reactions used
500 nM of unmodified NHR-25 substrate, titration experiments
added NHR-25 in 100 nM increments from 200-700 nM. At this
point SENP1 (0.5 pl) was added when appropriate. We incubated
these reactions at room temperature for 30 minutes to allow both
sumoylation and DNA binding to occur. Half of the EMSA
reaction (10 pl) was removed and added to 2 pl of 4X protein
sample buffer and denatured by boiling for five minutes.
Sumoylation products in the input were analyzed by immuno-
blotting using anti-MBP (NEB) and anti-mouse-IR800 (LiCor)
antibodies. Blots were imaged using an Odyssey laser scanner.
The remaining EMSA reaction was resolved on a 4-20% TBE
polyacrylamide gel (Invitrogen) at 200 volts and stained with 1x
SYBR Gold (Molecular Probes) in 0.5x TBE. Gels were then
imaged using a Typhoon laser scanner (GE Healthcare).

C. elegans culture and strains

C. elegans was cultured at 20°C according to standard protocols
and the wild type strain is the N2 Bristol strain [57]. The following
mutant and transgenic strains were used in this study: PS3972
unc-119(ed4) syIs90 [egl-17::YFP+unc-119(+)], OP33 uncl19 (ed3);
wgls33 [nhr-25::TYV1::EGFP::3 X FLAG(92C12)+unc-119(+)], VC186
smo-1(0k359)/szT1[lon-2(e678)]; +/szT1, MH1955 nhr-25(ku217).
The following transgenic strains were generated for this study:
HL102 jmkEx102/Pegl-17::Myc:NHR-25_mCherry+rol-6(su1 006) ], HLL107,
HL108, HL110 are independent lines carrying jmkEx107/Pegl-
17:Myc::NHR-25(3KR)_mCherry+rol-6(sul 006)/, HLI117 jmEx118
[Pegl-17::Myc::SMO-1_mCherry+rol-6(sul 006)], HL111 and HL112
are independent lines carrying jmfixl11/[Perl-21::Myc::NHR-25_
mCherry+rol-6(sul 006)], HL121  jmEx121/Perl-21::Myc::SMO-1_
mCherry+rol-6(sul 006)/, HL113 and HLI14 are independent
lines carrying jmkx1153[Pwrt-2::Myc::NHR-25_mCherry+rol-6(sul 006)],
HL115 and HL116 are independent lines carrying jmkEx115/Puwrt-
2:Myc::SMO-1_mChern+rol-6(sul 006)], HL153 jmEx153[8XNRORE
(WT):pes-10A:NLS-3 X Venus:unc-54 3'-UTR+Pmyo-2::td Tomato], HLL155
JmEx155[8XNRSRE (MUT):pes-10A:NLS-3 x Venus::unc-54 3'-UTR+
Pmyo-2::tdTomato], HL170 nhr-25(ku217); jmEx153.

Constructs and microinjection

The following Gateway-based constructs were generated
in  pKA921: pJW522/Pegl-17(1914 bp)::Myc::NHR-25_polycistro-
nic_mCherry], pJW774  [Pegl-17(1914 bp)::Myc:: NHR-25(3KR)_
polycistronic_mCherry],  pJW773  [Pegl-17(1914 bp)::Mpyc::SMO-1_
polycistronic_mCherry],  pJW526  [Perl-21(746 bp)::Myc::NHR-25_
polycistronic_mCherry], pJW775 [Parl-21(746 bp)::Myc::SMO-1_polycis-
tronic_mCherry], pJW524 [Puwrt-2(1380 bp)::Myc::NHR-25_polycistro-
nic_mCherry],  pJW776[Pwrt-2(1380 bp)::Myc::SMO-1_polycistronic_
mCherry]. The following Gateway-based constructs were generated
in pCEJ150 [51]: pJW1109 [EXNRSRE(WT):pes-10A:NLS-3 % Ve-
nus:unc-54  3'-UTR] and pJWI1110 [8XNROIREMUT):pes-10A4:
NLS-3 % Venus::unc-54 3'-UTR]. Plasmids were prepared using a
PureYield Plasmid Midiprep System (Promega) followed by
ethanol precipitation, or a Qiagen Plasmid Midi kit (Qiagen).
Transgenic strains were generated by injecting 50 ng/pl of each
plasmid into the C. elegans gonad [58] with the co-injection marker
pRF4 [59]. For §xNRIRE reporter strain generation, N2 animals
were injected with 30 ng/ul of the reporter plasmid and 5 ng/ul of
co-injection marker Pmyo-2::tdTomato [60].

RNA interference

Feeding RNAi was performed as described, with the indicated
alterations to the protocol [61]. dsRNA was initially induced for
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four hours in liquid culture using 0.4 mM IPTG, before bacteria
were concentrated and seeded on plates also containing 0.4 mM
IPTG. Bacteria carrying pPD129.36 without an insert were used
for control RNAIi. For nkr-25 RNAI, synchronized L2 larvae
(19-20 hours after hatching) were fed on bacteria expressing nfr-
25 dsRNA to bypass the anchor cell (AC) defect. smo-1 RNAi
was performed on late L4 or young adults. For i vivo reporter
assays, sodium hypochlorite-treated eggs were placed on RINA1
plates seeded with dsRNA induced bacteria.

Scoring VPC induction, lineaging and microscopy

To score vulva induction, nematodes were anesthetized in
10 mM levamisole, mounted onto 5% agar pads (Noble agar,
Difco) and the number of daughter cells for each VPC were
counted under differential interference contrast (DIC) optics. For
lineaging analyses, the division pattern was followed under DIC
from the two to eight cell stages [62]. Animals were mounted onto
5% agar pad with bacteria in S-basal medium without anesthesia.
Olympus Fluoview FV1000 and Zeiss Axioplan microscopes were
used for observation and imaging.

NHR-25 antibody

A peptide-based anti-NHR-25 antibody was raised in guinea pig
(Peptide Specialty Laboratories, GmbH, Germany). Animals were
immunized against four short peptides in the hinge and LBD
regions: PEHQVSSSTTDOQNNQINYFDQTKC (24 a.a. 141-163);
SLHDYPTYTSNTTNC (15a.a. 250-263); TSSTTTGRMTEASSC
(15 a.a. 283-296) RYLWNLHSNXPTNWEC (16 a.a. 507-521).

Cell culture and luciferase assay

Human embryonic kidney (HEK) cell line 293T was
maintained in Dulbecco’s modified Eagle’s medium (DMEM,
Gibco), supplemented with 10% fetal bovine serum. Transfec-
tions were performed with polyethyleneimine (25 kDa, Sigma).
The transcriptional activity of NHR-25 was tested with a
luciferase vector carrying a CMV basic promoter driven by two
copies of the Ftz-F1 binding consensus sequences
TGAAGGTCA and TCAAGGTCA (total of four binding sites,
2XTGA-TCA::Luc) [8,63]. Cells were seeded onto 24-well
plates and the next day were transfected for three hours with a
polyethylenimine mixture containing 50 ng of pTK-Renilla
plasmid (Promega) as an internal control, 300 ng of the
luciferase reporter plasmid, and 150 ng of the appropriate
expression vector. The total amount of DNA was kept constant
(1 ng) by adding empty expression vector where necessary. Forty
hours post-transfection, the cells were harvested and processed
using the Dual Luciferase Reporter Assay System (Promega).
Eight independent biological replicates from three independent
experiments were assayed, and data were presented as average
values with standard deviations after normalization against the
Renilla luciferase activities. For immunocytochemistry, trans-
fected cells were fixed with 4% formaldehyde (Sigma) for
10 min. After washing with PBS, cells were permeabilized with
PBS containing 0.2% TritonX-100 in (PBST), washed with
TBST buffer (25 mM Tris-HCI, pH 7.5, 136 mM NaCl,
2.7 mM KCI and 0.1% TritonX-100), incubated in blocking
solution (2.5% skim milk and 2.5% BSA in TBST). Anti-Myc
9E10 antibody (Sigma; 1:2000 dilution) added and
incubated for overnight at 4°C. Following washing, goat-anti-
mouse-TRITC conjugated 2° antibody (Jackson ImmunoRe-
search; 1:2000 dilution) was added and incubated at room
temperature for two hours. Cells were counterstained with DAPI
(1 pg/ml) to visualize the nucleus.

was
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Supporting Information

Figure 81 SMO-1 interaction is specific to NHR-25. (A) Yeast
two-hybrid analysis of the indicated proteins fused to the Gal4
activation domain (AD) or DNA binding domain (DB). Empty
vector (No insert) controls are shown. B-galactosidase (LacZ) and
HIS3 (3AT; 3-aminotriazole) reporters were assayed, and yeast
viability was confirmed by growth on a plate lacking leucine and
tryptophan (-Leu-Trp). Both NHR-25p and NHR-31 displayed
self-activation activity, precluding analysis of their interactions
with any of the AD fusions. (B) Due to the size of the matrix, the
strains were plated on two plates. To rule out variation between
plates, a negative control (i; AD and DB empty vectors) and two
positive controls (RFS-1 interaction with RAD-51 (i) and
RO1H10.5 (iii), respectively) are provided for each plate.

(TIF)

Figure S2 smo-1(lf) and smo-1(lf); nhr-25(RNAy) cause defects in
2° cell fate. (A) Pegl-17::YFP expression in vulval cells at the 4-cell
stage (1° cell fate marker) in the animals of the indicated
genotypes. Ectopically high expression of Pegl-17:YFP was
observed in 2° fated cells in smo-1(0k359) and smo-1(0k359); nhr-
25(RNAw) animals. (B) The egl-17::YFP vulva marker is expressed in
smo-1 (If-induced multivulva. Wild type expression of ¢gl-17::YFP
seen in vulD (a) and vulC (b) in late vulva morphogenesis. In smo-/
(0k359) and smo-1 (0k359); nhr-25 (RNAi) backgrounds (c and d),
Muv is induced and the 1°/2° vulva marker egl-17::GFP is
ectopically expressed. * indicates ectopic vulvae. (C) egl-17 has
been reported to be expressed in all Pn.p cells [34]. NHR-25,
NHR-25(3KR) and SMO-1 were driven by an egl-/7 promoter for
in wviwo overexpression (Figure 8) from a vector carrying a
polycistronic mCherry marker. We observed mCherry expression
in Pn.p cells, indicating that this promoter is active in these cells. A
representative image of mCherry expression in P3.p and P6.p cells
from an [fegl-17::NHR-25(3KR)_polycistronic_mCherry] transgenic
animal is provided.

(TIF)

Figure $3 SMO-1 expression is required for NHR-25 to interact
with UBC-9. (A) Indicated proteins were fused to the Gal4
activation domain (AD) or DNA binding domain (DB). Empty
vector (No insert) controls are shown. (A) Yeast two-hybrid data
confirmed that the SMO-1 V31K B-sheet mutation still binds to
UBC-9, which indicated that the mutation did not disrupt the
protein. The SMO-1 di-glycine deletion (AGG) prevented the
mteraction with UBC-9. (B) Yeast three-hybrid analysis. The
indicated AD and DB fusions were expressed along with the
PAG416 low copy yeast expression vector carrying either no insert
or SMO-1. B-galactosidase staining is provided in A and B.
(TTF)

Figure S4 Confirmation of activity of sumoylation enzymes. In
vitro sumoylation reactions were resolved by SDS-PAGE and
visualized by Coomassie staining (A,B) or anti-NHR-25 immuno-
blotting (C). (A and B) used a recombinant SF-1 partial hinge-LBD
fragment as a substrate and (C) used a recombinant 6 x His-MBP-
NHR-25 (amino acids 161-541) fragment. All reactions used
recombinant hElL. In (A), hE2 (UBCY9) and hSUMO1 were used.
(B and C) used CeUBC-9 and CeSMO-1. Recombinant hSENP1
SUMO protease was included in each experiment to demonstrate
that bands reflected sumoylated species. A size standard in
kilodaltons (kDa) 1s provided.

(TTF)

Figure 85 The NHR-25 hinge domain is sumoylated i vitro on
three lysines. In vitro sumoylation reactions were resolved by SDS-
PAGE and visualized by anti-NHR-25 immunoblotting (A) or
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Coomassie staining (B). Both reactions used hE1l, hE2, hSUMOI,
and a recombinant NHR-25 substrate (6xHis-MBP-NHR-25
(amino acids 161-541)). In (A) recombinant hSENP1 SUMO
protease was included. In (B), the substrates were wild type NHR-
25 (WT) and NHR-25 2KR (K170R K236R) and NHR-25 3KR
(K165 K170R K236R) mutants where SUMO acceptor lysines
were mutated to arginine. A size standard in kilodaltons (kDa) is
provided.

(TTF)

Figure S6 Sumol and SMO-1 do not readily form poly-SUMO
chains. (A) Anti-NHR-25 immunoblots on sumoylation reactions
incubated for the indicated number of hours. El enzyme was
incubated with the indicated E2 and SUMO combinations.
Methyl-hSUMOL is a modified protein that blocks SUMO chain
formation. The asterisk (¥) indicates a non-specific band in the
NHR-25 substrate control lane (no sumoylation enzymes added).
NHR-25 isoforms predicted to contain one, two, and three
SUMO proteins covalently attached are indicated (1-Su, 2-Su, 3-
Su, respectively). (B-E) Short course sumoylation time courses
using hE1, hE2, and hSUMO! (B,D) or hEl, CeUBC-9, and
CeSMO-1 (C,E). The substrate was recombinant 6 xHis-MBP-
NHR-25 (amino acids 161-541). Reaction time in minutes, and a
size standard in kilodaltons (kDa) are provided. The final lane is a
substrate only control. Coomassie stained polyacrylamide gels (B,
() and anti-NHR-25 immunoblots (D,E) are shown.

(TIF)

Figure 87 Sumoylation affects NHR-25 binding to canonical
SF-1 sites. (A) Sequence of binding sites used in the Y1H and
EMSA experiments. The mutation in the MIS binding site (MIS
MUT) 1s underlined. The canonical binding site of the NHR-25
ortholog, SF-1, is 5'-YCAAGGYCR-3' (Y =T/C,R=G/A) [63].
(B) YIH analysis. Two tandem copies of the indicated binding sites
upstream of a LacZ reporter were integrated into the YM4271
yeast strain. Indicated proteins were fused to the Gal4 activation
domain (AD). (C) EMSA data. Annealed oligonucleotides carrying
the MIS WT, MIS MUT, and CYP11Al binding sites were
incubated with: sumoylation enzymes (hUbc9+CeSMO-1) with or
without hE1 enzyme, and NHR-25 DBD substrate. Recombinant
hSENP1 SUMO protease was included to demonstrate that bands
reflected sumoylated species. (D) EMSA analysis of NHR-25
binding to annealed oligonucleotides carrying both MIS and
CYPI11Al binding sites (2xNRSRE). Increasing amounts of
sumoylated NHR-25 DBD were added to 1 uM of annealed
oligos (200-700 nM NHR-25 in 100 nM increments). Both wild-
type (WT) and mutated (MUT) binding sites were analyzed. (E)
EMSAs were performed on the 2xXNRS5RE in which the NHR-25
DBD was sumoylated at 37°C for the indicated time. (C—E) The
corresponding proteins in the EMSA were detected by anti-MBP
immunoblotting (input). The positions of unsumoylated and
sumoylated NHR-25 DBD are indicated.

(TTF)

Table 81 Overexpression of NHR-25 in hyp7 or seam cells does
not cause Muv induction. Table providing scoring of overall
multivulva (Muv) induction in the indicated strains/genotypes, as
well as induction in individual VPCs. Number of animals (n)
scored for each strain genotype is provided. Use of brackets
denotes transgenic genotypes.

(DOCX)

Table S2 Sequences of oligonucleotides and gBlocks used in this
study. All sequences are displayed in a 5" to 3’ orientation. (A)
Primers used to clone the indicated ¢cDNAs and promoters.
Sequences of the attB recombination sites and Myc and FLAG
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epitopes are indicated as described in the table. (B) Sequences of
the primers used to generate the indicated mutations by site-
directed mutagenesis. (C) gBlocks used in this study. NR5 binding
sites and minimal promoters are indicated as described in the
table. (D) Sequences of oligonucleotides from SF-1 target gene
promoters used in EMSA assays are shown. m, mouse; h, human;
MIS, Mullerian Inhibiting Substance; ; CYP11A1, Cytochrome
P450, Family 11, Subfamily A, Polypeptide 1; 2xNR5RE, nuclear
receptor NR5 family Response Element. The NR5RE oligos carry
an mMIS and hCYP11Al binding site. SF-1 binding site is
highlighted in bold.

DOCX)

Table 83 Plasmids generated for this study. The vector
backbones used for Gateway cloning are provided, as is a
description of each vector. pDONR221 (Invitrogen) and
pDONR-P4PIr (Invitrogen) are entry vectors for cDNA and
promoter cloning, respectively. pAD and pDB are Y2H vectors for
generating N-terminal fusions of the Gal4 activation domain (AD)
and DNA binding domain (DB), respectively, to proteins of
interest [18]. pMW2 and pMW3 are reporter vectors for Y1H
assays [49]. pMW?2 is used to clone DNA fragments upstream of a
HIS3 reporter gene, pMW3 is used to clone DNA fragments
upstream of a LacZ reporter. pETG10A is used to generate N-
terminal 6 xHis fusions for bacterial expression. pETG41A is used
to generate N-terminal 6 xHis-MBP fusions for bacterial expres-
sion. pDEST-CMV-Myc is used to generate N-terminal Myc
fusions under the control of a CMV promoter for mammalian cell
expression. pKA921 is used for two-fragment Gateway cloning to
create promoter-cDNA combinations. A polycistronic mCherry
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cassette with an unc-54 3'-UTR marks the tissues where the array
1s expressed. pCEJ150 is used to generate C. elegans expression
vectors through three-fragment Gateway cloning [51]. pAG415
GAL-ccbB is used for constitutive expression of cDNAs in yeast
[50]. pET-DUET1 (Novagen) is used for simultaneous expression
of two cDNAs in bacteria.
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Table 81: Overexpressiom of NHR-25 in hyp 7 or seam cells does not cause Muv

induction
Genotyp e/Strain Muv (%) Pn.p induction (%) n
P3p P4p PSp P6p PTp PBp

wild type 0 0 0 100 100 100 0 60
nhr-2 5(RNAi) 0 0 0 o8 100 100 0 79
smo-I (RNAI) 12.5 0 0 100 100 100 125 16
[Prhr-25::NHR-25::GFP]
OP33 0 0 0 100 100 100 0 45
OP33; smo-1(RNAJ) 30 0 10 100 100 100 20 10
[Pegl-17::NHR-25
HL102 85 0 0 100 100 100 85 23
[Pegl-17::NHR-25(3KR)]
HL.107 13 4.5 4.5 22 100 26 9 22
HL108 18.5 0 T4 73 96 85 11 27
HL110 22 55 5 239 100 39 11 13
[Pegl-17::5MO-1]
HL117 0 0 0 100 100 100 0 29
[Pgrl-21::NHR-25]
HL.111 0 0 0 100 100 100 0 20
HL112 0 0 0 100 100 100 0 26
[Pgrl-21::5MO-1]
HL.121 0 0 0 100 100 100 0 44
[Pwit-2::NHR-25]
HL113 0 0 0 100 100 100 0 20
HL.114 0 0 0 100 100 100 0 32
[Pwit-2:8MO-1 ]
HL115 0 0 0 100 100 100 0 20

HL116 0 0 0 100 100 100 0 46




Table 82. Sequences of nlignnuclentides and gBlocks used in this study.

Primers for cloning full-length nhr-25 cDNA (no stert coden for N-termnina] fusions; stop
codon)

GGGGACAAGTTTGTACAAAA AAGCA GGCTG Gt Rotyn cRtopR R RERLE
GGGGACCACTTTGTACAAGAAAGC TG GG TC CTAtRpREcm acRa®e

Primer for Gateway cloning FLAG-tagped cDNAs
GGEGACAAGTTTGTACAAAAAAGCAGGCT GG prttEcanppatpa cpatgR@ag

Primers for generating FLAG-nhr-25 cDNA (amine acids 161-541, FLAG tap is
underlined)

pattacon ppetapcps cpetaa g coan ctanan teasan ctpaa
GGGGACCACTTTGTACAAGAAAGC TG GGTC CTActeppttpacapaptee

Primer for mtroducing FLAG tap and 765K mutation in nhr-25 cDNA (zmino acids
161-541; FLAG tap is underlined)
miREagEAlgacEac FlaAg maaciaara toapRact pAa

Primers for cloning nhr-25 cDNA (armine acids 1-173, no start coden for N-tenminal
fusions)

CGGCACAAGTTTGTACAAAAAAGCAGGCTCCtpctEs cptcpRRR BELE
GGGGACCACTTTCTACAAGAAAGC TG GGTC CTARRt m ptittpatatatteapt

Primers for cloning full-length nhr-9f cDNA (no stert coden for N-termnine] fusions, no
stop codon for C-terninal fusions)
GGGCGACAAGTTTCTACAAAAAAGCAGGCTtppRopttpcppactcpamt
GGGGACCACTTTCTACAAGAAAGC TG GGctopteprametapgac

Primers for cloning full-length smo-J ¢<DNA (no start coden for N-temninal fusiens; stop

codon)
GGGGACAAGTTTGTACAAAAAAGCA GG CHagceRipRtEmact e
GGGGACCACTTTCTACAAGAAAGC TG GGotapaatecpoempctpetott

Primers for cloning smo-IAF (ends in GG) cDNA (no start codon for N-terrminal fusions)
GGGGACAAGTTTGTACAAAAAAGCA GG CHagceRipRtEmact e
GGGGACCACTTTCTACAACGAAAGC TGGGTC CTA Rt eope conpetpetetty

Primers for cloning smo-JAGG cDNA (surmoylation-defective; no start codon for N-

terrninal fusions)
GGGGACAAGTTTGTACAAAAAAGCA GG CHagceRipRtEEact e
GOGOACCAC TTTCTACAAGAAAGC TG GO cmcapatpotattREEpR e

Primer for fusing Myc tag onto nhr-25 cDNA 5° end (Myc tap is underlined)
Bl et e § ClER el R ER R R CC R AR CTRR CR CRR R ERTE



Table 83. Plasmids generated Ior this study.

Plasnid Parent plasmid Notes

pJ W93 pDOMR221 FLAG-NHR-25 cDNA (with stop codon) entry clone
pJW109 | pDONR221 SMO-1 cDMNA entry clone

pJW121 | pAD-dest SMO-1 AD fusion for Y2H

pJW135 | pAD-dest INHE.-25 full lenth (stopless)-AD fusion for ¥2H
pJW136 | pDB -dest INHR.-25 full lenth (stopless)-DB fusion for Y2H
pJW165 | pDONR221 NHE.-01 cDNA entry clone

pJW238 | pDONR221 MNHR.-25 L32F cDINA entry clone

pJW302 [ pDONRI21 SMO-1 V31K cDNA entry clone

pJW305 | pDONR221 NHR.-25 K165R cDMNA entry clone

pIW306 | pDONR221 NHR.-25 K170R. cDMA entry clone

pJW309 | pDONRI21 SMO-1AGG cDNA entry clone

pJW310 | pAD-dest SMO-1AGG in pAD vector for ¥2H

pJW3ll [ pAD-dest SMO-1 V31K in pAD wvector for YIH

pJW3l4 | pDONR221 NHR.-25 K165R K 170R cDIMA entry clone
pJW315 | pDONR221 SMO-1AF cDNA (ends in GG) entry clone
pJW319 [ pDB -dest INHR.-25 K165R in pDB wector for YIH
pJW320 | pDB -dest MNHE.-25 K170R in pDB vector for ¥ 2H
pJW400 [ pDONR-P4PI1r egl-17 promoter entry clone

pJW414 | pDB -dest NHE.-25 3KF. i1 pDB wector for Y2H

pJW421 | pDONE221 Iye-NHE-25 cDMNA entry clone

pJW426 [ pDB -dest INHR.-25 K236R in pDB wector for Y2H
pIW427 | pDONR221 NHR.-25 K236R, K165R cDMNA entry clone
pJW428 | pDB -dest NHR.-25K236R, K170R in pDB wector for ¥2H

MHE.-25 MN-terminal MEIC fusion vector for CWV dnven
JW432 DEST-CMV-I WC manunalian ﬂXpl'CSSiDI'l
P b

pJW501 | pDB -dest NHR.-25K236R, K165R in pDB wector for ¥2H

pJW522 | pKAD21 P egl-17:MycNHR-25 in polyeistronie mCheny vector

pJW524 | pEAD2I P_wrt-2:Myc-INHR.-25 in polycistronic mCherry vector

pJW526 | pEAD21 P grl-21:Myc-NHR-25 m polyastronic mCherry vector

pJW630 | pDONR221 NHE.-25 3KR cDMNA entry clone

pJWa46 | pDONRI21 IWyc-NHR-25 KR cDNA entry wector

pJWa47 | pETG-10A GxHIS-5MO-1 bacterial expression vector

pJWiEs1l | pDONE201 UR C-0 cDMNA entry clone

pJWas5 | pAD-dest UB C-91n pAD vector for ¥2H

pJWias6 | pDB -dest UB C-Bin pDB wvector for YIH

pJW714 | pDONR221 FLAG-NHE-25 (amino acids 161-541) cDMNA entry clone
GzHIS-MBP-FLAG NHR-25 (amino acids 161-54 1) bacterial

pJW722 [ pETG-41A expression vector

pJW741 | pDONR221 TEV-UBC-9 cDMNA entry clone

pJW742 | pDONRI21 TEV-SMO-1AF cDMA entry clone




Chapter 4. Unpublished results
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4.1 nhr-25(L2-RNAI) resultsin normal vulva cell competences and cell
fates.

Vulva precursor cells (VPCs) are induced by EGF signal sent from AC and NHR-
25 isrequired for the proper AC formation in early L1 stage (Asahinaet a., 2006). No
AC or partly-functional AC formed in nhr-25 mutants or nhr-25 RNAI treatment leads
to no- or under-induction of VPCs and consequently producing Vul animals. At later
stages, VPC cell divisions and subset of VPC division patterns are affected when NHR-
25 function is attenuated (Figure 4.1, Table 4.1-4.3). Thisrequirement of NHR-25 is
autonomous to VPCs (Chen et. al., 2004, Ward et al., 2013). However these
observations only partially explain the gross morphological defects seen in nhr-25 (If)
situation.

To further explore the NHR-25 requirement in vulva morphogenesis, | analyzed
vulval development in greater detailsin nhr-25 L2-RNAI situation. Late onset of RNAI
resulted in normal VPC competences and initial cell fate specifications as observed by
the normal expression pattern for primary (1°) and secondary (2°) cell markers; egl-
17::yfp and lip-1:: gfp respectively (Figure 4.2, Table 4.1,4.2). But subset of vulvacells
showed defects such as changesin cell division axes and cell proliferation defects. For
example, VUlE and C which divide in transverse (T) fashion exhibited altered division
axis (L) or no division (N) and vulF no division (N) (Table 4.3). In addition, abnormal

cell migrations and morphogenesis defects were seen.

4.2 NHR-25 activity is necessary for vulva cell migration.

The entire process of vulva morphogenesis occurs over the period of 20 hours
starting from late L3 stage. The cell migrations and morphogenesis events of the vulva
can be visualized by the expression pattern of adherens junction marker, AJIM-1::gfp. In
nhr-25 L2-RNAi worms, the initial short range of migration often did not occur properly
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and dorsal invagination was abnormal (Figure 4.3). The terminal phenotypes could be
grouped into three classes (Class |, II, I11; Figure 4.4, Table 4.4). Class | was
distinguished by the failure of dorsal migration of the 1° cells and their strong adherence
to the ventral cuticle (Figure 4.4B). Class |1 phenotype exhibited defective migration of
2° cells and they failed to reach the midline and no dorsal movement (Figure 4.4C).
Class 3 represented the most frequent defects (50%, Table 4.4) with the failure of
migration of both 1° and 2° vulval lineages and cells remained attached to the ventral
cuticle (Figure 4.4D). The penetrance for each phenotype was dependent on the strength
of RNAI treatment as when nhr-25 dsRNA-producing bacteria was mixed with control
bacteriain 1:1 ratio (half dose of nhr-25 dsRNA was ingested by worms), Class 11
phenotype was more frequently seen while Class 111 phenotype was predominant in the
worms that ingested full dose of nhr-25 dsRNA (Table 4.4). Abnormal cell contact and
fusion were also observed within vulval cells or with surrounding epidermal cell, hyp7
in L4 animals (Figure B’-D’). Nhr-25(ku217) animals also show failure of vulvacell to
reach the midline (Figure E-H).These observations indicate that NHR-25 is required for
both early and later vulva morphogenesis and the migration and invagination of vulval

cells are severely affected in loss-of-function of nhr-25.

4.3 NHR-25 isexpressed in graded manner during vulva cell migration.

Consistent with the role of NHR-25 in morphogenesis during vulval devel opment,
NHR-25 was expressed in al vulval cells (Figure 4.5). The low-copy integrated
transgene that contains over 20 kb upstream of nhr-25 gene, full nhr-25 gene fused with
GFP and preserve authentic 3'-utr most likely reflects the endogenous expression pattern
of NHR-25. Pn.p (1-cell stage before VPC induction) shows uniform expressionin al
VPCs (P3.pto P8.p). At early Pn.px (2-cell) stage, NHR-25 expression is prominent in
the AC and induced P5.px, P6.px and P7.px, and decreased in tertiary fated cells (P3.p,
P4.p and P8.p). Later in the 2-cell stage, expression in the AC was ceased but increased
incelsin 1° lineage (P6.px) and kept its graded expression at Pn.pxx (4-cell) stage;
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highest in proximal vulval cells and less but significantly high in distal vulval cells
(Figure 4.5E,F). During the vulval cell migration towards the midline and in late vulva
morphogenesis, all 22 cells expressed NHR-25 in high level but then it dramatically
decreased and it was undetectable at the Christmas tree stage where the migration of
vulval cells was completed. After the vulval cell fusion occurred to form toroidal seven
ringsin late L4, the NHR-25 expression in vulval cell nuclei reappeared, then
diminished in the fully formed adult vulva (Figure 4.5J,K).

4.4 nhr-25(If) causes abnormal expression of terminal markers, egl-17
and egl-26.

Abnormal vulvacell contacts and fusionsin L4 animals were seen in mutants that
show altered terminal differentiation properties within vulva cell types. Severe vulva
terminal defects were seen in 90% of nhr-25 L2-RNAI treated animals. To see any
possible changes in the terminal properties of vulva cell typesin nhr-25(1f), | analyzed
expression pattern of vulvaterminal markers, egl-17::gfp (marker for vulC and vul D)
and egl-26::gfp (marker for vulB1 and vulE) (Figure 4.6). In normal animals, egl-17 is
expressed in 4 VulC and 2 VulD cells. But in mutant situation, lessthan 2 cells for VulD
in 4.5% of animals and less than 4 cells for vulC in 45.4% of animals were seen (n=22).
Similarly, egl-26:: GFP expression that were expected to be in vulB1 cells were missing
in 76% of nhr-25 L2-RNAI treated animals (n=25). These details suggest that nhr-25(If)
resultsin altered terminal differentiationsin VulC and B cell types.

4.51in-3isectopically upregulated in the primary vulva cellsin nhr-25
(If).

Dysfunction of NHR-25 leads to defects in proper differentiation of vulval cells.
Strong expression of NHR-25 in the vulval cell nuclei aso indicatesiits cell autonomous

function and regulation of gene transcription. EGF/LIN-3 ligand is expressed primarily
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inthe AC and later in vulF (P6.pxxx stage) at late vulva morphogenesis to specify the
ventral uterine (uvl) cell fate (Chang et a., 1999). Previoudly, it was suspected that
NHR-25 might regulate expression of the EGF gene lin-3 in the vulva-inducing anchor
cell but no effect of NHR-25 on expression of alin-3::gfp in the AC was found (Hwang
and Sternberg 2004).

Intriguingly, we observed that ectopic expression of lin-3::gfp exclusively in 1°
vulval cell lineage at earlier (P6.pxx) vulva morphogenesis (Figure 4.7). The expression
was especially frequent and high in VUIE. In the wild type animals, the expression of
lin-3::gfp was never observed in this cell type but over 40% of nhr-25 L2-RNAI treated
worms showed the expression in vulE. Similar expression pattern was observed also in
nhr-25 L1-RNAI treated animals and nhr-25 (ku217) mutants (Figure 4.8).

AC/LIN-3 signa acts non-autonomously during vulva inductions. But VPC
specific lin-3 expression was suggested to act as arelay signal during induction process
(Dutt et a., 2004). During this process, LIN-3 acts through its splice variant LIN-3L
within VPCs. Thus, it could be inferred that one or more isoforms of LIN-3 are affected
by NHR-25 in the primary lineages causing the ectopic expression. To verify this
hypothesis and to test up-regulation of LIN-3 isoforms (S, L and XL) by NHR-25 at
endogenous levels, we carried out quantitative RT-PCR analysis with isoform-specific
primers on cDNAs obtained from Vector (RNAI) and nhr-25(RNAI) treatments (Figure
4.9). Our data suggest no up-regulation in the levels of LIN-3 isoforms in nhr-25(RNAI)

treatments.

Alternately, | applied smFISH technique to detect de-repression of lin-3 in the
VPCsin nhr-25(ku217);syls107 animals. On average, three lin-3 molecul es were detected
in the ectopic P6.pxx cells (n=4) and 21 in AC (n=10) (Figure 4.10). But the experiments
were carried inthe ku217 alelethat carries|in-3::gfp transgene. This situation could mask

the endogenous levels of lin-3 in ku217 animals as the transgene produces extra copies of
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lin-3. So, smFISH experiments need to be repeated in N2, ku217 alone and nhr-25(RNAI)
conditions to corroborate the ectopic GFP observations. Conclusively, our syls107
expression in nhr-25(1f) suggests possible autonomous regulation of LIN-3 by NHR-25
within P6.pxx cells.

4.6 LIN-39 expression isaltered in nhr-25 (If).

The homeobox protein LIN-39 (homolog of fly sex comb reduced and
mammalian Hox5) plays crucial rolein vulva differentiation (Clark et al., 1993; Mal oof
and Kenyon, 1998; Shemer and Podbilewicz, 2002). Since EGF/Ras and Wnt signalings
positively regulate 1in-39 and lin-39 has been shown to interact with nhr-25 (Chen et al.,
2004), we sought to seeif LIN-39 expression was regulated by NHR-25. We followed
the expression using the transgenic strain carrying recombineering-based genomic
fragment tagged with GFP (modENCODE strain OP18). This strain essentially showed
the wild type expression similar to previously reported expression pattern during vulva
development (Wagmaister et a., 2006; Penigault et a., 2011). In nhr-25(ku217)
mutants, LIN-39 expression in Pn.p and Pn.px cells was bit higher compared to wild
type pattern (Figure 4.11 A’, B’). Later at P6.pxx cells, vulE and vulF express LIN-39 at
the same level (VUIE = vulF) in wild type while vulE expression was higher than vulF
(VUulE > vulF) in nhr-25(ku217) (Figure 4.11 C’). At the time of invagination in wild
type animals, high LIN-39 expression was seen in VUlA; the only vulva cell remained
attached to the ventral cuticle, and decreased in dorsally migrating vul B, vulC, vulE and
vulF (Figure 4.11D). However ectopically high expression was observed in vulA, vulC
and vulE in nhr-25 L2-RNAI treated animals (Figure 4.11D’). In some animals that had
Class 2 and Class 3 migration defects in nhr-25 L2-RNAI, robust ectopic expression was
seen in vulC and VUIE (Figure 4.11F,G). Thus, it should be noted that ectopic LIN-39in
defective vulva cells in nhr-25(If) correlates with their non-detachment character from
ventral cuticle.



4.7 NHR-25 enhances cell migration defects caused by mutationsin
Semaphorin pathway.

One of the mgjor signaling pathways involved in cell migration both in
vertebrates and invertebrates is the semaphorin signaling. Smp-1 encodes a homol og of
transmembrane Semaphorin 1aand plx-1 encodes the putative SMP-1 receptor Plexin-
A4 (Dalpeet al., 2005, Liu et al., 2005). The abnormal cell migrations and cell contacts
seen in nhr-25 (If) were reminiscent of smp-1 (ev715) and plx-1(nc37) mutations. In
addition, smp-1 (ev715) and plx-1(nc37) are presumably null yet the vulval migration
defect is not fully penetrant suggesting that there could be other pathway(s) regulating
the process. For these reasons, | further tested the genetic interaction between nhr-25
and semaphorin pathway genes. Loss of smp-1 or plx-1 caused vulvacellsto fail to
undergo stereotypic cell shape change and to migrate towards midline of the vulva.
Typicaly vulA did not reach to the midline resulted in the extended cell shape. In
combination of smp-1(ev715) and nhr-25 L2-RNAI, the defect in migration was
drastically enhanced (Figure 4.12). 100 % of double loss of function animals showed
abnormal vulva migration and it was phenotypically much severe; no invagination
occurred and all vulval cells produced were aligned along the ventral cuticle. This
phenotype is designated as Class 4 vulva migration defect.

4.8 SMP-1 expression isaltered in nhr-25(If).

The wild type expression of SMP-1 started at Pn.pxx (4-cell) stage in both 1° and
2° lineages (Figure 4.13A). At late 4-cell stage it temporarily lost its expression in 1°,
but soon it was restricted in 1° daughters, VUlE and VuUlF (Figure 4.13 B-C). These cells
serve as adorsal vulvaring organizer and invaginate dorsally to form lumen (Dalpe et.
a., 2005). Later SMP-1 expression in vulD, vulC, vulB1/B2 and vul A were observed as
they migrate towards midline of the vulva as previously reported (Dalpe et al., 2005,
Figure 4.10G,H). In nhr-25 L2-RNAI, the expression in vulE and vul F was never
detected (n=15) (Figure 4.13B, D). but in later stage 81 % RNAI treated worms (n=26)
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showed weak expression at vulC/vulD position (Figure 4.10F, 1, J). These GFP positive
cellstend to migrate dorsally. Thus these observations argues that NHR-25 and
semaphorin pathways are required in epidermal cell migrations and their cooperation
ensures the proper vulva morphogenesis.

4.9 EGF/RassM APK pathways regulate NHR-25 expression in vulva.

Graded expression of NHR-25::GFP was seen during vulvainductions. EGF/LIN-
3 signal acts as amorphogen and LIN-3 gradient regulates vulvainductions. So, the

gradients of NHR-25 and inductive signals overlap during vulva formation.

To see any possible regulation of NHR-25 activity in vulva by EGF/RassMAPK
pathways, | analyzed NHR-25::GFP expression changes both in If and gf mutants of
EGF/RassMAPK pathway (Figure 4.14). Lin-15AB (n309), |et-60(n1046) and lin-
1(e1026) represent gf situation for inductive pathway. In these mutants, ectopic vulva
inductions was seen from P(3,4,8).p cells along with normal P(5-7).p inductions, and
thus producing Muv animals. Interestingly, NHR-25::GFP expression was seen in both
normal and ectopically induced vulva cellsin all the three genetic backgrounds from
Pn.p to Pn.pxxx stages (%GFP expression=100, n=30 for each double mutant). Lin-
3(RNAI) and lin-3(e1417) results in decreased levels of inductive signaling and produces
Vul animals. Reduced NHR-25::GFP expression was seen in both lin-3(RNAI) and lin-
3(e1417) backgrounds. These observations suggest that EGF/Ras’MAPK pathway
regulates vulva specific expression of NHR-25.

4.10 Abnormal actin organization was seen in nhr-25 (If) during vulva
mor phogenesis.

LET-502 controls dorsal movement of vulva cells through actin regulation
(Farooqui et al., 2012). To see possible changes in actin network during vuvla cell
migrations in nhr-25(RNAi) animals, | analyzed lifeAct::gfp expression pattern. LifeAct
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expression appeared on the lumen facing side during toroid formation in normal animals
(Figure 4.15A). But in nhr-25(RNAI) animals, abnormally high levels of actin myofibrils
were seen. Specifically this expression pattern coincides with abnormal migratory
behavior of vulva cells seen in nhr-25(If) situation (%90, n=10, Figure 4.15 B,C).
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Timing of nhr-25(RNAi) and consequences

0 h (L1) 19 h (L2)

.....................................................
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l Asahina et al 2006
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|VPC di.visio-n arrest|

at Pn.px(syncytial) at Pn.pxx to Pn.pxxx

|abnormal VPC migration |

Figure4.1 Timing of nhr-25(RNAI) and its consequences on vulva development
Synchronized larvae were fed with two modules of temporal nhr-25(RNAI); nhr-25(L1-
RNAI) and nhr-25(L2-RNAi). nhr-25(L1-RNAI) results in defective AC formation and
thus effecting vulva cell competence and proliferations properties. nhr-25(L2-RNAi)
resultsin normal AC and vulva cell fates. But defective vulva cell proliferations and cell

migrations were seen.
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Cell fate specifications and Pattern formation
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Figure 4.2 Expression pattern of early egl-17::yfp and lip-1::gfp during inductionsin nhr-25(L2-RNAI)

Cartoon depicts temporal events that specify vulva cell fates and pattern formation from Pn.p to Pn.pxx stages. Ras signaling
upregulates egl-17::yfp within P6.p lineages (A,B and C). LIN-12/Notch signaling maintains lip-1::gfp within P5/7.p lineages
(D,E and F). Both marker expressions appear normal in nhr-25 (L2-RNAI) treated animals suggesting no aterationsin cell fates.
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Early vulva morphogenesis

late L3
VPC grand daughters @V_/_/b—’/

L3/L4 molt J
34 hr Third

(PEE@ECD

VPC great grand daughters

wild type | B, nhr-25(L2-rnai)
B .f’ 2
¢
,!‘.\ )i
L >
e e FFe e DC B A

nhr-25(L2-rnai)

[}

P6.pxxXx

"-l w :.o. .‘ |

) A\

P5.pxxx P7.pxxx P5.pxxx P7:pxxx

Figure 4.3 nhr-25(L2-RNAI) resultsin vulval cell [ineage and migration defects
Cartoon depicts early vulva morphogenesis events. AJM-1.:GFP expression localized at
the apical surfaces of vulvacells and their daughters was utilized to analyze early vulva
morphogenesis eventsin control ( A, C) and nhr-25(L2-RNAI) treated animals (B,D). In
nhr-25(L2-RNAI) situation, P6.pxx cells failed to move dorsally as such no lumen space
was formed (B). In addition, the VulE daughters divided in abnormal axis, from normal
T to defective L fashion (shown inred). At later stages, P5/7.pxxx were able to retain

their normal migratory behavior towards the vulva midline (D).
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Figure 4.4 nhr-25(L2-RNAI) resultsin vulval cell lineage and migration defects

Vulval cell type adherence and anatomy of vulva toroids in L4 stage animals were analyzed in control (A/A”) and nhr-25(L2-
RNAI) treated animals (B/B’ to D/D’). Cartoon depicts the stereotypic positions of vulva cells and anatomy of vulva toroids VulA
to F. Nomarski observationswere followed in (A-D) and 3D confocal reconstructions of AJM-1::GFP in (A’-D”). Wild-type vulva
ismade up of astack of seven concentric vulva rings formed temporally by the fusion of homologous vulva cell types except Vul
B1 and B2 along the dorso-ventral axis (Fig A”). The Vul F toroid is the most dorsal ring within the stack. Distinctly, the Vul A
cells (dark blue circles) show characteristic strong adherence property to the ventral cuticle (A). nhr-25(L2-RNAI) treatment results
in three different classes of phenotypes that show defective adherence properties and a so abnormal migrations. In addition ectopic
cell contacts and fusions were seen within the toroids (B’-D”). Class1 (B”) mutants show adherence defects for primary cells and
class 2 (C’) for secondary and class 3 (D) for all vulva cells. Arrow heads indicate the position of vulva midline. * indicate

abnormal toroidal fusions. AC-Anchor Cell and U-uterus. Scale bar 10um.
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Figure 4.5 Temporal expression profile of NHR-25::GFP during vulva formation

OP33 expression was observed from Pn.p to Pn.pxxx stages. Graded expression was seen
during inductions (D and E) and early vulva ell migrations (F). At bell stage (G)
expressionisseeninall 22 cells. At Christmas tree stage (1) expression islost and later

appears (J and K). * represents position of AC.
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EGL-17/FGF - Terminal marker for VulCand D
wild type nhr-25(L2-RNAi)

EGL-26/NIpC/P60 superfamily protein - Vul E and B1
wild type nhr-25(L2-RNAI)

-

Figure 4.6 Altered L4 expression patternsof egl-17::yfp and egl-26::gfp in nhr-
25(L2-RNAI) animals. Expression pattern of egl-17::yfp and egl-26::gfp in control
treatments (Fig. A-C) and in nhr-25(L2-RNAI) (Fig. A’-C”). In nhr-25(1f) situation, Vul C
specific expression of egl-26::gfp and Vul B specific expression of egl-26::gfp was
altered, suggesting defectsin Vul C and B terminal differentiation properties. Scale

10um.
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Figure 4.7 Pattern of lin-3::gfp expression in nhr-25(If) situation

Cartoons represent pattern of lin-3 expression in wild type and nhr-25(1f) animals. In wild type, AC and V ulF lineages express lin-
3 at different larval stages. The yellow arrows represent signaling from AC and brown and red arrows, cross talk between outer
VUIE (blue circles) and inner VUIF (red circles) cells. In nhr-25(L2-RNAi) and nhr-25(ku217) animals, ectopic lin-3 expression
was observed in VUIE célls. All circles with green backgrounds are positive for lin-3 expression.

syls107 (lin-3::gfp) reporter expression within vulva cells was observed in control (A-D), nhr-25(L2-RNAi) (E-H) and nhr-
25(ku217) (I-L). White asterisks represent VulF positions, yellow VUlE and red VulD. The arrow head represent the position of
AC. In addition to AC, de-repression of lin-3 was seen in VUIE daughters in nhr-25(L2-RNAI) (E) and nhr-25(ku217) (1) animals.
At Christmastree (CT) stage, in normal animals, lin-3 expression was seen VulF derived lineages (2+2=4cells) and AC expression
was lost dueto its fusion with uterine seam cell. The earlier ectopic lin-3 expression seen in VUlE was not observed in L4 animals

nhr-25(1f) animals. Anterior isleft and scale is 5 um.
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Figure 4.8 Summary of lin-3::gfp expression pattern in nhr-25(If)

nhr-25
(L1-RNAIi)

All animals observed at Pn.pxx stage. Blue circles represent VUIE cells and red VulF.
All light and green shaded cells are positive for lin-3::gfp expression. In wild type
situation lin-3::gfp was seen only in the AC. In nhr-25(L1-RNAi) animals AC specific
lin-3 expression was lost in few but ectopic lin-3 expression in P6.pxx cellswas
observed. In nhr-25(L2-RNAI) and nhr-25(ku217), AC specific lin-3 expression was
observed aong with ectopic expression in P6.pxx cells. % ectopic (n), lin-3 ectopicin

vulvacells, n = number of animals observed.
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Figure 4.9 Quantification of endogenous lin-3 mRNA levelsin wild type and nhr-
25(RNAI) animals.

(A) The architecture of lin-3 genomic region with intron-exon boundaries was adopted
from Duitt et.al., 2004 and re-drawn using fancygene (Rambaldi D. and Ciccarelli F.D.
2009). The EGF repeat that occupies exon 5 and part of exon 6a. The trans-membrane
domain in the exon 7. (B) Alternative splicing within the lin-3 locus spanning the EGF
repeat and trans-membrane domains, resulted in three splice variants or minigenes, LIN-
3S, LIN-3L and LIN-3XL. The small black arrowsin both A and B represent the
position of primer sets (C) RT-PCR analysis showing the mRNA levels of all 1in-3
isoforms. Worm lysates were obtained from 14 to 38 hrs post hatching periods. Agarose
gel showing the corresponding PCR fragements: (a) Obtained from primer sets common
to all threeisoforms and (b) specific to individua isoforms.(D) Quantitative RT-PCR
experiments were performed using RNA harvested at 32-34 hrs stage from control and
nhr-25(RNAI) treated animals. The mean and standard deviations for individual lin-3
isoforms from control vector(RNAi) -V and two independent nhr-25(RNAI) treatments,
N1 and N2. Relative lin-3 mRNA levels were normalized to the levels of mMRNA

encoding the ribosomal protein subunit rpl-26 using the 4¢Ct method.
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Figure 4.10 smFI SH detection of lin-3 moleculesin nhr-
25(ku217);syl s107 animals. All animals were observed at
Pn.pxx stage. In control animals, lin-3 isexpressed in AC
only, positive GFP signal in (A) and Cy5 detection through
SMFISH in (C). In nhr-25(ku217) animals, ectopic lin-3is
detected in vulvacells (B and D). Arrow head depicts AC

and arrows ectopic vuvlacells.
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Figure4.11 Changesin LIN-39::GFP
expression in nhr-25(L2-RNAI) situation.
LIN-39::GFP(OP18) expression was anayzed
‘ in nhr-25(L2-RNAI) situation. (A) In normal
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39::GFP expression. (B,C) In class 3 and 2
animalsin nhr-25(L2-RNAi), the vulvacells
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NN  CLticle showed abnormal LIN-39::GFP
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expressions.



101
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Figure 4.12 Vulva cell migratory defectsin smp-1(ev715);nhr-25(L2-RNAi) animals.

AIM-1::GFP expression pattern was analyzed to observe vulva migratory behaviors. In smp-1(ev715) mutants, the most
distal Vul A and B cellsfailed to migrate towards the midline. In smp-1(ev715);nhr-25(L2-RNAi) animals all vulvacells
showed severe migratory behaviors. plx-1(nc37) and plx-1(nc37); nhr-25(L2-RNAi) exhibited identical phenotypes.
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nhr-25(L2-RNAi)

Figure4.13 Altered SMP-1::GFP expression pattern in nhr-25(L2-RNAi) animals.

Expression pattern of SMP-1::GFP reporter, evEx170 was analyzed in control (A/A’ to B/B’) and nhr-25(L2-RNA!) treated
animals (C/C’ to D/D’). Yellow horizontal brackets represent P6.p derived cells (1°) and white P5/7.p lineages (2°). The *
depicts position of AC. Yellow arrows represent VulD position. (A,A’) SMP-1::GFP expression seen in 2° lineages during cell
shape changes. (B,B’) VulF/E serves as dorsal ring organizer and shows high SMP-1::GFP expression. In nhr-25(L2-RNAI)
treatment weak expression was seen within 2° derived cells during short range migrations (white arrows in C/C”) and also absent

in VUIE/F at the time of dorsal ring organization (D/D”).
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Figure 4.14 NHR-25:: GFP(OP33) expression changesin EGF/RassMAPK pathway
mutants. NHR-25::GFP(OP33) expression in control (A,B), EGF/RassMAPK gf (C-H), and
EGF (If) (I-K). Animals observed at Pn.pxx stages in the left panelsand at Pn.pxxx stage in right
panels. Red bars represent P6.p lineages, yellow — P5/7.p lineages and blue P3/4/8.p lineages. In
EGF(gf) OP33 expression was upregulated in al induced vulva cells and the opposite in EGF(If).
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¥ A

Figure4.15 LifeAct:: GFP expression changesin nhr-25(L2-RNAI) situation
Vulvatoroid morphologies were observed through DLG-1::RFP and actin changes
through lifeAct::GFP expression in wild type (A) and nhr-25(L2-RNAi) animals (B and
C). Actin is expressed at the lumen facing side during ring formation in wild type (A).
But expressed abnormally and in high manner in the defective vulva cellsin nhr-25(L2-
RNAI) animals (B and C). Arrow head depicts position of midline and arrows abnormal

actin expression. Figures not drawn to scale.



105

Table 4.1 Generation of ACsand Pn.p inductionsin nhr-25(RNAI) treated animals.

% lin-3::gfp expressionin  n % Pn.p induction Average vulva N
Genotype AC induction?
WT weak/absent P3p P4p P5p P6p P7p P8p
Vector(RNAI) 96 4 52 0 0 100 100 100 0 3 64
nhr-25(L 1-RNAI) 214 78.6 84 0 0 775 80 775 25 2.3 40
nhr-25(L 2-RNAi) 100 0 64 0 0 100 100 100 0 3 48

Expression pattern of wild type lin-3::gfp in AC was used as a marker to analyze AC differentiation defects in nhr-25(RNAI)
animals. AJM-1::GFP expression pattern in P(3-8).p cells was used to analyze the competence and induction properties of VPCs.
a, average vulvainduction is calculated by, number of VPCs induced/ total number of animals observed.
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Table 4.2 Pn.p competence propertiesin temporal nhr-25(RNAI) treated animals.

Onset % Pn.p induction Average vulva induction?® N
Genotype of RNAI P3p P4p P5p P6p P7p P8p P(5-7).p P(3-8).p

empty vector 0 0 0 100 100 100 0 3.0 3.0 64
nhr-25(RNAI) 0 0 77.5 80 77.5 25 23 2.3 40
empty vector 4 0 0 100 100 100 0 3.0 3.0 64
nhr-25(RNAI) 0 0 82.6 82.6 78 0 25 25 23
empty vector 10 0 0 100 100 100 0 3.0 3.0 64
nhr-25(RNAI) 0 0 100 100 97.6 0 2.9 29 41
empty vector 20 0 0 100 100 100 0 3.0 3.0 64
nhr-25(RNAI) 0 0 100 100 100 0 3.0 3.0 48

AJIM-1::GFP expression pattern in P(3-8).pxx cells was used to analyze the competence and induction properties of the VPCs. a,

average vulvainduction is calculated by, number of VPCs induced/ total number of animals observed.



107

Table 4.3 VPC lineage analysisin wild type and nhr-25 (If) animals

Genotype Feeding RNAI VPC lineages n” n”
P5.pxx P6.pxx P7.pxx

N2 - LLTN TTTT NTLL 22 12

nhr-25(ku217) - LLNN NNNN NNLL 16 3

LLNN TNNT NNLL 18 2

LLNN TNNN NNLL 17 1

NLNN NNNN NNLL 15 1

N2 Vector (RNAI) LLTN TTTT NTLL 22 8

SS SS SS 6 4

nhr-25(L1-RNAi)  NNNN  NNNN SS 10 1

SS NNNN NNNN 10 1

NNNN NNNN NNNN 12 1

LLNN NNNN NNLN 16 1

NLNN LNNL NNLL 17 1

. LLTN TTTT NTLL 22 2

nhr-25(L2-RNAI) LLNN LNNL NNLL 16 1

LLNN  LNNL  NNLL 9 9

LLNN LNNL mhtt 17 1

LLLN  ONNL  pnLL 19 1

LLLN ONNL NNLL 19 1

LLON LNNN NNLL 18 1

All lineage analysis was carried out in N2 background at 20° C. L, longitudinal plane of
division axis; T, transverse; O-oblique; N- no division; S, cell adopted syncytial fate and
fused with hypodermis. n’, total number of vulva cells that constitute mature vulva at

Pn.pxxx stage. n”, number of animals observed.
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Table4.4 L4 stagelin-3::gfp expression pattern in nhr-25(If) situation

%lIin-3::gfp in primary vulva lineages

wild type/control nhr-25(L2-RNAi) nhr-25(ku217)

%E %F (n) %E %F (n) %E %F (n)
Pnpxx 0 0 (118) 43 0(28) 41 2.5(39)
bel 3.3 66.7 (30) 88 72(25) 73 69 (26)
CcT 0 100 (80) 8 54(37) 14 66.7 (21)

Quantitative changesin lin-3 expression at L4 stage in VUlE and F lineagesin wild type and nhr-
25(If) animals. n represents the number of animals observed.
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Table4.5 Summary of vulva cell migration defectsin various genetic backgrounds

Rows Genetic background % vulva migration n
defects
defective wild
type
1 jclsl(ajm-1::gfp);vector (RNAI) 2 98 248
2 jcls1;nhr-25(RNAI) 92 8 222
3 jclsl;nhr-25(V+N) 62 38 74
4 smp-1(ev715);jcl s1; vector (RNAI) 51 49 136
5 smp-1(ev715);jcl s1;nhr-25(RNAI) 100 0 235
6 smp-1(ev715);jcl s1;nhr-25(V+N) 100 0 100
7 plx-1-1(nc37);jcl s1; vector (RNAI) 47.5 53.5 166
8 plx-1-1(nc37);jcl s1;nhr-25(RNAI) 100 0 76
9 pIx-1-1(nc37);jcl s1;nhr-25(V+N) 100 0 111

Jclsl (AJM-1::GFP) animals were observed for their vulva migratory behaviors at L4

stage. Rows 2,5 and 8 represent nhr-25(L2-RNAI) treatments and 3,6 and 9 (V+N)

treatments. n — number of animals observed for the corresponding phenotypes.



Table4.6 Primer list for lin-3 qRT-PCR studies.

Primers Det(_act_ed lin-3 | Genomic amplicons (bp) | cDNA amplicons (bp)
minigenes
F3-R5 S,L and XL 1166, 1230, and 1487 508, 572, 664
F3-RS S common 1166 520
(most abundant)
F3-RL L 1230 584
F3-RXL XL 1487 678
TGTGACCCTGAAAACTGT lin3-fwl
GCATCCTTCTACTCTTTATGCC lin3-fw2
CCCTTCGTGGTTTCGTCAA lin3-fw3
GGCATAAAGAGTAGAAGGATGC lin3-bw1l
AGGAGGAAATGGTAGCGGG lin3-bw?2
TACAGTTGAGTTTCTGGG lin3-bw3
TTGGAGTGAATCCAGAGG lin3-bw4
CGGCAGATATAATGTACGTTTGAGCACG lin-3-RS
GCGCAACTCCTGGTTCAAGGA lin-3-RL

CAGTGGGCTTTATGAGAGAATTGTGC lin-3-RXL

110



111

4.2 Remarks

NHR-25 regulates generation of AC through asymmetric cell divisions in the gonad and
thus effecting vulva formation indirectly. NHR-25 expression was aso seen in vulva cells. Our
nhr-25 (ku217) and nhr-25(L2-RNAi) resulted in defective vulva cell migrations and
morphogenesis, suggesting autonomous roles for NHR-25 during post-AC induction events in

vulva.

Unusual ectopic lin-3::gfp presence within primary lineages (P6.pxx) was seen in nhr-
25(If) animals after AC inductions. At similar stage, in normal animals, lin-3 was detected only
in AC with no expression in vulval cells. Global de-repression of lin-3 was seen in hyp7 and other
tissues (except vulva cells) in synmuv mutants. Our gPCR and preliminary smFISH studies in
nhr-25(1f) did not detect global lin-3 de-repression. These observations suggest that lin-3 is
regulated by NHR-25 in cell type specific manner in vulva. In the same way, it was reasoned that
NHR-25 regulates AC specific lin-3 expression through binding ACEL. But lin-3::gfp expression
levels were not changed in post-embryonic nhr-25(RNAI), suggesting no interactions. Thus, itis
possible that NHR-25 represses lin-3 within vulva cells through binding unidentified lin-3
enhancer elements either directly or indirectly. Indeed the presence of lin-3 within VPCs was
suggested through isoform specific over expression studies that resultsin Muv (Dutt et al., 2004).

Within P6.pxx cells, ectopic expression in nhr-25(If) was predominantly seen in the outer
presumptive VUl E cells, suggesting possible aterationsin the EFFE pattern. Production of ectopic
ligand in inappropriate cells may confuse neighboring vulval cells including vulF, which can
cause defective initial short range migrations of vulF towards AC. Therefore it is plausible that
ectopic expression is at least partly responsible for the Class 1 phenotypes in nhr-25(RNAI)

situation.

Balanced activities of Wnt and Ras signaling regulates attachment of AC to inner VulF
cells (Wang and Sternberg 2000). In our observations, no defects were seen in this phenotypein
nhr-25(1f) animals as ACs aways attracted towards the inner presumptive VulF cells. The ectopic
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lin-3 can produce more ras and thus misbalancing wnt and ras signals within EFFE cells. Further
cell ablations of the inner vulF cells leaving the outer VUIE cells in nhr-25(If) animals and the
behavior of AC invasion towards vulva cells will provide additional evidence for any pattern
aterations. Alternately, it is possible that the ectopic expression appears within EFFE at a later
stage after AC attachment and both events are tightly controlled through temporally.

In control animals, lin-3 was detected in VulF lineages at L4 stage. So, we expected that
in nhr-25(1f) situation, lin-3 should be seen in both VUlE and VuUlF asit de-represseslin-3in
VUIE lineages at earlier stage. But to our surprise this scenario was not seen. Instead wild type
VUlF specific lin-3 was decreased and abnormal VUIE was seen in only few animals.
Accordingly, VUIE specific egl-26 expression was less severely effected in nhr-25(If). These
observations suggest that nhr-25 regulates lin-3 not only in cell type specific manner but aso in
stage specific manner during vulva formation. In addition to lin-3 expression, nhr-25 also
regulates VulB specific egl-26 and VulC/D specific egl-17 expressions. Thusit is plausible that
nhr-25 regulates distinct gene regul atory networks within vulva cell types similar to nhr-67 and
nhr-113 (Fernandes et a., 2007). Accordingly, abnormal fusions and cell contacts were also
seen within vulva cell types suggesting altered terminal differentiation properties. Alternatively,
nhr-25 may be causing ectopic eff-1 expression within these lineages, similar to nhr-67 that may

result in abnormal fusion within themselves.

Loss of nhr-25 activity causes migratory defects in vulvacells, sometimes only in
primary and sometimes in secondary cells and in other cases all vulvacells. Loss of smp-1/plx-1
pathway causes defects only in secondary VulA and B cell types with ~50% penetrance. At the
vulvamidline, high NHR-25 expression was seen during initial cell migrations that overlaps
with sequential SMP-1 expressions. Our genetic interactions suggest that nhr-25(1f) causes
defective SMP-1 expression during cell migration. If so, nhr-25 works epistatic to smp-1
pathway and vulva migration defects in smp-1(If); nhr-25(If) situation should be similar to smp-
1(If). Intriguingly, we observed 100% migration defects in smp-1(If); nhr-25(If) with increased
severity when compared to either single If situation. Thusit should be reasoned that nhr-25 also

interacts with pathways that work in parallel to smp-1/plx-1 system (Dape et a., 2005).
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Whnit/ planar cell polarity (PCP) pathways in vertebrates are known to regul ate contact
dependent inhibition process and orientation of mitotic axis during cell divisions (Vladar et al.,
2009). Further studies suggested that Wnt/GTPases — RAC/RHO/ROCK homologs are crucial
for regulating cytoskelteal rearrangements and spindle orientation during morphogenesis
(Lapébi et al, 2011; Vladar et al., 2009). Mutants in the RAC/RHO componentsin C. elegans;
mig-2, ced-10 and unc-73 results in abnormal vulva morphogenesis through changesin the cell
division axis. Similar observations were seen in nhr-25(RNAI) where certain vulva cell types
changes their axis of division from normal transverse division (T) to defective longitudinal (L).
We also observed abnormal lifeAct: : gfp expression within vuvla cells with migratory defects,
suggesting nhr-25 also regulates actin network during migration. LET-502/ROCK regulates
network of actin myofibrils during dorsal migration within vulva (Farooqui et a., 2012). Thusiit
appears that nhr-25 regulates vulva cell migrations through multple regulatory steps such as,
maintainng proper SMP-1 expressions during migrations and also regul ating components of
cytoskeletal rearragnments. Therefore it would be interesting to see how nhr-25 interacts with

known Wnt/PCP and Wnt/GT Pases pathway components during vulva formation in C. elegans.

Hox/LIN-39 isregulated by Wnt and EGF/LIN-3 signaling during inductions. Later,
LIN-39 targets VAB-23 to regulate proper vulva morphogenesis.Vab-23(If) animals show
abnormal cell contacts, fusions and morphogenesis (Pellegrino et a., 2011). Surprisingly, we
noticed abnormal expression of Hox/LIN-39 within vulva cellsin nhr-25(1f) during late vulva
morphogenesis that associates with non-detachment of defective vulva cells from ventral
cuticle. In normal animals, VuUlA shows this behavior and in defective animalsit was seenin
VulC and E cédll types. Thus both loss and gain of LIN-39 activity within vulva cells associates
with abnormal vulva structure. Thus afine balance of Hox/LIN-39 activity is necessary for

proper vulva morphogenesis.

WNT signaling regulates TCF/POP-1 distribution in secondary vulvalineagesto
establish mirror image symmetry within vulva (JL Green et a., 2008). Polarity reversal defects
were never seen in nhr-25(If). If it had occurred then expression domain of VulD specific egl-
17::gfp should be seen in the position of VUlA within P7.p lineages (wild type ABCD-DCBA to
defective ABCD-ABCD). Such scenario was never seen in nhr-25(If) animals. Asymmetric
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distribution of B-catenins, SYS-1, LIT-1, WRM-1 play key rolesin this process. NHR-25
interacts with SY S-1 and WRM-1 during asymmetric cell divisionsin the gonad and male tail.
Henceit is possible that NHR-25 may interact with Wnt/ B-catenins through unknown
mechanism to control aspects of vulva morphogenesis.

It was quite obvious that NHR-25 acts temporally with distinct regulatory inputs during
vulva development. At the time of vulvainductions, it is targeted by EGF/LIN-3 signaling in all
vulvacellsand at |ater stages targets EGF/LIN-3 in P6.pxx lineages. VAB-23 is also targeted by
LIN-3 signaling during inductions.V AB-23 acts downstream of LIN-39 and NHR-25 appears to
act upstream of it during morphogenesis. Interestingly, expression pattern of signaling pathways
involved in vulvacell fate generations were atered later during fate execution processin nhr-
25(If) situation, suggesting complex interactions similar to VAB-23 roles.

NHR-25 is sumoyalted and sumoylaton of target proteins regulates their transcriptional
activity (thus DNA binding) and protein-protein interactions and their subcellular localizations.
During hepatocyte growth factor signaling, sumoylated Racl regulates |amellipodia formation,
cell migration and invasion processes through controlling the levels of Rac1-GTP (Castillo-
Lluvaet a., 2010). In chapter 3, we showed that a fine balance of sumoylated to unsumoylated
NHR-25 regulates proper vulva cell fates. Additionally NHR-25 also de-represses another Hox
gene MAB-5 during seam cell development (Silhankovaet a., 2005). Thus SUMO-NHR-25
interactions may repress activity of key genes and/or maintain proper cytoskeletal

rearrangements during vulva morphogenesis.

Finally, the cause for the observed migration defects in nhr-25(If) appears complex.
Expression pattern of important vulva genes, lin-3, 1in-39, and smp-1were atered in cell type
specific manner. This possibly alters the normal behavior of vulva cells such as cell migration.
Our data suggest that NHR-25 cooperates with various signaling cascades during morphogenesis
and has the pivotal role in proper cell differentiation and function of the nematode reproductive

structure, the vulva.
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Chapter 5: Final conclusions

1) Nhr-25 regulates multiple processes at multiple times during vulva formation.

Pleiotropic phenotypes were observed during vulva formation in nhr-25(If) situation.
During early vulva morphogenesis, nhr-25(1f) causes abnormal orientation of vulva cell
divisions, proliferations and migratory patterns. At later stages, ectopic cell contacts, abnormal
fusions and terminal differentiations were seen within vulva cell types. Thus nhr-25 activity is

indispensable for normal vulva development.

2) Gradient of NHR-25 expression was seen within vulva.

High NHR-25::GFP expression was seen in 1° cells, intermediate in 2° and low in 3° cells
during induction process. Strong expression was a so seen at the vulva midline during the
initiation of cell migrations. Thus suggesting vulva autonomous roles for NHR-25 during
cellular inductions and migrations.

3) A balance of sumoylated to un-sumoylated NHR-25 regulates vulva cell fates.

Our biochemical studies identified that sumoylation of NHR-25 is required for its
regulation during devel opment. Combined activities of gradient NHR-25 expression and steady
state SUMO kinetics within vulva cells generates gradient of unsumoylated NHR-25 and
constant sumoylated NHR-25. Within the 3° cells, the ratio of sumoylated to un-sumoylated
NHR-25 reaches a specific threshold to regulate cell fate specific gene expression. Accordingly,

loss of smo-1 simulates NHR-25 over-expression pertinent to 3° vulva cell fate specifications.

4) NHR-25 modulates cell type specific transcription within vulva.

During vulvaformation, altered expression pattern for severa genes, lin-3, 1in-39, smp-1,
egl-17, and egl-26 was seen when NHR-25 function was attenuated. The specific down- or up-
regulation of gene transcription was not seen globally. Rather it occurred in a cell type specific

manner and at a particular time during development.
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5) Inductive signaling regulates nhr-25 transcription during vulva development.

Graded NHR-25 expression within vulva cells overlaps with activities of inductive
EGF/LIN-3 signaling. Gf situation in inductive signaling upregulates NHR-25 expression in all
the induced vulva cells and If does the opposite.

Thus both transcriptional and post-translational mechanisms control NHR-25 expression
and activity during C. elegans vulva development to confer its temporal cell type and tissue

specific functions.
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Genetic Control of Vulval Development
in Caenorhabditis briggsae
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ABSTRACT The nematode Caenorhabditis briggsae is an excellent model organism for the comparative
analysis of gene function and developmental mechanisms. To study the evolutionary conservation and
divergence of genetic pathways mediating vulva formation, we screened for mutations in C. briggsae that
cause the egg-laying defective (Egl) phenotype. Here, we report the characterization of 13 genes, including
three that are orthologs of Caenorhabditis elegans unc-84 (SUN domain), lin-39 (Dfd/Scr-related homeo-
box), and lin-11 (LIM homeobox). Based on the morphology and cell fate changes, the mutants were placed
into four different categories. Class 1 animals have normal-looking vulva and vulva-uterine connections,
indicating defects in other components of the egg-laying system. Class 2 animals frequently lack some or all
of the vulval precursor cells (VPCs) due to defects in the migration of P-cell nuclei into the ventral hypo-
dermal region. Class 3 animals show inappropriate fusion of VPCs to the hypodermal syncytium, leading to
a reduced number of vulval progeny. Finally, class 4 animals exhibit abnormal vulval invagination and
morphology. Interestingly, we did not find mutations that affect VPC induction and fates. Our work is the
first study involving the characterization of genes in C. briggsae vulva formation, and it offers a basis for
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future investigations of these genes in C. elegans.

Invertebrate model organisms such as the nematode Caenorhabditis
elegans are excellent model organisms for investigating the genetic
basis of development. Studies in C. elegans have provided insights into
the cellular and molecular basis of organ formation and have revealed
similarities and differences in the formation of homologous structures
in metazoans.

Nematodes are an attractive system for studying the evolution of
developmental mechanisms because they offer many useful features,
including rapid development, transparency, and large brood size.
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Comparative studies in nematodes have revealed similarities and
differences in the vulva, the egg-laying organ. For example, the vulval
precursor cell (VPC) equivalence group in Oschieus tipulae and Pris-
tionchus pacificus is smaller than that of C. elegans (Sommer 2005;
Sternberg 2005). Furthermore, in Pristionchus, the mechanism of
restricting vulval precursor competence is different. Although cell
fusion limits precursor competence in C. elegans, programmed cell
death controls this process in P. pacificus (Sommer 2005). In addition
to these two species, vulval morphology has been examined in a large
number of other nematodes, and differences have been found in the
number of vulval progeny and the placement of the vulva (Felix et al.
2000; Felix and Sternberg 1997; Sommer et al. 1994; Sommer and
Sternberg 1996). More recently, Kiontke et al. (Kiontke et al. 2007)
examined 51 rhabditid species and identified variations in different
steps of vulva development. In the Caenorhabditis genus, Caenorhabdi-
tis briggsae is an excellent model for comparative and evolutionary
studies (Gupta et al. 2007). Sequence analyses of C. elegans and
C. briggsae have suggested a divergence of approximately 30 million
years (Cutter 2008). Morphologically, C. briggsae is almost identical to
C. elegans; however, sequence comparison has revealed that almost one-
third of all predicted genes in its genome are highly divergent (Gupta
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and Sternberg 2003; Stein et al. 2003). Both organisms offer powerful
tools for dissecting gene function, including rapid development, in-
variant cell lineages, fully sequenced genomes, and amenability to both
genetic and molecular manipulation (Antoshechkin and Sternberg
2007; Gupta et al. 2007; Hillier et al. 2007; Stein et al. 2003; Zhao
et al. 2010). The hermaphroditic mode of reproduction of these spe-
cies is another advantage because it allows for the maintenance of
mutations that affect mating and egg laying. Organisms with divergent
genomes but overall morphological similarity may offer intriguing
examples of how networks of genes can be regulated differently while
yielding the same ultimate structure.

Comparative studies of C. elegans and C. briggsae have revealed
that alterations in developmental mechanisms do not always affect
morphology. For example, the expression pattern of /in-39, an impor-
tant Hox family member (Dfd/Scr-related) that regulates VPC com-
petence, differs between the two species, yet VPC induction and cell
fates are conserved (Penigault and Felix 2011a). The role of the Wnt
pathway effector pop-1 (TCF/LEF family) in C. briggsae endomeso-
derm specification represents yet another case of altered gene function
with no obvious change in embryonic cell divisions or tissue mor-
phology (Lin et al. 2009). In another case, knockdown of the lin-12/
Notch receptor family member glp-1 causes a multivulva (Muv) phe-
notype in C. briggsae but not in C. elegans (Rudel and Kimble 2001).
Thus, glp-1 appears to have acquired a new function in negative reg-
ulation of VPC fate specification in C. briggsae. Such alterations in gene
function without apparent changes in homologous characters were
described originally as developmental system drift (DSD) (True and
Haag 2001).

The egg-laying system of C. briggsae is well suited for comparative
analysis of gene function in organ formation, and it is helpful in
elucidating DSD. Morphologically, the system is identical to C. elegans
and follows a similar sequence of developmental events. Several of the
vulval characters, such as cell number, position in the midbody region,
and cell fusions are shared between these two species. However, some
differences also have been noted. For example, the division frequency
of the P3.p vulval precursor is higher in C. elegans than in C. briggsae
(Delattre and Felix 2001). Other differences that have been found
include the role of anchor cell (AC) in the vulval induction process,
uterine seam (utse) cell morphology, brood size, sheath-contraction
rate, and reproductive efficiency (Delattre and Felix 2001; Felix 2007;
Gupta and Sternberg 2003; Miller et al. 2004). Subtle variations in
VPC responses to inductive and lateral signaling cascades also have
been reported (Felix 2007; Hoyos et al. 2011). Thus, there are some
distinct differences in the mechanisms of vulva formation and egg-
laying between C. elegans and C. briggsae.

In C. elegans, the egg-laying system is composed of five different
cell types, namely, the vulva, somatic gonad (uterus), vulva and uterine
muscles, and neurons (Li and Chalfie 1990). The vulva is connected to
the uterus via a multinucleated utse cell (Newman and Sternberg 1996)
and serves as a passageway for egg laying. Defects in any of the egg-
laying components can cause eggs to accumulate in the uterus, result-
ing in an Egg-laying defective (Egl) phenotype. The C. elegans vulva is
formed by the descendants of three of six equipotent VPCs. The
VPCs are the posterior daughters of P cells. At hatching, the L1
larva contains six bilaterally symmetrical pairs of P cells in the
ventrolateral region. By the mid-L1 stage, P cells migrate into the
ventral cord region and become arranged in a single row (numbered
P1 to P12) (Sulston 1976 and Sulston and White 1980). This process
involves an orchestrated series of events initiated by the directed
migration of P-cell nuclei. As a nucleus migrates, it drags the rest
of the cell body along with it. Several genes have been identified that
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affect P-cell nuclear migration, including UNC-83 (KASH domain)
and UNC-84 [SUN domain (Starr 2011)]. These two proteins are
localized to the outer and inner nuclear membranes, respectively
(McGee et al. 2006), and they bridge the nuclear envelope and
facilitate nuclear migration by transferring forces from the cytoskel-
eton to the nuclear lamina.

Soon after arriving at the ventral cord region, all 12 P cells divide
once along the anteroposterior axis. Of the posterior daughters, five
(P1.p, P2.p, P(9-11).p) fuse with the hyp7 syncytium during the L1
stage. P12.p produces two daughters: P12.pp, which undergoes
programmed cell death, and P12.pa, which adopts a unique epidermal
fate, hyp10. The remaining 6 Pn.p cells (n = 3 to 8, VPCs) remain
unfused in L1 due to the action of the Hox gene /in-39. These VPCs
respond to later developmental cues. P3.p loses competence in the L2
stage in roughly half of animals and fuses with hyp7 (termed ‘F fate).

Although all six VPCs are equally capable of giving rise to vulval
tissue, only P5.p, P6.p, and P7.p do so in wild-type animals. This is
due to the action of three evolutionarily conserved signal transduction
pathways mediated by LET-60/Ras-MPK-1/MAPK (inductive signal-
ing), LIN-12/Notch (lateral signaling), and Wnt-BAR-1/B-catenin
(Eisenmann 2005; Greenwald 2005; Sternberg 2005). In the L3 stage,
the gonadal AC secretes the ligand LIN-3/EGF that binds to LET-23/
EGFR on VPCs, leading to the activation of LET-60/Ras signaling in
P6.p and to a lesser extent in P5.p and P7.p. Induced P6.p serves as
a source of lateral signal that activates the LIN-12/Notch receptor in
P5.p and P7.p. The inductive and lateral signaling together specify 1°
(P6.p) and 2° (P5.p and P7.p) cell fates. In addition, Wnt signaling
also participates in this process (Gleason et al. 2006; Seetharaman
et al. 2010). The remaining uninduced VPCs fuse with hyp7 after
one cell division (termed 3° fate).

Forward genetics is an elegant method by which to study vulva
formation in C. briggsae and to compare its developmental mecha-
nisms with C. elegans. We have isolated mutations in C. briggsae AF16
by using the Egl phenotype as an assay. In this study, we describe 19
mutants, 17 of which fall into four phenotypic categories and repre-
sent 13 different genes. Class 1 mutants exhibit the Egl phenotype
with normal vulval cells and morphology. Class 2 mutants lack some
or all of the Pn.p cells in the ventral hypodermal region, suggesting
that these genes play important roles in maintaining the correct num-
ber of P cells in the ventral hypodermal region. Class 3 mutants have
a normal number of VPCs, but some precursor cells fail to be induced.
Class 4 mutants affect the differentiation of vulval progeny and lead to
abnormal vulval morphology in L4 larvae and a protruding vulva (Pvl)
phenotype in adults. We also provide evidence that three of the genes
recovered in our screen, Cbr-lin(sy5506) (class 2), Cbr-lin(bh20) (class
3), and Cbr-lin(sy5336) (class 4), are orthologs of C. elegans unc-84,
lin-39, and lin-11, respectively.

The mutants and phenotypic classes described here serve as the
nucleus of our effort to investigate the genes involved in vulva formation
in C. briggsae. In addition, they provide a tool for identifying interacting
genes through enhancer and suppressor screens. These findings will
facilitate the comparison of cellular and molecular processes between
C. briggsae and C. elegans in studying conservation and divergence in
developmental mechanisms.

MATERIALS AND METHODS

Strains and culture conditions

Wild-type C. briggsae AF16 was used as a reference strain in all experi-
ments. Strains were maintained at 20° using culture methods described
for C. elegans (Brenner 1974; Wood 1988). To obtain synchronized
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animals, gravid hermaphrodites were bleached. The bleach solution
was prepared using sodium hypochlorite (commercial bleach) and 4
N sodium hydroxide (NaOH) at a ratio of 3:2. For 2 volumes of
worms washed with M9 buffer, 1 volume of the bleach solution was
added. The solution was vortexed and left to stand for 3 min at room
temperature. After three consecutive washes with M9 solution, a pel-
let with 1 mL of remaining M9 buffer was transferred to an Eppen-
dorf tube and placed in a shaker. Twenty-four hours later, the F1
worms were plated onto a new NG plate.

The strains used in this study are listed below (linkage groups of
mapping markers are also mentioned; see www.briggsae.org for details).
The egl(bh6) strain [allelic to egl(bh2)] was lost during the course of
this study. The ‘Cbr’ prefix denotes the C. briggae orthologs of known
C. elegans genes.

Mapping mutants: dpy(sy5148) II, dpy(sy5022) III, sma(sy5330) I,
unc(s1270) IV, unc(sa997) V, unc(sy5077) X.

Egl and Vul mutants: egl(bh2), egl(bh6), egl(bh21), egl(sy5395),
lin(bh7), lin(bhi3), lin(bhi4), lin(bh20), lin(bh23), lin(bh25),
lin(bh26), lin(sy5197), lin(sy5212), lin(sy5336), lin(sy5368),
lin(sy5425), lin(sy5426), unc(sy5505), unc(sy5506).

Transgenic strains: bhEx31[pRH51(hs:lin-3) + myo-2::GFP], bhEx78
[pGF50(lin-11) + myo-2:GFP], bhEx117[mec-7::GFP + myo-2:
GFP], bhEx123[CO7H6 + myo-2::GFP], bhEx124[C07H6 + myo-
2:GFP], bhEx132[F44F12 + myo-2:GFP], bhExI34[F44F12 +
myo-2::GFP], bhEx139[pSL38(unc-84) + myo-2::GFP], bhEx141
[pSL38(unc-84) + myo-2::GFP], bhEx142[pSL38(unc-84) + myo-
2::GFP], bhEx148[pGF50(lin-11) + myo-2::GFP], bhEx152[pSL38
(unc-84) + myo-2::GFP]; mfIs5[Cbr-egl-17:GFP + myo-2::GFP],
mfIs8[Cbr-zmp-1::GFP + myo-2:GFP].

mfls5 and mfIs8 animals carry a gfp reporter driven by the vulva-
specific enhancers of Cbr-egl-17 (748 bp) and Cbr-zmp-1 (755 bp),
respectively (Kirouac and Sternberg 2003). bhEx117 is a transgenic
HK104 line that was used in polymorphism-based mapping experi-
ments (see below).

Mutagenesis

AF16 animals were mutagenized by soaking in 25 mM ethyl methane
sulfonate (EMS) and screening for Egl and Pvl mutants in the F2
generation. To prevent worms from burrowing into the agar, we used
9-cm NG-Agarose plates (1 L of media containing 3 g of sodium
chloride, 2.5 g of bacteriological peptone, and 17 g of agarose; the other
components were the same as nematode growth medium). Mutagenized
worms were individually transferred onto plates, and the F2 progeny
were screened for Egl worms. Such animals formed the characteristic
“bag of worms” phenotype as a result of the progeny hatching inside the
uterus and devouring the mother (Horvitz and Sulston 1980).

From four independent F2 screens (in the range of 100,000-
125,000 haploid genome sets in total), we recovered 39 independent
Egl clones that bred true. An additional 34 Egl clones could not be
propagated because they were either sterile or gave rise to dead prog-
eny. Apart from animals with the Egl phenotype, we also recovered
dumpy and uncoordinated mutants. One of these, twitcher, was iso-
lated from at least three independent plates (B. P. Gupta, unpublished
results). In C. elegans and C. briggsae, the twitcher phenotype is as-
sociated with unc-22, a gene with more than 20 kb of open reading
frame that is readily mutated in EMS screens (Benian et al. 1993). All
three twitcher mutations are recessive and have been found to be
allelic (data not shown), which suggests that our screens were capable
of recovering viable recessive mutations with a visible phenotype.
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This study focuses on a collection of 19 mutations that reside in 13
genes (see Results). Compared with the original C. elegans Egl screen
(Trent et al. 1983), the number of Egl mutants in our case is consid-
erably lower. It is unclear whether this is due to differences in the
population of screened worms, as Trent et al. did not provide an
estimate of the number of worms that were screened. Based on the
mapping and complementation experiments, 70% of C. briggsae genes
(9 of 13) are represented by single mutations (see Results). Although
this result is indicative of the screen being unsaturated, the proportion
of genes defined by a single allele in our case is very similar to that of
Trent et al. (Trent et al. 1983). Furthermore, it is worth pointing out
that additional alleles of the existing C. briggsae genes may be present
among the remaining 20 mutations that have yet to be characterized.
This analysis is the focus of our current study.

Similar to C. elegans (Ferguson and Horvitz 1985; Trent et al.
1983), not all C. briggsae mutants described here affect vulva forma-
tion, indicating that defects in other egg-laying components (such as
neurons and muscles) can also lead to the Egl phenotype. Each mutant
was backcrossed at least three times before we performed genetic
experiments. All alleles were recessive and caused no obvious maternal
effect phenotype.

Microscopy, cell ablations, and VPC fates

Worms were mounted on agar pads as described previously (Wood
1988) and examined under Nomarski optics using Zeiss Axioimager
D1 and Nikon Eclipse 80i microscopes. Sodium azide (1 M) was used
as an anesthetic. To examine vulval lineages, L3 and 14 stage animals
were mounted without any anesthetic, and coverslip edges were sealed
with Vaseline to prevent dehydration. For GFP reporter-expressing
strains, epifluorescence was visualized with a Zeiss Axioplan micro-
scope equipped with the GFP filter HQ485LP (Chroma Technology),
a power source (Optiquip 1500) and a 200 W OSRAM Mercury bulb.
Cell ablation experiments were performed as described (Avery and
Horvitz 1987).

VPC fates were examined in L3 and L4 stage animals under
a Nomarski microscope. If a VPC fused with hyp7 as a single cell
without dividing, it was assigned an ‘F’ (Fused) fate. If the VPC di-
vided once and its daughters (Pn.px, where x denotes both anterior
and posterior cells) fused with hyp7, it was assigned a 3° (tertiary) fate.
If the VPC was induced to give rise to more than 4 vulval progeny
(Pn.pxxx cells), it was considered fully induced and assigned an T’
(induced) fate [includes 1° and 2° fates as described previously (Stern-
berg and Horvitz 1986)]. Vulval induction score was calculated as
described previously (Gupta et al. 2006). In sy5353 and sy5353;
bh20 mutants some of the Pn.p appeared small and morphologically
similar to P12.pa (Seetharaman et al 2010). These were termed as
“small” cells.

To determine inter-VPC distances in /in-39 mutants, animals were
bleach synchronized. Distances among the 5 VPC pairs (P3.p-P4.p,
P4.p-P5.p, P5.p-P6.p, P6.p-P7.p, P7.p-P8.p) were measured in mid-to-
late L2 stage animals using Nikon NIS Elements software.

Pharmacological assays

Serotonin and fluoxetine were used to analyze the pharmacological
response of some of the Egl mutants. Serotonin (35 mM) and fluox-
etine (1 mg/mL) solutions were freshly prepared in M9 buffer. The
assay was performed in 96-well microtiter dishes using 50 p.L of drug
in individual wells. As a control, the same volume of M9 buffer was
placed in adjacent wells. L4 animals were picked a day before the assay
and allowed to grow for 18-24 hr before placing them individually
into drug and M9 containing wells. After incubating worms for 1 hr at
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Table 1 Results of complementation experiments

m1/+ m2/m2 Animals Showing Phenotype Phenotype Scored
bh2/+ bhé 39% (n = 28) Egl
bh7/+ bh14 0% (n = 60) Vul
bh7/+ bh20 0% (n = 23) Vul
bh14/+ bh20 0% (n = 31) Vul
sy5197 /+ bh13 62% (n = 8) Sma, vulval invagination abnormal
bh13/+ bh25 0% (n = 30) Egl, Sma, vulval invagination abnormal
sy5336/+ sy5368 58% (n =12) Egl, vulval invagination abnormal

room temperature, the number of eggs laid by each worm was
counted. Assays were repeated at least three times.

Heat shock protocol

L1 animals of the bhEx31 strain were transferred to standard NG agar
plates containing Escherichia coli OP50 bacteria and grown for a de-
sired period of time. Plates were sealed with Parafilm M (American
National Can) and heat shocked in a water bath. We tested various
heat shock conditions by fixing the temperature at 37° and varying the
duration of the exposure. Two different types of pulses, i.e. a single
long pulse (between 0:30 hr and 1:30 hr) and multiple short pulses
(either consisting of four 30-min pulses each separated by 1-hr rest
period or two 1-hr pulses separated by 1h, i.e., 1-hr-r rest period), were
tested. Animals were heat shocked at different time points after trans-
ferring L1 worms on bacteria-containing plates. After the initial trials,
we chose 37° for 1 hr for all subsequent experiments. After heat shock
treatment, animals were shifted back to 20°. Vulval induction and
morphology were examined at stage L4.

Egl penetrance assay

L4 animals were placed individually into six-well nematode growth
medium-agar plates and observed over a 3-day period. Egl phenotype
was classified as Egl (no laid eggs, “bag of worms” appearance), semi-
egl (few eggs initially but eventually formed “bag of worms”), and
Non-Egl (no defect, phenotypically wild type).

Complementation tests

Complementation tests between two vulval mutants (m1 and m2) were
performed by crossing m1/+ heterozygote males (obtained by crossing
m1/m1l hermaphrodites to myo-2:gfp carrying mfIs5 or mfIs8 males) to
m2/m2 hermaphrodites. The presence of the gfp transgene allowed us to
identify cross progeny. In the F2 generation, vulval phenotype in 14
worms was scored under Nomarski optics. Complementation tests were
carried out for mutations belonging to the same phenotypic categories.
Table 1 lists all combinations that were tested and the results.

Phenotypic marker-based genetic mapping

We tested the linkage of /in-11(sy5336) with several phenotypic markers
that were assigned to various chromosomes. The website www.briggsae.
org shows a larger list of mapping experiments involving these markers.
The sy5336 mutation was linked to sma(sy5330) (Table 2). Together
these two genes define a single linkage group that was assigned chro-
mosome 1 based on sy5336 molecular identity and synteny of the /in-11
genomic region (http://www.wormbase.org). The unc(sy5506) mutation
was linked to chromosome X based on the Unc phenotype of F1 males
derived from a cross of sy5506 hermaphrodites to AF16 males.

Insertion-deletion (indel) and snip-SNP-based

genetic mapping

All mutations except lin(bh14) and Cbr-lin-11 alleles were mapped to
chromosomes by bulk segregant analysis (BSA) using Indels and snip-
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SNPs (Table 3, Supporting Information, Figure S1). The cross scheme
was as follows. Hermaphrodites of a given mutant strain were crossed
with either normal or GFP fluorescing (bhEx117) HK104 males. F1
cross progeny were picked and cloned. In the next generation (F2),
phenotypically mutant and wild-type animals (20 each) were picked
separately and processed to obtain genomic DNA. Genomic DNA was
prepared by placing worms into 5 to 10 L of lysis buffer (containing
Proteinase K). The solution was incubated at 60° for 1 hr followed by
heat inactivation of Proteinase K at 95°. This crude genomic DNA
prep was frozen at —20° and used as a template in polymerase chain
reaction experiments. The detailed indel mapping protocol and pri-
mers have been published previously (Koboldt et al. 2010). We
reported earlier the single recombinant analysis of lin(sy5506) using
the indel bhP26. The distance between the two loci was determined to
be 10% (Koboldt et al. 2010).

SNP chip—based genetic mapping

In addition to the aforementioned polymorphism-based BSA map-
ping, we used a microarray chip mapping approach to localize the
mutations on chromosomes (Table 3). For this, a 12x oligo microarray
chip containing approximately 4500 SNPs was designed using meth-
ods similar to those for C. elegans (Flibotte et al. 2009). An earlier
version of the C. briggsae chip contained almost 9700 SNPs and was
successfully used to map mutations (Zhao et al. 2010). C. briggsae Egl
animals were mated with HK104 males, and F1 heterozygotes were
cloned. In the F2 generation, 100 mutant worms were picked and
allowed to grow on 10 6-cm Petri plates close to starvation. The
worms were washed off with M9 buffer. Genomic DNA was extracted
using the QIAGEN Blood and Tissue DNeasy kit (cat. no. 69504).
DNA hybridization, measurement of fluorescence intensity and ratio
analysis were performed as described previously (Flibotte et al. 2009;
Maydan et al. 2007). Based on the mapping signal intensity and the
arc of the signal (Figure S2), the approximate chromosomal locations
of mutations were determined (Zhao et al. 2010). In some cases, such
as sy5505, arc pattern was not obvious, rendering the analysis less
reliable. Overall, the SNP-chip data agreed with seven of the indel
and snip-SNP BSA mapping results (Table 3). Independent verifica-
tion of these results by phenotypic-marker-based classical mapping
has not been performed.

Table 2 Linkage mapping of Cbr-lin-11 using phenotypic markers
Marker LG

Data

sma(sy5330) | 2/39 Sma were Egl

dpy(sy5148) [l 19/29 Egl segregated Dpy
dpy(5022) i 11/18 Egl segregated Dpy
unc(s1270) v 16/24 Egl segregated Unc
unc(sa997) v 24/32 Unc segregated Egl
unc(sy5077) X 15/32 Unc segregated Egl
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Table 3 Linkage mapping of mutations by BSA and SNP-chip techniques

Chromosomal Location

Gene Allele BSA-Based SNP Chip-Based
egl(sy5395) sy5395 1: left arm (bhP19) -
lin(bh7) bh7 1 (cb-m142, cb650) 1: 4.5 Mb
lin(bh13) bh13 1: left arm (bhP42) 1: 4 Mb
lin(lbh25) bh25 12 (cb650) —
egl(bh2) bh2 1: center (bhP42) 1: 7.5 Mb
Cbr-lin-11 sy5336 - 1: 7.9 MbP
Cbr-lin-39 bh20 3: right arm¢ (bhP40) -
unc(sy5505) sy5505 5: center/right arm (bhP5, cb-m103) 5: 8.5 Mb
lin(sy5425) sy5425 5: center (bhP5) -
Cbr-unc-84 sy5506 X: right arme€ (bhP26) -
eglbh21) bh21 X (bhP25) X: 11.5 Mb
lin(lbh14) bh14 | (bhP1) -
lin(lbh26) bh26 X: right arm (bhP26) X:12.5 Mb
Tightly linked indel and snip-SNP markers are shown in brackets. Dashes (—) indicate a lack of map information.

a Likely to be located on the left arm.
Previous study (Zhao et al. 2010).
€ Previous study (Koboldt et al. 2010).

Molecular biology and transgenics

Transgenic worms were generated by injecting DNA into the syncytial
gonad of adult hermaphrodites using myo-2::GFP (pPD118.33) as a
transformation marker (S. Q. Xu, B. Kelly, B. Harfe, M. Montgomery,
J. Ahnn, S. Getz, and A. Fire, personal communication). The micro-
injection technique was described previously (Mello et al. 1991).

The pSL38 plasmid, which contained a C. elegans unc-84 rescuing
fragment (McGee et al. 2006), was injected at 4 ng/pL in unc(sy5505)
and unc(sy5506) animals. Stable lines (sy5505: bhEx141 and bhEx142,
sy5506: bhEx139 and bhEx152) were analyzed for the rescue of Unc,
P cell migration, and Egl phenotypes.

The hs:lin-3 transgenic animals, bhEx31, carry the pRH51 plasmid
[50 ng/uL (Katz et al. 1995)]. pRH51 contains the EGF domain of
lin-3 along with a synthetic signal peptide. The expression of [in-3 is
under the control of the hsp16-41 promoter (pPD49.83).

For the rescue of Cbr-lin-39 mutants, C. elegans cosmids C07H6
and F44F12, containing the entire [in-39 genomic region, were
injected into bh20 animals. Two stable lines were obtained for each
cosmid (bhEx123 and bhEx124 with CO7H6 at 20 ng/wL; bhEx132 and
bhEx134 with F44F12 at 0.7 ng/pL). VPC induction and Egl pheno-
types were analyzed in transgenic animals. A greater proportion of
F44F12 stable lines showed rescue of the Egl phenotype compared to
CO7H6. Therefore, we focused on bhEx132 and bhEx134 transgenic
animals for all subsequent analyses.

Cbr-lin-11 ¢cDNA was amplified using the ProtoScript first strand
kit (NEB, #E65008S). The primers cb-lin-11-up-1 and cb-lin-11-down-
2 (Table S1) were used. Whole RNA was prepared from the mixed
stage animals using a previously described TRIZOL method (Burdine
and Stern 1996). The C. elegans lin-11-rescuing plasmid pGF50 (Freyd
1991) was injected at 20 ng/pL. pGF50 contains a 19-kb subclone of
cosmid ZK273 that was previously shown to rescue C. elegans lin-11
mutants (Freyd 1991). Two stable lines (bhEx78 and bhEx148) were
generated for pGF50 (20 ng/pL), both of which rescued Egl and vulval
invagination defects in sy5336 animals.

Sequencing

All primer sequences are listed in Table S1. The exons of Cbr-unc-84
were amplified using primer pairs GL793/GL795, GL800/GL801,
GL806/812, and GL809/810. To sequence the intermediate regions, pri-
mers GL802, GL807, and GL808 were used. A 403-bp deletion between
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exons 6 and 7 (genomic location +5006 and +5408) was identified
that introduces an in-frame stop codon downstream of the deleted
region.

Cbr-lin-39 exons were amplified from bh20 and bh23 alleles using
primer pairs GL380/GL381, GL382/GL383, GL384/GL385, GL389/
GL390, and GL391/GL392. The bh23 mutation contains a 364-bp de-
letion overlapping with the 5’ region of the Cbr-lin-39 coding sequence.
The deletion is located between -158 (upstream of the ATG start site)
and +207 (in exon 1). The bh20 allele carries a point mutation in exon 3
(G9427 to A) that corresponds to the homeodomain region.

The Cbr-lin-11 ORF was amplified in two fragments using primer
pairs cb-lin-11-up-1/cb-lin-11-down-7 and cb-lin-11-up-5/cb-lin-
11-down-1. Sequencing primers were cb-lin-11-up-1, cb-lin-11-up-4,
cb-lin-11-up-6, cb-lin-11-up-7, cb-lin-11-up-8, cb-lin-11-up-9, cb-lin-
11-down-1, cb-lin-11-down-5, cb-lin-11-down-7, and cb-lin-11-down-
8. Both lin-11 alleles, sy5336 and sy5368, affect splicing. sy5336 causes
a G to A transition (G4403 to A) in the splicing acceptor site of intron 7
and is likely to disrupt intron 7 splicing. The sy5368 mutation affects the
splicing donor site of intron 6 (G3340 to A) and is predicted to in-
troduce a premature in-frame stop codon 52 nucleotides downstream.

Statistical analysis

Statistical analyses were performed using InStat 2.0 (GraphPad) Software.
Two-tailed P values were calculated in unpaired f-tests, and values less
than 0.05 were considered statistically significant.

RESULTS

Overview of the genetic screen

We screened for egg-laying defective (Egl) mutants after EMS muta-
genesis of AF16 animals (see Materials and Methods for details). Of 39
Egl mutants identified, we report the characterization of 19 mutants.
Seventeen of these fell into 13 complementation groups and were
placed into four distinct phenotypic categories (Table 4). Of the
remaining 2, lin(sy5212) and lin(sy5426), sy5212 is a fully penetrant
Vul mutant and could not be outcrossed. In rare circumstances, VPC
induction in sy5212 animals was observed only for P6.p. All other
VPCs fused to hyp7 during the L2 and L3 stages. The other mutant,
55426, has variable vulva defects (a combination of missing VPCs,
uninduced VPCs, and abnormal morphogenesis) and could not be
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Table 4 Overview of C. briggsae egg-laying defective mutants

Egl Penetrance (%)

Class Features Gene Alleles Mutation Non-Egl Semi-Egl Egl n

1 Wild-type vulva egl(bh2)? 2 bh2 0 69 31 103
egl(bh21) 1 bh21 0 41 59 120

egl(sy5395) 1 sy5395 6 32 62 244

2 Fewer Pn.p cells unc(sy5505) 1 sy5505 22 17 61 127
Cbr-unc-84 1 sy5506 56 21 23 100

3 Reduced VPC induction lin(bh7) 1 bh7 81 12 7 137
lin(bh14) 1 bh14 39 32 29 133

Cbr-lin-39 2 bh20 0 4 96 140

bh23 0 0 100 41

4 Abnormal vulval invagination Cbr-lin-11 2 sy5336 0 0 100 100
sy5368 0 0 100 100

lin(bh13)# 2 bh13 1 1 98 102

lin(bh26) 1 bh26 0 0 100 100

lin(bh25) 1 bh25 1 23 76 105

lin(sy5425) 1 sy5425 36 25 39 104

- Unclassified lin(sy5212) - sy5212 0 0 100 49
lin(sy5426) - sy5426 0 0 100 29

Egl, animals did not lay eggs at all; n: number of animals scored; Non-Egl, animals continued to lay eggs throughout their reproductive life; Semi-Egl, animals laid

eggs initially but became Egl afterward.
The phenotype of the other allele of this locus was not characterized in detail.

uniquely classified. We used indel-based BSA, snip-SNP, and SNP-
chip mapping approaches (Koboldt et al. 2010; Zhao et al. 2010) to
localize the mutations to chromosomes (Table 3).

Class 1 mutants consist of three loci, each of which shows mor-
phologically wild-type vulval development and a vulva-uterine con-
nection (utse). The Egl phenotype of these animals is likely to result
from defects in neuronal and/or muscle components of the egg-laying
system. Class 2 is composed of two mutants, both of which are un-
coordinated and frequently lack VPCs. In some cases, these animals
lack a functional vulva and develop an Egl phenotype. Class 3 mutants
are represented by three loci, each of which shows reduced VPC in-
duction. The strongest allele in this class, bh23, causes a fully penetrant
Egl defect. The largest phenotypic category, class 4, is composed of five
loci. Mutations belonging to this class do not affect VPC induction but
cause abnormal vulval invagination and morphology. The adults fre-
quently have Pvl and Egl phenotypes.

Class 1 mutants have defects in egg-laying components
other than the vulva and utse

The examination of vulval phenotype in class 1 mutants revealed that
VPCs and their progeny were unaffected. Vulval cells invaginated
correctly and gave rise to a morphology characteristic of the wild-type
animals. Furthermore, the utse was normal and was located on the top
of the vulval apex (data not shown). To examine defects in other
components of the egg-laying system, we treated animals with drugs
that affect neuronal and muscle activities. In C. elegans, hermaphro-
dite-specific neurons (HSNs) control egg-laying behavior (Croll 1975;
Horvitz et al. 1982; Weinshenker ef al. 1995). In response to external
cues, such as food, HSNs release serotonin (i.e., 5-hydroxytryptamine
or 5-HT) into the neuromuscular synapse, which then acts on the
postsynaptic receptors in the vulval muscle to stimulate the release of
eggs. Authors investigating the role of HSNs have used serotonin and
fluoxetine [a serotonin reuptake inhibitor that increases the amount of
neurotransmitter available to post-synaptic receptors (Baldessarini
1996; Dempsey et al. 2005)] to characterize the neuronal basis of
the Egl phenotype. Serotonin and fluoxetine drug assays can distin-
guish between pre- and postsynaptic defects (i.e., between HSN and

1630 | D. Sharanya et al.

vulva muscle). Mutants resistant to fluoxetine that lay eggs in the
presence of exogenous serotonin are likely to have abnormal HSNs,
whereas resistance to both drugs suggests a postsynaptic signaling
defect. We found that egl(sy5395) animals, when exposed to serotonin,
had a modest but consistent increase in the number of eggs laid
compared with the control, but egl(bh21) and egl(bh2) were unaffected
(Figure 1). Fluoxetine exposure had no obvious effect on any of the
strains. These results suggest that the Egl phenotype in sy5395 animals
may be caused by abnormal differentiation of HSNs. In the case of
bh21 and bh2 mutants, the cellular basis of the Egl phenotype remains
to be identified.

Class 2 mutants have defects in nuclear migration

and include Cbr-unc-84

The class 2 mutants unc(sy5505) and unc(sy5506) have fewer and
more variable numbers of P cells in the ventral hypodermal region.
Animals homozygous for either of these mutations move in a slow
and uncoordinated manner. Microscopic observations revealed fewer
than 12 P-cell nuclei in the ventral hypodermal region (Figure 2A).
This phenotype was temperature sensitive, such that the loss of P cells
was greater at higher temperatures (Figure 2A and data not shown).
Nearly two-thirds of the animals had an Egl phenotype due to the
absence of some or all of the P(5-7).p VPCs (Tables 4 and 5, Figure
3A). We also observed a hyp7 nuclear migration defect in the sy5506
strain. Unlike wild-type animals where no hyp7 nuclei are observed in
the dorsal hypodermis, sy5506 worms had many hyp7 nuclei in this
region (Figure 2, B and C).

In C. elegans, similar phenotypes are caused by mutations in two
genes, unc-83 (KASH domain) and unc-84 (SUN domain), which
affect nuclear migration during development (Malone et al. 1999;
Starr et al. 2001; Sulston and Horvitz 1981). One of these, unc-84, is
located on the right arm of chromosome X. We found that sy5506 also
maps to the right arm of chromosome X close to the bhP27 poly-
morphism (see Materials and Methods), a region that contains Cbr-
unc-84/CBG07416 and is syntenic to unc-84.

To further confirm that unc(sy5506) defines the Cbr-unc-84 gene,
we generated transgenic sy5506 animals carrying an unc-84 rescuing
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Figure 1 Egg-laying responses of class 1 mutants. The graph shows
the average number of eggs laid by animals in M9 buffer (control) and
serotonin and fluoxetine drug-containing solutions. The fold increase
in egg laying in drug solution (over M9 buffer control) is plotted in the
inset graph.

plasmid called pSL38 (McGee et al. 2006). The transgenic animals
showed rescue of the hyp7 and P-cell nuclear migration defects
(51% bhEx139 animals with normal hyp7 nuclear migration, n =
35, and 90% P nuclei present in ventral cord, n = 91, at 20°, compared
with 100% abnormal hyp7 nuclear migration and 42% P-cell nuclei, n
= 23, in sy5506). The Egl and VPC induction defects in mutants also
were rescued (69% of bhEx139 animals laying eggs, n = 94, compared
with 56% in sy5506, n = 100; see Table 5 for VPC induction).
Finally, we sequenced the Cbr-unc-84 genomic region in wunc
(sy5506) animals and identified a 403-bp deletion covering parts of
exons 6 and 7 (Figure 2D, also see Materials and Methods). These
results demonstrate that sy5506 is an allele of Cbr-unc-84. In C. ele-
gans, UNC-84 protein contains a SUN domain, a transmembrane
domain and an intervening linker region (Malone et al. 1999; McGee
et al. 2006). Based on the sequence alignment, the sy5506 mutation is
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located in the linker region of Cbr-UNC-84. In C. elegans, this region
interacts with UNC-83 to facilitate localization of other cytoskeletal
components that are crucial for nuclear positioning in hyp7 and
P cells.

The phenotype of sy5505 animals differs from Cbr-unc-84(sy5506)
in two respects. First, they are more sensitive to increased temperature
as evidenced by their inability to grow at 29° (Figure 2A). Second, no
hyp7 migration defect was observed in sy5505 animals (data not
shown). We also generated transgenic sy5505 strains carrying the
unc-84 plasmid pSL38 (bhExI41 and bhEx142) but did not observe
rescue of the mutant phenotype (Table 5 and data not shown). These
results together with linkage data (Table 3) suggest that sy5505 is not
allelic to Cbr-unc-84 and is likely a different gene. The phenotype of
sy5505 is similar to mutations in unc-83 in C. elegans; however, the
possibility that sy5505 is an allele of Cbr-unc-83 has not been tested.

Class 3 mutants exhibit reduced VPC induction

Four mutations define class 3 genes, all of which cause a reduction in
the number of vulval progeny (see VPC induction score in Table 5)
and abnormal invagination (Figure 3). In these animals, some or all P
(3-8).p fail to divide and fuse with surrounding hypodermis (‘F fate;
Table 5). The phenotype is weakest in lin(bh7) (only one VPC unin-
duced; Figure 3B) but fully penetrant in lin(bh23) (all VPCs unin-
duced; Figure 3E). The other two alleles, lin(bh14) and lin(bh20), are
intermediate (Figure 3, C and D), with bh20 being somewhat more
severe as determined by fewer cases of P6.p induction (15%; see Table
5) and rudimentary vulval invagination. This observation agrees well
with the vulval induction score, cell lineage, and Egl penetrance of the
animals (Tables 4, 5, and 6). The bh20 and bh23 mutations also cause
abnormal folding of gonad arms and subtle uncoordinated pheno-
types (data not shown).

Next, we examined the VPC induction defect in some detail. As
the defect in bh7, bhi4, and bh20 animals is predominantly limited to
2° precursors (P5.p and P7.p), we wanted to determine whether these
two VPCs lack the potential to respond to an external signal and are

$y5506 (403 bp deletion)

5006 5408

7041

——]
SUN domain

Figure 2 Nuclear migration defects in class 2 mutants and molecular analysis of Cbr-unc-84. (A) P-cell nuclei in the ventral cord region of mutants
vary with temperature. At greater temperatures, fewer nuclei are visible. sy5505 animals are very sick at 29° and could not be examined. Each data
point consists of 25 or more animals. (B, C) Wild-type AF16 and sy5506 L1 stage animals, respectively. The hyp7 nuclei in the sy5506 animals fail
to migrate and are located in the dorsal region (marked with vertical lines). Scale bar is 10 um. (D) Open reading frame of Cbr-unc-84. sy5506

causes a 403-bp deletion.
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[ Table 5 Vulval induction pattern in Class 2 and 3 mutants

% VPC Fate Pattern (F/3°/l)

Class Genotype VPC Induction Score P3.p P4.p P5.p Pé.p P7.p P8.p n
AF16 3 61/39/0  0/100/0  0/0/100 ~ 0/0/100  0/0/100 ~ 0/100/0 101
2 unc(sy5505) 1.7 £13 39/4/0 0/35/0 0/0/50 0/0/75 0/0/48 2/37/0 52
sy5505; bhEx141 12+12 25/2/00 8/8/00 0/0/31 0/0/62 0/0/31 4/13/0 52
sy5505; bhEx142 1.4 =11 24/4/0 2/18/0 0/0/38 0/0/62 0/0/38 4/11/0 45
Cbr-unc-84(sy5506) 19+12 31/14/0  10/18/0 0/0/53 0/0/82 0/0/51 14/25/0 51
sy5506; bhEx139 2.9 £ 042 54/30/0 0/86/0 0/0/96 0/0/100 0/0/94 0/93/0 91
sy5506; bhEx152 2.9 =04 57/31/0 2/90/0 0/0/94 0/0/100 0/0/96 0/94/0 51
3 lin(bh7) 23 %1 77/23/0  54/46/0  28/4/68 5/0/95 32/2/66  43/57/0 56
lin(bh14) 231 91/9/0 71/29/0 35/0/65 1/0/99 33/0/67 65/35/0 78
Cbr-lin-39(bh20) 02=x04 100/0/0 100/0/0 100/0/0 85/0/15 100/0/0 100/0/0 155
bh20; bhEx134 1x0.9° 100/0/0 97/3/0 93/0/7 40/0/60  71/0/29 99/1/0 88
bh20; bhEx132 0.5 = 0.5° 100/0/0  100/0/0 99/0/1 54/0/46 ~ 100/0/0  100/0/0 81
Cbr-lin-39(bh23) 0 96/4/0 96/4/0 88/12/0 96/4/0 96/4/0 100/0/0 50

VPC fates are classified into three categories: F, fused with hyp7 without division, 3°, fused with hyp7 after one cell division, |, induced (either 1°, 2°, or a hybrid fate
that could not be uniquely classified). See Materials and Methods for details. For sy5505 and sy5506 animals missing VPCs were excluded from the analysis. VPC,

vulval precursor cells.

@ VPC induction is significantly higher compared to the parental strain, P < 0.0001.

unable to adopt an induced fate. In C. elegans, AC is necessary for
VPC induction because it secretes LIN-3/EGF ligand that activates the
LET-23/EGFR-LET-60/RAS-MPK-1/MAPK pathway in VPCs (Hill
and Sternberg 1992; Kimble 1981). To this end, we ablated the central
VPC, i.e., P6.p, during the L2 stage and examined the fates of the
remaining VPCs. We predicted that P5.p and P7.p would receive
greater levels of AC signal, perhaps triggering VPC induction. In
wild-type animals, P6.p ablation causes full induction of P5.p and
P7.p, whereas P4.p and P8.p adopt vulval fates in some cases (Table
7). In our experiment, bh7 animals exhibited an induction pattern
similar to AF16. Thus, P5.p and P7.p were induced in all cases (Table
7 compared with intact b7 animals in Table 5). The frequencies of
induced VPCs were much lower in bh14 animals (Table 7). In total,
five of nine animals had some vulval tissue as a result of P5.p and P7.p
induction (P5.p adopted 1° fate in three cases and P7.p in the remain-
ing two). Only one of these animals had induction of both P5.p and

o une{sy5506)
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P7.p (P5.p 1° and P7.p 2°). The remaining VPCs adopted an ‘F fate.
Similar manipulations in bh20 animals also caused P5.p and P7.p to
be induced, albeit rarely (Table 7). Of the 19 cases, 4 had few vulval
progeny. In two of these, P5.p appeared to adopt a 1°-like fate (no P7.
p induction), whereas the other two had a hybrid 1°/2° lineage. This
result is in contrast to intact bh20 animals in which P5.p and P7.p are
never induced (Table 5). Taken together, these results suggest that in
the absence of the central P6.p, the neighboring VPCs in these three
mutants can be induced by the AC-mediated signal, and they can give
rise to vulval tissue.

Overexpression of lin-3 suppresses the VPC induction
defect in a subset of class 3 mutants

In C. elegans, LIN-3 signaling plays a role in maintaining the compe-
tence of VPCs by preventing their fusion with hyp7 (Myers and
Greenwald 2007). This allows unfused VPCs to initiate Ras-MAPK

Figure 3 Vulva phenotypes of
class 2 and 3 mutants. Arrows
point to the center of invagina-
tion. Animals were examined at
the mid-L4 stage. (A) Fewer VPCs
are present in sy5506 animals due
to a defect in P-cell nuclear migra-
tion. In this case P6.p and P7.p
are induced to form the vulva.
P5.p and P8.p are missing. (B)
One or more VPCs in bh7 animals
remain uninduced. In this exam-
ple, P5.p and Pé.p are induced.
P4.p and P7.p have adopted an
F fate (asterisks). (C, D) bh14 and
bh20 animals showing a similar
vulval morphology defect. In both
cases invagination is formed by
Pé.p progeny, whereas P5.p and
P7.p have adopted an F fate
(asterisks). (E) A bh23 animal
showing no vulval induction. All
VPCs have adopted an F fate.
Scale bar is 10 pm.
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Table 6 Vulval cell lineage analysis of class 3 and 4 mutants

VPCs
Genotype P3.p P4.p P5.p P6.p P7.p P8.p n
AF16 S/SS ) LLTN TTTT NTLL SS >50
lin(bh?) SS SS LLTN TTTT NTLL ) 4
S sS LLTN TTTT NTLL sS 1
S S S TTTT NTLL SS 1
S SS LLTN TTTT NTLL OOLL 1
S S ) TTTT NTLL SS 1
S SS LLTN TOOT S SS 1
S S S TTTT S S 1
lin(bh14) S S S TTTT OTLL S 1
S S LLTN TTTT NTLL S 2
S S LLTN TTTT NTLL ) 1
S S S TTTT S S 2
S ) NTOL TTTT S S 1
S S S ooTT S S 1
S S S TTTT S S 1
S S LLTN TTTT S S 2
lin(bh20) S S S S S S 13
S S S TTTT S S 3
S S S 0000 S S 1
S S S TTTD S S 1
S S S OTTT S S 1
lin(bh23) S S S S S S 12
lin(sy5336) ) ) LLLL LTTT LLLL SS 2
SS SS LLLL ODTO LLLL SS 1
S ) LLLL 0000 LLLL SS 1
SS SS LLLL OO0TO LLLL SS 1
S ) LLLL OoTOT LLLL SS 1

Cells attached to the cuticle are underlined. D, division plane not observed; L, longitudinal; O, oblique; N, no cell division; n, number of
animals scored; S, cell fused with syncytium; T, transverse plane of cell division.

signaling to promote vulval induction. A similar mechanism could
operate in C. briggsae as well, which would be consistent with the
results of our aforementioned cell ablation experiments in which P5.p
and P7.p often were induced in the absence of P6.p, possibly by
responding to a greater level of gonad-derived signal. To test this
directly, we monitored the effect of increased doses of LIN-3/EGF
on VPC induction in bh7, bhi4, and bh20 animals. A C. elegans lin-
3 transgene under the control of a heat shock promoter was intro-
duced in C. briggsae. This transgene was previously used in C. elegans
and causes a Muv phenotype (Katz et al. 1995). Heat shocks given
during early stages (0-18 hr post-L1) and late stages (30 hr post-L1
and beyond) had no effect on vulval development (Figure 4A and data
not shown). However, 20-28 hr post-L1, animals (VPC one-cell stage,
Pn.p) developed a Muv phenotype when subjected to heat shock
(Figure 4A). The Muv penetrance was highest at the 24 hr post-L1
time point (58%, see Figure 4A, AC visible in all cases at the time of
heat shock), which corresponds to the late-L2/early-13 stage and pre-
cedes the division of dorsal uterine precursors. All VPCs were in-

duced, although P3.p appeared to be somewhat refractory in this
assay (Figure 4C).

Next, we examined the effect of /in-3 overexpression in bh7, bhi4
and bh20 animals. Heat shocks at the 24 hr post-L1 time point in-
duced a Muv phenotype in b7 animals similar to the control (Figure
4B). The bh14 animals showed a similar but reduced response (Figure
4B). In contrast, no Muv phenotype was observed in bh20 animals
(Figure 4B). Examination of cell fates revealed that greater doses of
LIN-3 induced VPCs in all 3 genetic backgrounds, including 420 in
which P6.p was threefold more likely to be induced compared to the
control (Figure 4C). These results show that increased VPC induction
in class 3 mutants is most likely caused by the activation of a pathway
homologous to LIN-3/EGF signaling in C. elegans.

Class 3 mutations bh20 and bh23 are alleles

of Cbr-lin-39

The cell fusion defect in class 3 mutants was similar to that of C.
elegans with mutant Hox gene /in-39 alleles that cause P(3-8).p cells to

Table 7 Effect of cell ablations on VPC fates in class 3 mutants

VPC Fate (Induced/Uninduced)

ZZG3-Genes | Genomes | Genetics

Genotype P3.p P4.p P5.p P6.p P7.p P8.p n
mfls5(egl-17::gfp) 0/100 30/70 100/0 X 100/0 70/30 10
lin(bh?) 0/100 67/33 100/0 X 100/0 17/83 6
lin(bh14) 0/100 0/100 33/67 X 22/78 0/100 9

0/100 0/100 X X 100/0 0/100 1
lin(bh20) 0/100 0/100 15/85 X 5/95 0/100 19

‘x" denotes VPCs that were ablated during the early-L2 stage. See Table 5 for a description of VPC fates. Uninduced refers to F and 3° fates. n,

number of animals scored; VPC, vulval precursor cells.
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Figure 4 Effect of lin-3 overexpression on VPC induction in class 3 mutants. The bhEx31 transgenic strain carries a hs::lin-3 plasmid from C.
elegans (see Materials and Methods for details). (A) The graph shows the proportion of Pn.p (1-cell stage), Pn.px (2-cell stage), and Pn.pxx (4-cell
stage) bhEx31 animals at different time points of development (green and pink lines). The heat shock-induced Muv phenotype of bhEx31 is also
plotted (blue line). Almost 60% of animals, when subjected to heat shock at 24 hr after L1, develop a Muv phenotype. The Muv penetrance
decreases rapidly after the VPCs start to divide such that by 30 hr, when all VPCs have divided, heat shock has no effect on VPC induction (no Muv
phenotype develops). Pn.p and progeny stages were determined from a total of 16 to 20 animals for each time point. For Muv penetrance
analysis, each time point contained (starting from the L1+18 hr stage) 25, 63, 328, 118, 300, 214, 86, 25, and 81 animals, respectively. (B) The
graph shows the Muv phenotype in mutants after the heat shock at 24 hr. The Muv frequency in bh7 animals is similar to the control (bhEx31),
slightly reduced in bh14, and not present in bh20 animals. The number of animals examined in each case was 154 (control), 50 (bh7), 159 (bh14),
and 112 (bh20). (C) The pattern of VPC induction in animals plotted in graph B. Although all VPCs can be induced in the control and bh7 to varying
extents, only the central 3, P(5-7).p, do so in bh14, and only one (Pé.p) is induced in bh20 animals. For each genotype, we examined 32 (control),

70 (bh7), 37 (bh14), and 95 (bh20) animals.

fuse to surrounding hypodermis (Clark et al. 1993). Therefore, we
wanted to determine whether any of these are alleles of Cbr-lin-39.
Using Indel mapping, we had earlier placed lin(bh20) on the right arm
of chromosome 3 (Koboldt et al. 2010). This region includes C. ele-
gans lin-39 ortholog (http://www.wormbase.org). Therefore, we took
a candidate gene approach and sequenced the exonic regions of Cbr-
lin-39 in bh20 animals. A single point mutation (G9427 to A) was
found that is predicted to replace a conserved arginine (R) with glu-
tamine (Q) at position 169 in the homeodomain region (Figure 5A).
Considering that lin(bh23) animals show a similar but more severe
VPC induction defect, we suspected that this could be another allele of
Cbr-lin-39. Sequencing of the Cbr-lin-39 region in this strain identified
a 364 bp deletion affecting the promoter and translational start site
(Figure 5A).

We also carried out a transgene rescue experiment for lin(bh20)
animals using a C. elegans lin-39-rescuing genomic DNA clone. Ex-
amination of transgenic animals revealed a rescue of the VPC com-
petence defect in both cases (Table 5). The Egl defect also was rescued
in these lines (animals laying eggs: bhEx132 83%, n = 29 and bhEx134
24%, n = 124; compared with 4% in bh20 alone, n = 140).

Pn.p cells lack competence and are irregularly placed in
Cbr-lin-39 mutants

In C. elegans, lin-39 acts at multiple times during vulval development.
In the L1 and L2 stages, it prevents Pn.p cells from fusing to hyp7
(Clark et al. 1993). Later on in stage L3, it is up-regulated by Ras
signaling to promote vulval induction (Maloof and Kenyon 1998). To
determine whether Cbr-lin-39 mutants cause cell fusion defects in
C. briggsae, we used a junction-associated marker dlg-1::GFP (Seethara-
man et al. 2010). In wild-type AF16, P(3-8).p remain unfused in the
late-L1 and L2 stages and become competent to form the vulval tissue
(Figure 5B). In the majority of bh20 animals, the corresponding cells
were fused by early-to-mid-L2 stage (60.7%, n = 28). In the remaining
cases, one or two Pn.p cells were protected (P5.p and P6.p 21.4% and
P6.p alone 17.8%, n = 28; Figure 5C). The proportion of animals with
unfused cells was much lower at later stages and was limited to P6.p
(mid-L3 stage: P6.p 30.8%, n = 13; L4 stage: P6.p 12.5%, n = 24).
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As it has been previously reported that the spacing of Pn.p cells in
the ventral hypodermis is less regular in C. elegans lin-39 mutants
(Clark et al. 1993), we measured VPC spacing in Cbr-lin-39 animals.
Our results agreed with the findings in C. elegans and revealed that
both Cbr-lin-39 alleles cause greater variability in VPC placement
(Figure 5, D and E). Although all inter-VPC distances were affected,
the phenotype was most pronounced in the P6.p-P7.p pair. Inter-
estingly, the P5.p-P6.p pair in C. briggsae showed the reverse of
C. elegans.

bh20 is epistatic to Cbr-pry-1(sy5353)

We recently demonstrated a conserved role for pry-1—mediated Wnt
signaling in 2° VPC fate specification (Seetharaman et al. 2010). In
Cbr-pry-1, animals P5.p and P6.p are always induced, but P7.p often is
not (Figure 5F). The inability of P7.p to contribute to vulval tissue is
likely due to a change in cell fate as judged by its small nucleus and
P12.pa-like appearance. Cbr-pry-1 mutants also exhibit ectopic induc-
tion of P3.p and P4.p and to some extent P8.p, resulting in the
formation of multiple ventral protrusions (pseudovulvae). Thus, both
a lack of induction (P7.p) and excessive induction phenotypes are
observed in Cbr-pry-1 animals.

Given that [in-39 acts genetically downstream of pry-1 in C. elegans
(Gleason et al. 2002), we examined the genetic interaction of Cbr-lin-39
with Cbr-pry-1. As expected, Cbr-lin-39(bh20) suppressed the increased
induction phenotype of Cbr-pry-1(sy5353). Ectopic vulval induction
was inhibited due to VPCs frequently adopting F fates (n = 42; P6.p
was induced in 24% cases; Figure 5G). However, the small nucleus
phenotype of P7.p, P8.p, and P11.p was not suppressed by bh20 (Figure
5G and data not shown). Therefore, one of the following may be true:
either the residual activity of Cbr-lin-39 in bh20 animals is greater than
the threshold needed for VPC size specification or Cbr-lin-39 mediates
only a subset of Cbr-pry-1 function.

Class 4 mutations affect vulval invagination

and morphology

This class consists of seven mutants, all of which have defective vulval
morphology (Table 8). Microscopic observations revealed that the
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Figure 5 Genomic organization and mutant phenotypes of [in-39. (A) C. briggsae lin-39 open reading frame. Exons are represented by thick lines.
The positions of the homeodomain and two mutations are shown. (B, C) Unfused VPCs revealed by dlg-1::GFP expression. (B) Wild-type AF16 and
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animals have the correct number of VPCs and their progeny but the
cells fail to invaginate correctly (Figure 6). In addition to the Egl
phenotype, the adults exhibit a Pvl phenotype (Table 8). Complemen-
tation and mapping experiments revealed a total of five loci, three of
which are located on chromosome 1 with the others on chromosome
5 and the X chromosome (Table 3). Two of the chromosome 1 genes
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have additional alleles (b/113 and sy5197 on the left arm, sy5336 and
55368 close to the center).

The 575336 and sy5368 mutations cause a fully penetrant Egl phe-
notype. A distinctive feature of these animals, with regards to egg
laying, is rudimentary vulval invagination and defects in the connec-
tion of the vulva to the uterus (Figure 6B). The analysis of VPC
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Table 8 Vulval morphology defects in class 4 mutants

Gene Allele  Abnormal Vulval Morphology Pvl
linlbh13)  bh13 71% (69) 29% (110)
sy5197 51% (39) ND
linlbh25)  bh25 47% (36) 7.4% (148)
linbh26)  bh2é 86% (51) 51.8% (110)
lin(sy5425) sy5425 83% (35) 17.9% (95)
lin(sy5336) sy5336 100% (100) 83.9% (152)
sy5368 100% (100) 51.2% (162)

Number of animals scored are shown inside parentheses. ND, not done; Pvl,
protruding vulva.

lineages revealed errors in cell divisions and adherence properties of
some of the 2° lineage cells (Table 6). Other phenotypes included low
brood size (sy5336: 21 = 5, n = 11; sy5368: 10 £ 2, n = 12) and
defective mating. The hermaphrodites are unable to mate at all,
whereas males can mate, although very poorly (data not shown).

The bhi3 and sy5197 animals are small and mildly sluggish. Some
also have abnormally folded gonad arms. These phenotypes accom-
pany Egl and vulval invagination defects in both outcrossed strains
(Tables 4 and 8, Figure 6C), suggesting they are linked to a single gene.
We looked at the vulval morphology in L4 stage animals and found
that the 1° lineage cell nuclei are abnormally placed. In addition, the
utse cannot be clearly observed in these animals (Figure 6C). A com-
bination of the vulva and utse defects appears to cause a physical block
in the egg-laying passage.

The vulval morphology defect in bh26 animals shares some sim-
ilarity with that of bh13 animals (Figure 6D compared with Figure
6C). Specifically, the nuclei of the 1° lineage cells fail to migrate
correctly, thereby blocking the connection between the vulva and
the uterus. We also observed defects in the migration of the AC
and a lack of utse (Figure 6D). Other defects included abnormal gonad
arms and sterility.

The remaining two class 4 mutants, lin(bh25) and lin(sy5425), have
weaker Egl and Pvl phenotypes compared with others in this category
(Table 8). In both cases, vulval cells invaginate and form finger-like
structures, but the overall morphology is abnormal (Figure 6, E and
F). The penetrance of the vulval defect is greater in sy5425 compared
with bh25, although an opposite trend was observed for the Egl phe-
notype. We also noted that the utse is somewhat thicker in bh25
animals (Figure 6E), although its contribution to the Egl phenotype
is unclear. Interestingly, some sy5425 animals showed ectopic P4.p
and P8.p induction. This phenotype is present in the outcrossed strain,
so it is either caused by the same mutation or another very closely
linked mutation. More work is needed to distinguish between these
two possibilities. We also observed significant embryonic and early
larval lethality in the sy5425 strain (18%, n = 284).

Cbr-lin-11 mutations disrupt vulva and

utse morphogenesis

The vulva and utse defects of lin(sy5336) and lin(sy5368) animals
strongly resemble those of C. elegans lin-11 mutants (Ferguson et al.
1987; Newman et al. 1999). In addition, the thermotaxis defect of the
animals is also similar [(Hobert et al 1998) Figure 7B], which is
reflected in their lack of preference to the cultivation temperature.
Therefore, we carried out transgene rescue experiments to examine
whether these two lines carry mutant alleles of Cbr-lin-11. Stable lines
carrying a 19-kb genomic clone of C. elegans lin-11 (bhEx78 and
bhEx148, on the sy5336 genetic background) showed rescue of the
vulva, utse, and Egl defects (bhEx78: 47% wild-type vulva and utse,

1636 | D. Sharanya et al.

Figure 6 Vulval morphology defects in class 4 mutants. Animals were
examined at mid-L4 stage. Arrows mark the center of invagination. (A)
Wild type. The utse is visible as a thin line above the vulva. (B) The 2°
lineage vulval cells fail to invaginate (shown by brackets). The utse
cannot be clearly identified. (C, D) The vulval opening is blocked
due to a failure in the migration of the 1° lineage cells. (E, F) Vulval
invagination is abnormal. In addition, the utse in a bh25 animal (E) is
thicker compared with the wild type. Scale bar is 10 pm.

n = 32, non-Egl 8%, n = 25; bhEx148: 71% wild-type vulva and utse,
n = 31, non-Egl 12.5%, n = 48; compared with Cbr-lin-11 mutants in
Table 8). We also sequenced the Cbr-lin-11 locus in both alleles and
identified molecular changes that are predicted to disrupt splicing in
the homeobox region (Figure 7A, also see Materials and Methods).

The aforementioned rescue experiments demonstrate that C. ele-
gans lin-11 can substitute for Cbr-lin-11 function in C. briggsae and
suggest that /in-11 function is evolutionarily conserved. This is also
supported by the analysis of the cDNA and protein sequences. The
lin-11 cDNA (C. elegans: 1218 bp, 10 exons; C. briggsae: 1239 bp, 10
exons) (see Figure S3 for C. briggsae sequence) is 80% conserved, and
the corresponding proteins are 87% identical (94% similar).

To examine the vulval defect in Cbr-lin-11 animals, we used the
two GFP-based markers Cbr-egl-17 (mfls5) and Cbr-zmp-1 (mfIs8). In
C. elegans, egl-17 and zmp-1 have been used extensively in cell fate
specification studies (Cui and Han 2003; Gupta et al. 2003; Inoue et al.
2002). The dissection of the regulatory regions of these genes has
revealed evolutionarily conserved sequences (Kirouac and Sternberg
2003). In the wild-type C. briggsae, the earliest expression of Cbr-egl-
17:gfp is observed in mid/late-L4 stage animals in the presumptive
vulC and vulD (Seetharaman et al. 2010). In the case of Cbr-zmp-1::
gfp, GFP fluorescence is primarily observed in the presumptive vulE
(Seetharaman et al. 2010). We found that the expression of both
markers was absent in Cbr-lin-11(sy5336) animals (Table 9). This re-
sult supports our previous findings and a crucial role of lin-11 in
vulval cell differentiation (Gupta et al. 2003).

Despite the high conservation in /in-11 sequence and function, we
did observe an interesting difference in the AC placement between the
two species. Unlike C. elegans lin-11 animals, in which ACs fail to
migrate and are located on the vulval apex in most animals (1389:
81.1%, n = 53; Figure 7C), no such phenotype was observed in C.
briggsae (sy5336: 0%, n = 47 and sy5368: 0%, n = 52; Figure 7D).

DISCUSSION
We report the isolation and characterization of mutations in 13 genes
in C. briggsae that are involved in the development and function of the
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egg-laying system. To date, this is the largest set of genes identified by
a forward genetics approach in this species. Ten of these genes are
involved in various steps of vulval development (Figure 8). Transgene
rescue and molecular analyses have revealed that three genes are
orthologs of unc-84, lin-39, and lin-11. Together, these mutant strains
serve as valuable tools for comparative and evolutionary studies. An-
other genetic screen in C. briggsae was previously carried out to iden-
tify dauer pathway genes (Inoue et al. 2007). The screen identified
several mutations, including alleles of Cbr-daf-2 (insulin receptor),
Cbr-daf-3 (Smad), and Cbr-daf-4 (TGF-B family receptor). Genetic
studies revealed that although the functions of C. elegans orthologs are
conserved in C. briggsae, the two species exhibit differences in their
temperature sensitivities. Thus, comparative genetics approaches are
useful for revealing the similarities and differences in biological pro-
cesses between C. elegans and C. briggsae.

Egl phenotype-based genetic screens were first carried out in C.
elegans and led to the identification of many genes involved in vulval
development (Ferguson and Horvitz 1985; Trent et al. 1983). Char-
acterization of their function revealed a genetic pathway for the for-
mation of the vulva (Ferguson et al. 1987). During the past decade and
a half, this knowledge has been extended to other distant species, such
as P. pacificus and O. tipulae, resulting in a better understanding of the
evolutionary changes in the mechanism of vulva formation. Screens in
O. tipulae have identified several mutations affecting vulva formation.
Although the majority of these cause defects in VPC division and
competence (Dichtel et al. 2001; Louvet-Vallee et al. 2003), others
affecting vulva centering and hyper- and hypo-induced phenotypes
also have been identified (Dichtel et al. 2001). Similar mutant classes
have been found in P. pacificus screens as well (Eizinger et al. 1999;
Sommer 2005). Compared with C. elegans, the phenotypic spectrum
in these two species is quite different. For example, mutations affecting
Pn.p fate (e.g,, 1° converted to 2° or 3°) were recovered quite fre-
quently in C. elegans but not in O. tipulae or P. pacificus. Interestingly,
our screens in C. briggsae also revealed differences from C. elegans. We
did not find Pn.p fate mutants, and one-half of the mutants examined
show defects in cell invagination and morphogenesis (Table 8, Figure
8). It is not clear whether this phenotypic distribution is typical in C.
briggsae or whether it results from the lack of saturation in the screen
or another reason. It is worth pointing out that in our experience, Egl
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Figure 7 Genomic organization of Cbr-lin-11
and mutant phenotypes. (A) Cbr-lin-11 open
reading frame showing LIM and homeodo-
main regions as well as mutations. Both
alleles affect the homeodomain region. (B)
Graph shows the thermotaxis response of
the wild-type and lin-11 animals. Wild-type
animals prefer to live near the temperature
at which they were initially grown, whereas
lin-11 animals do not demonstrate such be-
havior. Instead, they are thermophilic. (C) lin-
11(n389). The AC is located at the wvulval
apex. (D) Cbr-lin-11(sy5336). No AC can be
observed at the corresponding location (as-
terisk). Scale bar in C and D is 10 pm.

animals in C. briggsae are more difficult to identify in a standard F2
screen in the presence of predominantly non-Egl worms. This may be
at least partly caused by the tendency of C. briggsae to retain fewer
eggs in the uterus compared to C. elegans (B. P. Gupta, unpublished
results; T. Inoue and M. A. Felix, personal communications). The
difficulty in isolating Egls could have limited the recovery of vulva-
specific mutants and the phenotypic classes in our screens. Future
genetic screens using different approaches will help to address this issue.
Furthermore, combining a vulva-specific GFP reporter with an Egl
phenotype may be a useful approach, as it will minimize the recovery
of non-vulval mutations.

Phenotypic classes recovered in our screen
We have isolated four phenotypic classes of worms, all of which affect
egg laying. Mutations in one of these (class 1) have normal vulva and
utse morphologies. To investigate the role of sex muscles and HSNS,
we used serotonin and fluoxetine drugs to induce egg laying. sy5395
mutants showed a mild but obvious increase in egg laying in response
to serotonin, suggesting that the muscle function is intact. However,
bh2 and bh21 did not respond to any of the drugs, suggesting that
muscle function may be impaired.

The class 2 mutations sy5505 and sy5506 affect nuclear migration in
a temperature-dependent manner. Both alleles cause animals to develop
Egl and Unc phenotypes due to the failure of P nuclei to migrate into
the ventral cord region. The phenotype of unc(sy5506) animals can be
rescued by a C. elegans unc-84 transgene, suggesting that sy5506 is an
allele of Cbr-unc-84. This conclusion is also supported by our mapping
and allele sequencing data. The remaining two classes of mutations alter
the number of vulval progeny and vulval invagination. Cbr-lin-39 is
required for the maintenance of VPC competence and appears to act

Table 9 Expression of vulval cell fate markers in Cbr-lin-11 mutants

Genotype GFP Fluorescence in Vulval Progeny n
mfls5 (egl-17::gfp) vulC: 79%, vulC and vulD: 21% 113
sy5336; mflss None 104
mfls8 (zmp-1::gfp)  vulA: 2%, vulE: 91%, vulA and vulE: 7% 128
sy5336; mfls8 None 61

GFP, green fluorescent protein; n, number of animals scored.
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downstream of Cbr-pry-1/axin-mediated Wnt signaling. Cbr-lin-11
controls vulval cell differentiation and tissue morphogenesis. Both genes
belong to conserved families of transcription factors (the Dfd/Scr-
related Hox family and the LIM-Hox family, respectively).

Nuclear migration in C. briggsae is mediated by

a conserved SUN domain protein

Nuclear migration plays important roles in diverse cellular processes,
including cell division, cell polarity and cell migration. In C. elegans,
well-studied nuclear migration events are observed with the hyp7
syncytium (dorsal side of the hypodermis) and a set of hypodermal
blast cells (P cells) that form the vulva. Genetic analysis of these events
has revealed that UNC-83 (KASH domain) and UNC-84 (SUN do-
main) proteins form a bridge-like structure to connect the nucleus to
microtubules, motor proteins, and other cytoskeletal components. The
movement of Kinesin and Dynein motors in a coordinated manner
causes the nucleus to move in a specific direction. The vulval defects in
C. briggsae sy5505 and sy5506 animals are typical of unc-83 and urnc-
84 mutants. Both alleles exhibit a temperature-sensitive phenotype
and display Egl and Unc phenotypes. The phenotypes of sy5506 ani-
mals can be efficiently rescued by a C. elegans unc-84 genomic clone,
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Cbr-unc-84

unc(sy5505)

Cbr-lin-39

lin(bh7)

lin(bh14)
Figure 8 Vulval development in C. briggsae and the
proposed roles of genes described in this study. P-cell
migration into the ventral hypodermal region is medi-
ated by the class 2 genes. Subsequently, P cells divide,
and six of their posterior daughters (Pn.p, n = 3—8),
termed VPCs, become capable of giving rise to the vul-
val tissue. Their competence appears to be regulated
by the class 3 genes. VPC progeny differentiate and
undergo morphogenetic changes during the L3 and
L4 stages. The class 4 genes are required in these
processes.

Cbr-lin-11

lin(bh13)

lin(bh25)

lin(bh26)

lin(sy5425)

which demonstrates that unc-84 plays a conserved role in nuclear
migration in both species.

Genes affecting cell fusion in C. briggsae
We isolated two alleles of Cbr-lin-39, both of which prevent VPC
induction. In C. elegans, P(3-8).p escape fusion in the L1 and L2 stages
and remain competent to respond to induction during the L3 stage
(Sternberg 2005). This process is regulated by lin-39 (Clark et al.
1993). The expression of /in-39 at the L2 stage appears to be partly
controlled by BAR-1/B-catenin—mediated Wnt signaling because in
bar-1 mutants, lin-39 expression in VPCs is reduced, resulting in
fusion of some VPCs to the hyp7 syncytium (Eisenmann et al
1998). Our experiments on Cbr-lin-39 suggest that the function of
lin-39 in VPC competence is conserved in C. briggsae. This finding
is supported by the analysis of mutant phenotype, rescue experiments,
cell fusion studies using the dlg-1::GFP marker, and genetic interaction
with Cbr-pry-1 (Axin family). Our previous results involving RNA
interference—mediated knockdown of Cbr-lin-39 (Seetharaman et al.
2010) also support these findings.

lin-39 orthologs also have been identified in O. tipulae and
P. pacificus. Oti-lin-39 appears to control VPC competence by

= G3-Genes | Genomes | Genetics


http://www.wormbase.org/db/get?name=Cbr-pry-1;class=Gene
http://www.wormbase.org/db/get?name=Cbr-lin-11;class=Gene
http://www.wormbase.org/db/get?name=UNC-83;class=Gene
http://www.wormbase.org/db/get?name=UNC-84;class=Gene
http://www.wormbase.org/db/get?name=sy5505;class=Variation
http://www.wormbase.org/db/get?name=sy5506;class=Variation
http://www.wormbase.org/db/get?name=unc-83;class=Gene
http://www.wormbase.org/db/get?name=unc-84;class=Gene
http://www.wormbase.org/db/get?name=unc-84;class=Gene
http://www.wormbase.org/db/get?name=WBPhenotype%3A0000640;class=Phenotype
http://www.wormbase.org/db/get?name=WBPhenotype%3A0000643;class=Phenotype
http://www.wormbase.org/db/get?name=sy5506;class=Variation
http://www.wormbase.org/db/get?name=unc-84;class=Gene
http://www.wormbase.org/db/get?name=unc-84;class=Gene
http://www.wormbase.org/db/get?name=Cbr-lin-39;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene
http://www.wormbase.org/db/get?name=BAR-1;class=Gene
http://www.wormbase.org/db/get?name=bar-1;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene
http://www.wormbase.org/db/get?name=Cbr-lin-39;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene
http://www.wormbase.org/db/get?name=Cbr-pry-1;class=Gene
http://www.wormbase.org/db/get?name=Cbr-lin-39;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene
http://www.wormbase.org/db/get?name=lin-39;class=Gene

preventing fusion of Pn.p cells in the late-L1/early-L2 stages (Louvet-
Vallee et al. 2003). However, the function of Ppa-lin-39 appears to have
diverged. In Ppa-lin-39 mutants, VPCs undergo programmed cell death
instead of fusing with the hypodermis (Eizinger and Sommer 1997).
Taken together, these findings suggest that although /in-39 function is
conserved in Caenorhabditis and Oscheius species, it has acquired new
roles in Pristionchus. In the future, analysis of the role of /in-39 in
additional nematode species will allow for a more detailed comparison
of its roles in vulval development.

In addition to Cbr-lin-39, we have uncovered two other loci, lin
(bh7) and lin(bhi4), that control VPC competence. The phenotype of
both mutants is weaker than that of bh20 animals, perhaps due to
weak hypomorphic alleles. Alternatively, these genes may have some
redundant function. More alleles are required to distinguish between
these two possibilities. The induction of P5.p and P7.p in bh7 and
bh14 animals is frequently affected. To test the induction potential of
these two VPCs, we carried out two complementary experiments. We
examined their pattern of division after ablation of P6.p. Furthermore,
the effect of lin-3 overexpression was investigated. We found that in
the absence of P6.p, the P5.p and P7.p cells were induced to various
extents, suggesting that these VPCs can respond to inductive signal.
This conclusion is strongly supported by the /in-3 dosage experiments.
High doses of /in-3 during the L2 stage caused ectopic VPC induction,
resulting in a Muv phenotype. We can therefore conclude that class 3
genes interact with a LIN-3-like inductive signal to regulate VPC
competence in C. briggsae.

lin-11 is a key regulator of vulval morphogenesis

lin-11 is a founding member of the LIM homeobox family of genes.
Mutations in /in-11 were originally isolated in genetic screens for worms
that failed to lay eggs (Ferguson and Horvitz 1985). Subsequently, phe-
notypic analyses showed a wide-range of defects affecting vulval mor-
phology (Freyd et al. 1990; Gupta et al. 2003), utse formation (Newman
et al. 1999), and neuronal differentiation (Hobert et al. 1998; Sarafi-
Reinach et al. 2001). C. briggsae lin-11 mutants exhibit defects in the
egg-laying system similar to those observed in C. elegans lin-11 animals.
Thus, vulval cells fail to invaginate, and a functional connection between
the vulva and the uterus is not established. These phenotypes can be
rescued by a C. elegans lin-11 genomic fragment, suggesting that [in-11
regulatory and coding sequences are evolutionarily conserved. This sup-
ports our previous conclusions on the conservation of /in-11 regulation
by Wnt and LIN-12/Notch signaling pathways in the vulva and  cell
differentiation (Marri and Gupta 2009).

Outside the reproductive system, lin-11 also is involved in the
differentiation of several olfactory and chemosensory neurons (Sar-
afi-Reinach et al. 2001). We have not yet characterized the neuronal
role of Cbr-lin-11 in detail, but we have found that Cbr-lin-11 mutants
have a thermotaxis defect similar to that reported in C. elegans lin-11
animals. Thus, similar to the egg-laying system, the role of lin-11 in
thermosensory behavior is also conserved. The recovery of Cbr-lin-11
alleles provides a unique opportunity to investigate the mechanism of
cell differentiation in C. briggsae and C. elegans.

DSD in C. briggsae vulva formation

Kiontke et al. 2007 had earlier reported variations in several steps of
vulva formation in Rhabditid species. These included changes in Pn.p
cell competence, cell division pattern, and vulva position. The pheno-
typic analysis of C. briggsae vulva mutants and molecular cloning of
the 3 loci in which the mutations are located has revealed DSD in
homologous processes. We observed interesting differences in at least
three cases. First, the P5.p-P6.p inter-VPC distance in /in-39 mutants
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tends to be lower in C. briggsae than in C. elegans. Second, /in-39 does
not interact with pry-1 to enhance the small nuclear size phenotype of
posterior Pn.p cells in C. briggsae as it does in C. elegans (Penigault
and Felix 2011b). Finally, Cbr-lin-11 animals do not show AC migra-
tion defects, which is one of the hallmarks of /in-11 mutants in C.
elegans. These results reveal the differences in developmental mecha-
nisms that exist despite conservation of vulval morphology in these
two species.

C. briggsae as a model for the study of

vulval development

C. briggsae is increasingly being used in comparative developmental
and evolutionary studies. In recent years, a number of publications
have described processes such as sex determination (Guo et al. 2009;
Hill et al. 2006; Kelleher et al. 2008), dauer formation (Inoue et al.
2007), pheromone receptor signaling (McGrath et al. 2011), embryo-
genesis (Lin et al. 2009; Zhao et al. 2008), and vulva formation in C.
briggsae (Felix 2007; Hoyos et al. 2011; Marri and Gupta 2009; Pen-
igault and Felix 2011a; Seetharaman et al. 2010). The findings have
revealed similarities and differences in developmental processes.

The analysis of the vulval precursor fates in C. briggsae has revealed
the role of conserved signaling pathway genes such as Ras, Notch, and
Wnt. However, a detailed examination of gene function and pathways
could not be carried out due to the lack of mutations affecting specific
steps in the vulval development process. The mutations described in this
study represent the first systematic effort in C. briggsae to investigate the
genetic basis of vulva formation. Future work is needed to reveal the
mechanism of gene function and to further compare C. briggsae to C.
elegans. The results will ultimately help clarify how distinct processes
form almost identical vulval structures in these two species.
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The C. elegans hermaphrodite vulva serves as a paradigm for understanding how signaling pathways control
organ formation. Previous studies have shown that Wnt signaling plays important roles in vulval
development. To understand the function and evolution of Wnt signaling in Caenorhabditis nematodes we
focused on C. briggsae, a species that is substantially divergent from C. elegans in terms of the evolutionary
time scale yet shares almost identical morphology. We isolated mutants in C. briggsae that display multiple
pseudo-vulvae resulting from ectopic VPC induction. We cloned one of these loci and found that it encodes

Keywords:

Nejll'natode an Axin homolog, Cbr-PRY-1. Our genetic studies revealed that Cbr-pry-1 functions upstream of the canonical
C. elegans Wnt pathway components Chr-bar-1 (3-catenin) and Cbr-pop-1(tcf/lef) as well as the Hox target Cbr-lin-39
C. briggsae (Dfd/Scr). We further characterized the pry-1 vulval phenotype in C. briggsae and C. elegans using 8 cell fate

Vulval development
Signal transduction
Whnt signaling

markers, cell ablation, and genetic interaction approaches. Our results show that ectopically induced VPCs in
pry-1 mutants adopt 2° fates independently of the gonad-derived inductive and LIN-12/Notch-mediated
lateral signaling pathways. We also found that Cbr-pry-1 mutants frequently show a failure of P7.p induction.
A similar, albeit low penetrant, defect is also observed in C. elegans pry-1 mutants. The genetic analysis of the
P7.p induction defect revealed that it was caused by altered regulation of lin-12 and its transcriptional target
lip-1 (MAP kinase phosphatase). Thus, our results provide evidence for LIN-12/Notch-dependent and

independent roles of Wnt signaling in promoting 2° VPC fates in both nematode species.

© 2010 Elsevier Inc. All rights reserved.

Introduction

Multicellular organisms have evolved complex cell communication
machinery that enables cells to recognize and respond to a diverse range
of extracellular signals. This interaction is crucial for the survival of
organisms and their ability to function as coherent systems. Commu-
nication between cells and their environment is mediated by receptors
that interact with specific ligands to transduce the signal into the cell.
This leads to the activation of a cascade of intracellular proteins, many of
which are components of a relatively small set of evolutionarily
conserved signaling pathways, such as Ras, Notch, and Wnt (Bray,
2006; Eisenmann, 2005; Logan and Nusse, 2004; Sundaram, 2005).
Among these, the Wnt signaling pathway has been shown to control
diverse developmental processes including cell proliferation, cell
polarity, and cell migration (Eisenmann, 2005; Widelitz, 2005). Studies
on Wnt signaling have identified several genes that encode pathway
components such as Wnt (ligand), Frizzled (receptor) and -Catenin
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(transcriptional regulator). Analysis of their function has revealed that
in normal cells, in the absence of Wnt ligands, 3-Catenin is actively
degraded by the action of a protein complex that contains scaffolding
proteins Axin and APC and a serine/threonine kinase GSK3f (Logan and
Nusse, 2004). The interaction of Wnts with Frizzled receptors activates
the pathway leading to the dissociation of this complex, allowing
cytoplasmic B-Catenin to translocate to the nucleus and interact with
the TCF/LEF factor to regulate gene transcription.

The nematode C. elegans is a leading model organism to
understand the mechanism of Wnt signaling function in development.
Genetic studies in C. elegans have shown that Wnt signaling controls
multiple processes including embryonic patterning, gonadogenesis,
neuronal differentiation, male hook formation, and vulval develop-
ment (Eisenmann and Kim, 2000; Eisenmann et al., 1998; Gleason
et al.,, 2002; Maloof et al., 1999; Rocheleau et al,, 1997; Salser and
Kenyon, 1992; Siegfried and Kimble, 2002; Sternberg and Horvitz,
1988; Thorpe et al., 1997; Yu et al., 2009). The downstream targets of
the pathway include three Hox genes, lin-39 (Deformed/Sex combs
reduced (Dfd/Scr) family), mab-5 (Antennapedia/Ultrabithorax/ab-
dominal-A (Antp/Ubx/Abd-A) family) and egl-5 (Abdominal-B (Abd-
B) family) that are expressed in multiple tissues and control diverse
cell fates (Eisenmann, 2005; Kenyon et al., 1997).

Due to its simplicity, the C. elegans vulva has been successfully
used to study the regulation and function of Wnt signaling pathway
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components. The vulva develops from three of six ventral hypodermal
cells (termed P3.p to P8.p) that escape fusion to the surrounding
hypodermal syncytium, hyp7, during the L1 stage and become vulval
precursor cells (VPCs). This process is mediated by lin-39 since all Pn.p
cells in lin-39 mutants fuse to hyp7 in the L1 stage. The lin-39 activity
is also required during the L2 stage to prevent VPCs from fusing to
hyp7, and maintaining their competence to respond to patterning
signals. The L2-stage expression of lin-39 is positively regulated by the
BAR-1 (p-Catenin)-mediated canonical Wnt signaling pathway. In
bar-1 mutants lin-39 activity is greatly reduced which causes VPCs to
inappropriately fuse with hyp7 (Eisenmann et al., 1998). The other
Wnt pathway components that regulate VPC competence include 5
Wnt ligands (LIN-44, CWN-1, CWN-2, EGL-20, and MOM-2), 3 Frizzled
receptors (LIN-17, MOM-5, and MIG-1), PRY-1 (Axin), and POP-1
(TCF/LEF) (Eisenmann, 2005; Gleason et al., 2002; Gleason et al.,
2006; Inoue et al., 2004). The expression analysis of Wnt pathway
genes has revealed that multiple tissues could act as sources of Wnt
signals (including gonad, muscles, and many cells in the tail region)
(Gleason et al., 2006; Herman et al., 1995; Inoue et al., 2004; Whangbo
and Kenyon, 1999). The finding that Wnt ligands form anteroposterior
gradient and pattern certain cell fates (Coudreuse et al., 2006)
provides support to a model that similar signals originating from non-
vulval tissues may differentially affect VPC fates.

In addition to Wnt, VPCs also respond to inductive signaling
initiated by the LIN-3/Epidermal Growth Factor (EGF) ligand and
lateral signaling via the LIN-12/Notch receptor (Greenwald, 2005;
Sternberg, 2005). The LIN-3/EGF, secreted by a gonadal anchor cell
(AC), interacts with the LET-23/EGF receptor and initiates a MPK-1/
MAP kinase-mediated signaling pathway in VPCs. This causes P6.p to
adopt a 1° fate. The interactions between P(5-7).p, mediated by LIN-
12/Notch lateral signaling, confers a 2° fate on P5.p and P7.p. The
induced VPCs, P(5-7).p, divide during L3/1L4 stages to generate 22
progeny that differentiate to form 7 different cell types (vulA to vulF)
(Sharma-Kishore et al., 1999). The remaining uninduced VPCs (P3.p,
P4.p and P8.p) adopt a 3° fate and fuse to hyp7. The presence of
various regulators of the signaling pathways, genetic redundancies, as
well as crosstalks between pathways, ensures that a 3°-3°-2°-1°-2°-3°
spatial pattern is reproducibly generated.

The simplicity and ease of experimental manipulations of the vulva
has facilitated comparative developmental analysis among nematode
species. These findings have revealed similarities and differences in
some of the underlying developmental mechanisms (Eizinger and
Sommer, 1997; Felix, 2005, 2007; Sommer, 2005; Sommer and
Sternberg, 1996; Tian et al., 2008; Zheng et al., 2005). For example, the
lin-17/Frizzled receptor ortholog in Pristionchus pacificus represses
vulval cell fates, whereas in C. elegans lin-17 promotes VPC
competence and cell fates (Eisenmann, 2005; Zheng et al., 2005).
The P. pacificus and Oscheius tipulae lin-39 orthologs represent another
case of evolutionary conservation and divergence of gene function.
While the O. tipulae lin-39 promotes VPC competence similar to lin-39
in C. elegans (Louvet-Vallee et al., 2003), the P. pacificus lin-39
prevents VPCs from undergoing programmed cell death (Eizinger and
Sommer, 1997).

Among the species that are closely related to C. elegans, C. briggsae
is used extensively in comparative studies (Gupta et al., 2007).
Although the two species diverged roughly 30 million years ago
(Cutter, 2008), morphologically they appear very similar. This
provides a unique opportunity to study gene function and signaling
pathways in specifying homologous processes. We are taking a
forward genetics approach to study the mechanism of vulval
development in C. briggsae. This work focuses on pry-1 (Axin family)
and its interactions with Wnt and LIN-12/Notch signaling pathway
components in VPC fate specification. We found that the Cbr-pry-1
mutants display a unique pattern of vulval induction defect that is
characterized by ectopically induced P3.p, P4.p, and P8.p, and an
uninduced P7.p. The genetic analysis of Cbr-pry-1 interaction with

other genes revealed that Cbr-bar-1 (B-catenin)-Cbr-pop-1 (tcf/lef)-
mediated canonical Wnt signaling plays an essential role in promoting
VPC competence and cell proliferation in C. briggsae. The downstream
targets of the pathway include the Hox gene Cbr-lin-39. To understand
the mechanism of pry-1-mediated Wnt signaling function we used a
combination of cell fate markers, laser microsurgery, and genetic
interaction experiments. The findings show that ectopically induced
VPCs in pry-1 mutants, in both C. elegans and C. briggsae, acquire 2°
fate independently of the gonad-derived inductive signaling and LIN-
12/Notch-mediated lateral signaling pathways. However, interest-
ingly, in the case of P7.p our data suggests that pry-1 acts genetically
upstream of lin-12 and its transcriptional target lip-1 to promote
vulval cell fate. Taken together these findings reveal that Wnt
signaling utilizes multiple mechanisms to specify the spatial pattern
of VPC fates in C. elegans and C. briggsae.

Materials and Methods
Strains and general methods

The general methods for culturing and genetic manipulations have
been previously described (Brenner, 1974). All experiments were
carried out at 22 °C unless otherwise noted. The staging of animals
was primarily based on the gonad morphology as described in
Wormatlas (Hall and Altun, 2008). The gonad arms initiate turning
during mid-L3 stage and by mid-L4 stage arms are in close proximity
to the center of vulval invagination formed by P(5-7).p progeny.

Various mutations used in this study are listed below in the
alphabetical order. Where known, the locations of mutations and
transgenic strains are indicated. The ‘Cbr’ prefix denotes the C. briggsae
ortholog of a C. elegans gene.

C. briggsae: AF16 (wild type), Cbr-pry-1 (sy5353) I, Cbr-pry-1
(sy5270) I, Cbr-pry-1(sy5411) I, Cbr-unc-119(st20000) IIl, mfls5[Cbr-
egl-17::GFP, myo-2::GFP], mfls8Cbr-zmp-1::GFP, myo-2::GFP], mfls29
[lip-1::GFP, myo-2::GFP], mfEx33[dlg-1::GFP, myo-2::dsRed], mfls42[sid-
2(+ ), myo-2::dsRed], bhEx59[hsp::Cbr-pry-1, myo-2::GFP], bhEx83[Cbr-
pry-1-5 kb::GFP, unc-119(+ )], bhEx84[Cbr-pry-1-3.8 kb::GFP, unc-119
(+)]

C. elegans: N2 (wild type), lin-12(n137) III, lin-12(n952) I, lin-12
(n676n909) IiI, lip-1(zh15) 1V, pop-1(hu9) I, pry-1(mu38) I, unc-119
(ed4) 1lI, ayls4[egl-17::GFP, dpy-20(+)] I, bhEx53[daf-6::YFP, myo-2::
GFP], dels4[dpy-20(+ ), ajm-1::GFP, lin-39TX::GFP (yeast DNA)], muls32
[mec-7::GFP] II, syls54[ceh-2::GFP, unc-119(+)] II, syls80[lin-11::GFP,
unc-119(+)] Ill, syls101[dhs-31::GFP, unc-119(+)] IV, wyEx3372[syg-
2::GFP], zhIs4[lip-1::GFP, unc-119(+)] Il

The transgenic animals carrying extrachromosomal arrays were
generated by standard microinjection technique (Mello et al., 1991)
using C. elegans unc-119 (Maduro and Pilgrim, 1995) and myo-2::GFP
(pPD118.33) (S. Q. Xu, B. Kelly, B. Harfe, M. Montgomery, J. Ahnn, S.
Getz and A. Fire, personal communication) as transformation markers.
The concentrations of plasmids that were injected as part of this study
are: hsp::Cbr-pry-1 25 ng/ul, Cbr-pry-1::GFP (each of 3.8 kb and 5 kb
promoter fragment) 100 ng/pl, daf-6::YFP 100 ng/pl.

The synchronized L1 stage hsp::Cbr-pry-1 animals were heat
shocked at 31 °C for 24 hrs and subsequently grown at 22 °C until
adulthood. Cell ablation experiments were performed as described
(Avery and Horvitz, 1987). The gonad precursors (Z1 to Z4) were
ablated during the L1 stage whereas VPCs were ablated during the L2
stage. Worms were recovered from slides and allowed to grow until
L4 stage. Vulval phenotypes were examined using Nomarski optics.

Vulval phenotype and induction analysis
We scored VPC competence and induction during the L2-L4 stages.

A VPC was considered induced if it gave rise to 4 or more progeny that
had invaginated. With the exception of P7.p and P8.p in pry-1 mutants
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that appear morphologically similar to P12.pa (referred as P12.pa-like
fate), an uninduced VPC can adopt either an F fate (no division and
fusion to hyp7 syncytium in L2) or a 3° fate (one division followed
by fusion of both daughters to hyp7 in L3). In wild-type animals
(C. elegans and C. briggsae) P4.p and P8.p always adopt a 3° fate, while
P3.p does in ~20°-50% of cases (F fate in the remainder). Statistical
analyses were performed using InStat 2.0 (GraphPad) Software. Two-
tailed P values were calculated in unpaired t tests and values less than
0.05 were considered statistically significant.

Unlike wild type animals in which P3.p, P4.p and P8.p fuse to hyp7,
in pry-1 mutants these Pn.p cells can be ectopically induced to divide
(termed ‘Overinduced’). Additionally, pry-1 mutants frequently show
a failure of P7.p induction (termed ‘Underinduced’). Thus, the same
animal can exhibit both Overinduced and Underinduced phenotypes.

Isolation and mapping of C. briggsae pry-1

The Cbr-pry-1 mutants were isolated in a genetic screen for
animals that exhibit defects in vulval induction. Wild-type L4 stage
AF16 animals were fed with 25 mM Ethyl Methanesulfonate (EMS;
Sigma) for 3 hrs using standard procedures (Wood, 1988). More than
500,000 haploid genomes were screened and F2 animals showing
multiple pseudo-vulvae were isolated. Putative lines that showed a
reproducible phenotype were retained and backcrossed three to four
times.

The complementation and linkage studies revealed that three
mutants sy5270, sy5353 and sy5411 define a locus on LGI and map
close to a levamisole-resistant mutant lev(sy5440) (www.briggsae.
org). Subsequently, polymorphism (insertion-deletion or indel)-
based mapping (using HK104 isolate) was used to determine the
physical location of sy5353. The indels were computationally
identified and validated by PCR amplification of roughly 250 bp
flanking sequences and analyzed by agarose gel electrophoresis
(Koboldt et al., 2010). Of the five Chromosome I indels, bhP1
(fpc3441), bhP7 (fpc4171), bhP19 (fpc2695), bhP29 (fpc4140) and
bhP42 (fpc4184), three (bhP1, bhP7 and bhP42) showed strong linkage
to sy5353 (based on band intensities of PCR amplified DNA on 4%
Invitrogen UltraPure Agarose 1000). The bhP29 was weakly linked
(Figs. 1A and S1, data not shown) whereas bhP19 showed no linkage
to sy5353. We also recovered recombinants between sy5353, bhP1
and bhP42 and determined that sy5353 maps 2 mu away from bhP1
(1 recombinant out of the total 46 chromosomes tested) whereas
bhP1 and bhP42 are 5 mu apart (3 recombinants out of the total
60 chromosomes tested). A search for the C. elegans orthologs in
C. briggsae genome (CB3 assembly) identified Cbr-pry-1 as a candidate
gene that is ~1.2 Mb away from bhP42 (www.wormbase.org).

Molecular biology

All PCR and sequencing primers are listed in Supplementary
Table 1. The pry-1(mu38) ayls4; lin-12(n676n909), pry-1(mu38); lip-1
(zh15), and pop-1(hu9); muls32; lin-12(n952) strains were confirmed
by sequencing lin-12 (primers GL477/GL478), lip-1 (GL466/GL467/
GL468), and pop-1 (GL508/GL509) mutations, respectively (Berset
et al., 2001; Greenwald and Seydoux, 1990; Korswagen et al., 2002).

The Cbr-pry-1 locus was PCR amplified in two large fragments
(excluding intron 7) using primers GL104, GL106 (3.6 kb) and GL107,
GL105 (2.2 kb). No mutation was detected in any of the exons or
exon-intron junctions in sy5270 animals suggesting that the mutation
may be located in a non-coding regulatory region. In the case of
sy5353 there is a G to A transition at the first base of intron 6 that is
predicted to disrupt the splicing donor site. There are two in frame
stop codons (TAA and TGA) within 40 bp. The sy5411 allele carries a
GC insertion in exon 5 (41761 from translational start site, flanking
sequences TCGGCGCGC and CAGCCGTAC) that is expected to alter the
reading frame leading to the introduction of two premature in frame

stop codons (TGA and TAA) within 125 bp. All mutations were
confirmed by sequencing both strands.

To construct Cbr-pry-1::GFP, 3.6 kb and 5 kb 5’ UTR fragments were
amplified by PCR using primers GL306/GL218 and GL217/GL218,
respectively. The PCR products were digested (Sphl and Sall for 3.6 kb,
Pstl and Sall for 5 kb) and subcloned into pPD95.69 (Fire lab vector,
www.addgene.com). The daf-6::YFP construct was made by subcloning
a 3 kb Pstl, Kpnl digested 5’ UTR fragment (amplified by PCR using
primers GL176/GL177) into pPD136.61.

All RNAI constructs were made by subcloning PCR products into
Sacl, Kpnl digested double-T7 RNAI vector L4440 (Fire Lab vector Kit,
www.addgene.com). The DNA fragments are as follows: 0.9 kb
genomic fragment of Chr-sys-1 (primers GL311/GL312), 2.3 kb
genomic fragment of Cbr-pop-1 (GL184/GL185), 2.4 kb genomic
fragment of Cbr-lin-39 (GL313/GL314), and 1.5 kb genomic fragment
of Cbr-lip-1 (GL464/GL465). The heat-shock promoter (hsp16-41)
driven Cbr-pry-1 construct was made by subcloning the full-length
Cbr-pry-1 cDNA into the Fire lab pPD49.83 vector.

RNAi

Since the wild type C. briggsae (AF16) is resistant to environmental
RNAI, we used a transgenic strain mfis42 that carries wild type copy of
the C. elegans sid-2 gene. mfls42 animals are sensitive to environ-
mental RNAi similar to the wild-type C. elegans (Winston et al., 2007).
RNAi was performed on plates containing 0.6% Na,HPOy4, 0.3% KH,PO4,
0.1% NH4CI, 0.5% Casamino Acids, 2% Agar, 1 mM CaCl,, 1 mM MgSO,,
0.0005% cholesterol, 0.2% B-lactose, and 50 pug/ml Carbenicillin. Plates
were seeded with 100 pl of overnight grown HT115 bacterial culture
in LB and Carbenicillin media that produces dsRNA of the gene of
interest. Three to 5 L4 stage worms were placed on RNAi plates and
the phenotypes of F1 progeny were examined. For genes that caused
sterility and early stage lethality, animals were subjected to RNAi
treatment during L1 larval stage. All RNAi experiments were repeated
3-4 times and batches that produced consistent results were analyzed.

The C. briggsae genome contains two lin-12-like genes one of
which appears to be a Cbr-lin-12 paralog (99% sequence identity)
(www.wormbase.org). The Cbr-lin-12 RNAi construct used in this
study is expected to inactivate both copies. This construct was
described earlier and used to study lin-12 function in C. briggsae (Felix,
2007). The amplified genomic region lacks significant sequence
similarity to Cbr-glp-1, a Cbr-lin-12/Notch family member, ruling out
the possibility of an RNAi off-target effect. Furthermore, the Cbr-lin-12
and Cbr-glp-1 RNAi phenotypes are different and can be easily
distinguished (Rudel and Kimble, 2001; Rudel and Kimble, 2002)
(BPG, unpublished). Hence the Cbr-lin-12 RNAi results described
below are likely to be specific to Cbr-lin-12 and its paralog.

Results
Isolation and molecular characterization of C. briggsae pry-1

To identify genes involved in vulval development in C. briggsae, we
carried out EMS mutagenesis screens and isolated mutants that
exhibit ectopic vulval induction leading to the formation of multiple
pseudo-vulvae in adults. Out of 10 such mutants that were recovered
from the screen, three (sy5270, sy5353, and sy5411) failed to
complement (Table 1) and defined a locus on chromosome 1. All
three alleles showed high frequency of ectopically induced VPCs
(Table 1). In many cases (40%; n=25 for sy5353) the migration of
gonad arms was also defective. The males also showed abnormal tail
morphologies such as ectopic anterior rays, crumpled spicules and
pseudovulvae-like structures (data not shown).

To understand the mechanism of sy5353 function in vulval
development, we determined the molecular identity of the locus. A
combination of phenotypic markers, polymorphism-based mapping,
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Fig. 1. (A) The locations of various markers and lin(sy5353) on chromosome 1. The sy5353 mutation is tightly linked to indels bhP7, bhP1 and bhP42. (B) The open reading frames
(OREFs) of pry-1 in C. briggsae and C. elegans. Major differences between the two ORFs include one less exon and two larger introns towards the 3’ end in C. briggsae compared to C.
elegans. (C-]) Vulval induction defect in pry-1 mutants. Thick arrows mark the main vulva whereas arrowheads mark ectopic vulval invaginations. (C) The posterior VPCs are
uninduced in a sy5353 animal. The inset panels show a wild-type (WT) vulva and the nuclei of P7.p, P7.pa and P12.pa in WT and sy5353 animals, and a sy5353 adult showing anterior
pseudovulvae. (D) A pry-1(mu38) animal showing induced P4.p and uninduced P7.p. (E-J) Analysis of the cell fusion defect using dlg-1::GFP (mfEx33) in Cbr-pry-1(sy5353) and ajm-
1::GFP (dels4) in pry-1(mu38). Unlike the wild type (E, F) where the progeny of P(5-7).p fuse to form seven concentric toroids, in the sy5353 animal (G, H) P7.p and P8.p precursors
remain unfused. (I, J) An unfused P7.p in pry-1(mu38) revealed by ajm-1::GFP expression. Anterior is to the left in all cases. The scale bars in C (same for E-], except inset in C) and D

are 10 um.

and C. briggsae genome sequence assembly (Hillier et al., 2007)
enabled us to take a candidate gene approach. A search for the C.
elegans orthologs in the vicinity of linked polymorphisms bhP1, bhP7
and bhP42 (Fig. 1A and Supplementary Fig. 1) revealed a Wnt pathway
component pry-1 (Axin family) that is known to negatively regulate
vulval induction (Gleason et al., 2002). The results of the following
experiments indicate that sy5353 is an allele of C. briggsae pry-1. First,
we found that the RNAi-mediated knockdown of Cbr-pry-1 pheno-
copies sy5353 (Table 1). Second, overexpression of Chr-pry-1 full-
length cDNA (using hsp16-41 heat-shock promoter, hsp::Cbr-pry-1)

rescues the mutant phenotype in more than half of the sy5353 animals
(53% wild type, n=163, compared to 3% wild type, n=39 in sy5353
animals without heat shock). Finally, we sequenced Cbr-pry-1 alleles
and identified sy5353 and sy5411 mutations that introduce premature
in-frame stop codons (see Materials and Methods and Supplementary
Fig. 2), suggesting that both are likely to be Cbr-pry-1 hypomorphs.
A comparison of the pry-1 genomic regions between C. elegans and
C. briggsae revealed the absence of one exon, as well as comparatively
larger sizes for two introns in C. briggsae (Fig. 1B). We aligned protein
sequences of Axin family members in nematodes and vertebrates to
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Table 1

Vulval induction analysis in mutant and RNAi-treated animals.

A. Seetharaman et al. / Developmental Biology 346 (2010) 128-139

Genotype RNAI target % Induced VPCs % Overinduced Average VPC induction n
P3.p P4.p P5.p P6.p P7.p P8.p

+ - 0 0 100 100 100 0 0 3.0 50
Cbr-pry-1(sy5353) - 39 82 100 100 17 21 93 3.7 +/-09 44
Cbr-pry-1(sy5411) - 76 86 98 100 2 12 95 3.7 +/-0.7 43
Cbr-pry-1(sy5270) - 53 47 100 100 77 32 86 41 +/-11 50
Cbr-pry-1(sy5270/sy5353) - 58 68 100 100 11 32 nd nd 47
Cbr-pry-1(sy5270/sy5411) - 54 74 100 100 4 36 nd nd 50
+ - X X X X 100 57 na na 7
Cbr-pry-1(sy5353) - X X X X 0 0 na na 8
mfls42 - 0 0 100 100 100 0 0 3.0 100
mfls42 Cbr-pry-1 2 3 100 100 98 2 6 31+/-03 90
Cbr-pry-1(sy5353); mfls42 - 58 86 100 100 38 20 98 3.8 +/-09 50
mfls42 Chr-sys-1 0 0 100 100 100 0 0 3.0 27
Cbr-pry-1(sy5353); mfls42 Cbr-sys-1 78 70 100 100 59 22 82 (P=0.2225) 42 +/-1.2 (P=0.1628) 27
mfls42 Cbr-bar-1 0 0 100 100 100 0 0 3.0 30
Cbr-pry-1(sy5353); mfls42 Cbr-bar-1 26 26 100 100 86 17 49 (P<0.0001) 3.4 +/- 0.8 (P=0.0799) 35
mfls42 Cbr-pop-1 0 0 5 5 5 0 0 0.2 +/-0.7 77
Cbr-pry-1(sy5353); mfls42 Chbr-pop-1 12 22 78 83 54 12 31 (P<0.0001) 2.6 +/- 1.4 (P<0.0001) 59
mfls42 Cbr-mab-5 0 0 100 100 100 0 0 3.0 100
Cbr-pry-1(sy5353); mfls42 Cbr-mab-5 33 67 97 100 41 36 96 (P=10.8340) 3.8 +/- 0.8 (P=0.8159) 70
mfls42 Cbr-lin-39 0 0 10 55 24 0 0 09 +/-09 29
Cbr-pry-1(sy5353); mfls42 Cbr-lin-39 7 4 30 89 15 0 7 (P<0.0001) 1.4 +/- 1.1 (P<0.0001) 27
mfls42 Cbr-lin-12 0 5 100 100 100 0 5 31+4/-02 44
Cbr-pry-1(sy5353); mfls42 Cbr-lin-12 66 83 100 100 83 22 95 (P=10.8176) 4.5 +/- 1.0 (P<0.0022) 41
mfls42 Cbr-lip-1 0 0 100 100 100 0 0 3.0 25
Cbr-pry-1(sy5353); mfls42 Cbr-lip-1 60 55 100 100 71 19 88 (P=10.3683) 3.4 +/-0.6 (P=0.097) 58
+ - 0 0 100 100 100 0 0 3.0 30
pry-1(mu38) - 24 6 100 100 82 10 31 32 +/-06 89
pop-1(hu9)* - 0 0 100 100 100 0 0 3.0 38
pop-1(hu9) pry-1(mu38) - 0 0 100 100 97 0 0 3.0+/-02 31
4F lin-12 0 0 100 100 100 0 0 3.0 50
pry-1(mu38) lin-12 38 13 100 100 85 8 49 (P=0.5364) 3.4 +/-0.7 (P=0.2209) 53
+ lip-1 0 0 100 100 100 1] 0 3.0 100
pry-1(mu38) lip-1 16 7 100 100 98 4 28 (P=0.7305) 3.1 +/- 0.3 (P=1.0000) 57
lip-1(zh15) - 0 0 100 100 100 0 0 3.0 30
pry-1(mu38); lip-1(zh15)# - 65 47 100 100 96 68 92 (P<0.0001) 4.0 +/- 0.5 (P<0.0001) 77
lin-12(n952) - 27 73 84 97 81 81 92 44 +/-1.1 37
lin-12(n952) pop-1 5 25 100 90 100 80 70 (P=0.1691) 3.9 +/-1.0 (P=0.08) 20
pop-1(hu9); lin-12(n952)* - 0 31 88 100 100 94 100 3.8 +/-0.5 (P=0.0107) 16
+ lin-39 0 0 55 55 73 0 0 1.8 +/-0.8 22
lin-12(n952) lin-39 0 13 30 39 39 9 9 (P<0.0001) 1.2 +/- 1.4 (P<0.0001) 23

‘+’ refers to wild-type genetic background (C. briggsae AF16 and C. elegans N2). ‘X’ denotes Pn.p cells that were ablated during the L2 stage. *Strains carry mec-7::GFP (muls32).
#Strain carries egl-17::GFP (ayls4). VPC: vulva precursor cell, n: number of animals examined, nd: not done, na: not applicable.

identify domains in Cbr-PRY-1 that may facilitate homodimerization
and interactions with C. briggsae homologs of APC, GSK-3f and p-
Catenin (Behrens et al., 1998; Ikeda et al., 1998; Luo et al., 2005;
Schwarz-Romond et al., 2007) (Supplementary Fig. 3). The C. briggsae
PRY-1 is 70% identical to its counterpart in C. elegans with various
domains being 70-85% conserved (Supplementary Fig. 4). This level of
identity is close to APR-1 (APC homolog; 77% identical) but much
lower than GSK-3 (GSK-3 homolog; 95% identical).

pry-1 mutants exhibit both Overinduced and Underinduced phenotypes

The Cbr-pry-1 alleles were isolated based on the presence of
ectopic pseudo-vulvae in adults. The analysis of vulval phenotype in
mid-L4 stage animals showed a unique defect in VPC induction
pattern. Specifically, P3.p, P4.p, and P8.p were ectopically induced in
most animals whereas P7.p remained uninduced (Table 1) (see
Materials and Methods). The P5.p and P6.p fates were unaffected. We
also looked at the placement of AC in such animals and found that it
was always located on the top of P6.p and its descendents (data not
shown). Frequently individual animals exhibited both Overinduced
and Underinduced phenotypes (Fig. 1C). A similar, albeit less
penetrant, defect was also observed in C. elegans pry-1 mutants
(Fig. 1D, Table 1). In some cases only P5.p and P6.p were induced, a
phenotype that has previously been reported in C. elegans (Gleason et
al., 2002). The vulval cell lineages of mutant animals further

supported these findings (Table 2). Thus, pry-1 appears to play a
similar role in both species.

A careful examination of Pn.p cells in Chr-pry-1 mutants revealed an
additional defect in that all P(7-11).p cell nuclei were significantly
smaller in size compared to wild type, appearing similar to P12.pa
(Fig. 1A inset). It remains to be determined whether such a
morphological change is caused by transformation to P12.pa-like cell
fate. This phenotype is distinct from C. elegans pry-1(mu38) which do
not show an obvious change in the morphology of posterior Pn.p cells
(except P11.p) (see P7.p in Fig. 1D, data not shown). Considering that
mutations in C. elegans Wnt pathway genes cause cell fate transforma-
tion due to alterations in Hox gene expression (Korswagen et al., 2002;
Maloof et al., 1999), it is tempting to speculate that similar changes may
underlie the Pn.p transformation phenotype in Cbhr-pry-1 mutants.

We examined posterior VPCs in pry-1 mutants using cell junction-
associated markers ajm-1 (in C. elegans) and dig-1 (in C. briggsae) that
identify epithelial cell boundaries. The AJM-1 (novel coiled-coil
protein) and DLG-1 (Drosophila Disc Large family) are localized to
apical junctions and are required for maintaining the integrity and
polarity of junctional subdomains (Bossinger et al., 2001; Firestein
and Rongo, 2001; Koppen et al.,, 2001). The GFP reporters for these
genes mark VPCs and their progeny that do not fuse to the hyp7 (see
Figs. 1EF for dig-1::GFP expression) (Sharma-Kishore et al., 1999)
(Marie-Anne Felix, personal communication), and remain competent
to respond to patterning signals. We found that uninduced P7.p and
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Table 2
Cell lineage analysis of pry-1 mutants in C. elegans and C. briggsae.

Genotype P3.p P4.p P5.p P6.p P7.p P8.p n

wild type™ S/SS  SS LLIN  TTTT  NTLL  SS 25F

pry-1(mu38) SON  SS LLTN  OOTL SOL  NLL 1
SS SS LLTN  TITT  NTLL  SS 1
LLON  SS LLTN  TITT  NTLL  SS 1
S SS LLTN  TOOO NTLL SS 1
SS SS LLON OTOL S  NNNN 1
S ss LION TTTT  LDOO S 1

Cbr-pry-1(sy5353) S SS LLLN TLOO U U 1
SL SS LLIN ONTO U U 1
NNNN  SS LLLN TONN U NNNN 1
INN  INNT LLON TOOT NOLL NN 1
TNNO INNO LLLN 00TO U U 1
INND NNNN LLON TITT NTLL U 1
ONS  LNNT ILIN  OOTT U  SS 1
SS SS LION TOTO U DNL 1

Cbr-pry-1(sy5411) SN LINN LLIN TTIT  UU NN 1
NOLL NNOT NNNN TOOT UU NN 1
NNNN NNNN NTON TOTO UU U 1

Cbr-pry-1(sy5270) SO0 LOO LLON 000D NTLL SS 1
NNON [INNT LLON OTOL U  ONNL 1
OTNO LONO LION TTIT  NLLN SS 1
SS SS LLLN  OTTO NOLL SNN 1
S NNNO LLLN 0000 U  NONO 1
SS Ss LLLN 0000 NN sS 1
INNL SNL LN 00TO U  NODL 1

*Wild-type C. elegans (N2) and C. briggsae (AF16) animals. #In each case lineages
were observed for 25 animals. S, cell fused with syncytium; T, transverse plane of cell
division; L, longitudinal; O, oblique; D, division plane not observed; N, no cell division;
U, unfused cells that did not divide and appeared morphologically similar to P12.pa; n,
number of animals examined. The cells attached to cuticle are underlined. In all cases,
anchor cell was located on the top of the P6.p progeny.

P8.p in pry-1 mutants are frequently unfused (Figs. 1G-J), which
indicates that their lack of proliferation may be due to other defects.
We also observed some cases of unfused P(9-11).p in pry-1 mutants,
which is similar to that reported earlier (Myers and Greenwald, 2007).
These results suggest that in addition to maintaining competence,
Wnt signaling also plays an important role in promoting cell
proliferation and differentiation.

To determine whether P7.p and P8.p induction in pry-1 mutants is
inhibited by some unknown signal from neighboring VPCs we carried
out VPC isolation experiments in C. briggsae. For this P(3-6).p cells were
ablated during the early L2 stage with P7.p and P8.p being left intact. In
contrast to wild-type animals where isolated P7.p and P8.p always
adopted induced fates, these VPCs in Cbr-pry-1(sy5353) animals failed
todoso (Table 1).Itis unclear whether a lack in competence is due to the
inability of VPCs to respond to signals that promote vulval cell
proliferation or the Pn.p cells adopted a non-vulval fate.

Cbr-pry-1 is expressed in vulval precursors and their progeny

The molecular cloning of Cbr-pry-1 facilitated the analysis of its
expression pattern during development. We designed transcriptional
GFP reporter plasmids using the 5’ upstream genomic region of Chr-
pry-1 (3.6 kb and 5 kb) and generated transgenic lines in C. briggsae.
The Cbr-pry-1::GFP was expressed throughout the development, a
finding similar to the C. elegans pry-1 (Korswagen et al., 2002). The
earliest expression was observed in embryos in numerous hypoder-
mal cells. During the larval stages, the majority of the expression was
seen in neurons in the ventral hypodermal region (Figs. 2A-D).
Between L2 and L3 stages Cbr-pry-1::GFP was expressed in all six VPCs
(see Figs. 2A-D for subsets of Pn.p cells). There was no obvious
difference in the level of GFP fluorescence among the VPCs. The
expression continued to persist in the vulval progeny of L4 stage
animals (Figs. 2E-H), suggesting that Cbr-pry-1 may also play a role in
differentiation and morphogenetic processes. This is consistent with
the abnormal vulval morphology in Cbr-pry-1 mutants (Figs. 1C,G).

Cbr-pry-1 interacts with Wnt pathway components and a nuclear target
in C. briggsae

Given that Cbr-pry-1 encodes an Axin-like protein and that Axins
are bona fide components of the canonical Wnt signaling pathway,
we tested the interaction of Cbr-pry-1 with C. briggsae orthologs of
C. elegans Wnt pathway genes in vulval cell proliferation. The Cbr-sys-1
(B-catenin) knock-down (by RNAIi) had no significant effect on the Cbr-
pry-1(sy5353) vulval phenotype (Table 1), although animals exhibited
severe defects in gonad morphology and were frequently sterile
(data not shown). However, a similar RNAi experiment involving
another (-Catenin, Cbr-bar-1, strongly suppressed the Overinduced
phenotype of Cbr-pry-1(sy5353) (Table 1), suggesting that Cbr-bar-1 is
likely to act genetically downstream of Cbr-pry-1. We also found that
compared to control animals P7.p in Cbr-pry-1(sy5353); Cbr-bar-1
(RNAi) was significantly more induced (p =0.0002, Table 1).

Next, we examined the role of the tcf/lef family member Chr-pop-1
in Cbr-pry-1-mediated vulval development. The RNAi-mediated
knock-down of Chr-pop-1 suppressed ectopic VPC induction in Cbr-
pry-1(sy5353) (54% induced, 10% P12.pa-like, 36% 3°, and no F fates,
n=>59 animals compared to 38% induced, 62% P12.pa-like and no 3°,
or F fates, n = 50 animals in control) (Table 1). Similar to Cbr-bar-1
RNAI, we also found an increased number of induced P7.p in Cbr-pry-1
(sy5353) Cbr-pop-1(RNAi) animals (Table 1). Interestingly, Cbr-pop-1
(RNAi) animals alone showed severe defects in vulval cell prolifera-
tion (no P12.pa-like, 55% 3° and 29% F fates, n = 25) (Fig. 3A, Table 1),
suggesting its essential role in regulating VPC competence and
induction. Although no such defect was observed in C. elegans pop-1
(RNAi) and pop-1(hu9) (a viable hypomorph) animals, both strongly
suppressed the pry-1(mu38) phenotype (Table 1 and data not
shown). These results demonstrate that bar-1-pop-1-mediated ca-
nonical Wnt signaling plays a conserved role in vulval development in
C. elegans and C. briggsae.

Studies in C. elegans have identified transcriptional targets of Wnt
signaling that include Hox genes lin-39 (Dfd/Scr family) and mab-5 (Antp
Hox family) (Eisenmann, 2005). lin-39 is required at multiple times in
vulval cells. During the L2 stage, lin-39-mediated canonical Wnt signaling
prevents VPCs from fusing to the hyp7 syncytium (Eisenmann et al.,,
1998). Later on, during the L3 stage, lin-39 is involved in the specification
of VPC fates (Eisenmann, 2005). Unlike lin-39, mab-5 appears to play a
limited role in vulval development. mab-5 is expressed in P7.p and P8.p
and regulates the responsiveness of these two cells to inductive signal
(Clandinin et al., 1997; Salser et al, 1993). We found that the RNAi-
mediated knock-down of Cbr-mab-5 had no effect on VPC induction in
either wild type or Cbr-pry-1(sy5353) animals (Table 1). By contrast Cbr-
lin-39 RNAi caused abnormal vulval morphology due to cell fusion and
cell fate specification defects (37% F and 33% 3° fates, respectively;
n=46 Pn.p cells) (Fig. 3B, Table 1). We also examined the Cbr-pry-1
(sy5353); Cbr-lin-39(RNAi) animals and found that of the 54% of P(3-8).
p (n=28) that were unfused in L2 (i.e., did not adopt an F fate), one-
third fused to hyp7 in L3 (3° fate) whereas the remaining cells were
induced giving rise to vulval progeny that invaginated during L4 stage.
Overall, the RNAi-mediated knock-down of Cbr-lin-39 strongly sup-
pressed the Overinduced phenotype of Chr-pry-1(sy5353) animals
(Table 1). These results demonstrate that, similar to C. elegans, Cbr-lin-
39 acts downstream of Chr-pry-1 to regulate VPC competence and cell
fate in C. briggsae.

Ectopically induced VPCs in pry-1 mutants acquire 2° fates

The ectopic induction of VPCs in pry-1 mutants led us to examine
cell fates using GFP-based markers. For this we made use of six
different reporter genes in C. elegans (syg-2 - immunoglobulin
superfamily, daf-6 - patched-related, dhs-31 - short-chain dehydro-
genase/reductase, egl-17 - fibroblast growth factor (fgf) family, lin-11 -
LIM homeobox family, and ceh-2 - Drosophila empty spiracles (ems)
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Fig. 2. Cbr-pry-1::GFP transcriptional reporter expression in C. briggsae. L2 stage bhEx83 (A, B) and L3 stage bhEx84 (C, D) transgenic animals showing GFP fluorescence in VPCs
(arrowheads) and adjacent neuronal cells. Not all VPCs are visible in C and D. (E-H) Cbr-pry-1::GFP continues to be expressed in vulval progeny at later stages. GFP fluorescing cells viewed
from two different focal planes in a mid-L4 stage bhEx83 animal. The arrows mark the center of vulval invagination. Anterior is to the left in all cases. The scale bar in A is 10 um.

homeodomain family) and two in C. briggsae (Cbr-zmp-1 - zinc
metalloproteinase family and Cbr-egl-17). These reporter genes are
expressed in subsets of 1° and 2° lineage vulval cells and serve as
faithful markers to assess induced VPC fates (Burdine et al., 1998;
Felix, 2007; Gupta et al., 2003; Inoue et al., 2002; Perens and Shaham,
2005; Shen et al., 2004). In the case of pry-1(mu38) we found that four
2° lineage markers, namely egl-17::GFP (ayls4), lin-11::GFP (syIs80),
ceh-2::GFP (syls54) (all mid/late-L4 stage) and dhs-31::GFP (syls101)

(old adult stage), were expressed in the progeny of all induced VPCs,
P6.p excepted (Fig. 4A). Consistent with this, the expression of 1°
lineage markers egl-17::GFP (ayls4) (early/mid-L3 stage), daf-6::YFP
(bhEx53) and syg-2::GFP (wyEx3372) (both mid/late-L4 stage) was
localized to P6.p progeny (Fig. 4B). A similar phenotype was observed
in Cbr-pry-1(sy5353) animals. Thus, Cbr-egl-17::GFP (mfls5; a 2°
lineage marker during mid-L4 stage) was expressed in the progeny
of all induced VPCs, except P6.p, suggesting that these cells had

Fig. 3. Vulval induction defects in RNAi-treated animals. (A) Cbr-pop-1(RNAi). P(5-7).p have adopted uninduced 3° fates. (B) Vulval invagination in a Cbr-lin-39(RNAi) animal formed
by the progeny of P6.p. Other VPCs are uninduced. Anterior is to the left in both animals. The scale bar is 10 pm.
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Fig. 4. Expression analysis of vulval cell fate markers in pry-1 mutants. The y-axis represents the percentage of VPCs expressing the marker. The numbers above the bars show
induced VPCs that were examined for GFP fluorescence. The 2° lineage markers are expressed in the progeny of all but P6.p whereas 1° lineage markers are expressed in P6.p progeny
only. (A) 2° lineage markers in C. elegans - egl-17::GFP (ayIs4), lin-11::GFP (sylIs80), dhs-31::GFP (syIs101), and ceh-2::GFP (syIs54). (B) 1° lineage markers in C. elegans - egl-17::GFP
(ayls4), daf-6::YFP (bhEx53), and syg-2::GFP (wyEx3372). (C) 2° lineage marker Cbr-egl-17::GFP (mfls5) in C. briggsae. (D) 1° lineage marker Cbr-zmp-1::GFP (mfIs8) in C. briggsae.

adopted 2° fates (Fig. 4C). In no case was Cbr-egl-17::GFP expression
observed in P6.p progeny. This agrees with Cbr-zmp-1::GFP expression
(mfls8; a 1° lineage marker during late-L4 stage) that was restricted to
P6.p progeny (Fig. 4D). Taken together, these results provide evidence
that activated Wnt signaling confers 2° fate on VPCs in both species
and that this mechanism is evolutionarily conserved.

VPCs in pry-1 mutants can adopt 2° fates in a gonad-independent manner

Previous studies have shown that the gonad plays an important role
in vulval induction. The gonadal AC is a source of the LIN-3/EGF ligand
that activates the LET-23/EGFR-mediated MPK-1/MAP kinase signaling
pathway in VPCs leading to the specification of 1° and 2° fates
(Sternberg, 2005). In addition, at least two Wnt genes (mom-2 and
lin-44) are expressed in several gonadal cells (Inoue et al., 2004),
suggesting that the gonad may also be the source of a Wnt signal. For
these reasons we assessed the contribution of the gonad to the pry-1
phenotype by ablating gonad precursors in L1 stage. The examination of
cell fates by 1° and 2° markers (Cbr-zmp-1::GFP and Cbr-egl-17::GFP,
respectively) revealed that induced VPCs in gonad-ablated Cbr-pry-1
mutants acquire a 2° fate (100%, n=19 cells in 8 animals) (Fig. 5A,B;
Table 3). In no case was a 1° fate observed in such ablated animals
(n=101induced cells in 5 animals). Similar results were also obtained in
C. elegans pry-1(mu38) animals using egl-17::GFP marker (57% 2° fate,
n="7 induced cells in 11 animals and no 1° fate, n=>5 induced cells in 6
animals) (Table 3). Thus, in both species Wnt signaling appears to be
capable of conferring 2° fates independently of a gonad-derived signal.

VPCs in pry-1 mutants can adopt 2° fates in the absence of LIN-12/Notch
signaling

Since the LIN-12/Notch-mediated lateral signaling pathway is
required for 2° fate induction in C. elegans (Greenwald, 2005;
Sternberg, 2005), we examined its role in pry-1-mediated VPC fate
specification. Previous studies have shown that Cbr-lin-12 is involved

in C. briggsae vulval development (Felix, 2007; Rudel and Kimble,
2002). We took the RNAi approach to examine Cbr-lin-12 interaction
with Cbr-pry-1 in vulval cells. Although the RNAi-mediated knock-
down of Cbr-lin-12 in control animals caused a subtle Overinduced
phenotype due to rare ectopic induction of P4.p (5%, n=44) (Table 1)
and an abnormal vulval morphology (Fig. 5C), similar to that reported
earlier (Felix, 2007) (also see Materials and Methods), it did not
suppress ectopic vulval induction in Chr-pry-1(sy5353) animals
(Fig. 5D, Table 1).

Similar to C. briggsae the lin-12 RNAI in C. elegans also had no effect
on the pry-1(mu38) vulva phenotype (Table 1). We further examined
the lin-12-independent role of pry-1 using a null allele, n676n909. In
lin-12(n676n909) animals, P5.p, P6.p, and P7.p each adopt a 1° fate
(Greenwald et al., 1983), resulting in an abnormally large vulval
protrusion (termed protruding vulva or Pvl) in adults. We generated
pry-1(mu38); lin-12(n676n909) double mutant animals carrying egl-
17::GFP (ayls4) and found that such animals exhibit a combination of
Overinduced and Pvl phenotypes (Fig. 5E) and show GFP fluorescence
in ectopically induced VPCs (Fig. 5F). In these animals (n=12) P5.p
and P7.p were always induced but had no detectable level of GFP
fluorescence. These results demonstrate that vulval development in
pry-1 mutants can occur in the absence of lin-12 function and
ectopically induced VPCs are capable of adopting a 2° fate.

We also examined the interaction of pry-1 with lip-1 (MAP kinase
phosphatase), a transcriptional target of lin-12, that promotes 2° VPC
fate by inhibiting MAP kinase activity and a 1° cell fate (Berset et al.,
2001). The RNAi-mediated knock-down of lip-1 in both C. elegans and
C. briggsae pry-1 mutants had no obvious effect on vulval induction
except that P7.p was almost always induced (Table 1). The lip-1
hypomorph (deletion allele zh15) also failed to suppress the pry-1
Overinduced phenotype. On the contrary, we observed a significant
increase in induced VPCs in pry-1(mu38); lip-1(zh15) double mutants
compared to pry-1(mu38) (92% vs. 31%) (Table 1). In these animals
98% of ectopically induced VPCs (n = 140) adopted a 2° fate as judged
by the expression of egl-17::GFP (ayls4).
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Fig. 5. Gonad-independent and lin-12-independent induction of VPCs in pry-1 mutants. The ectopic vulval invagination and pseudo-vulvae are shown by arrowheads whereas main
vulvae by arrows. (A, B) In this gonad-ablated Cbr-pry-1(sy5353) animal, egl-17::GFP expression can be observed in the progeny of P3.p, P5.p and P6.p. (C) A Cbr-lin-12(RNAi) animal
showing ectopic induction of P4.p. (D) P7.p induction defect in sy5353 is rescued by Cbr-lin-12(RNAi). In this animal P4.p was also induced. (E, F) A pry-1(mu38); lin-12(n676n909)
double mutant showing ectopic pseudovulva (due to induced P4.p) and protruding vulva phenotypes. The egl-17::GFP expression can be seen in the progeny of P4.p (arrowhead).

Anterior is to the left in all cases. The scale bars are 10 um (A-D) and 100 um (E,F).

While the above results suggest that pry-1 function does not
depend upon LIN-12/Notch pathway activity in both C. elegans and C.
briggsae, these data do not rule out the possibility that lin-12 may act
upstream of Wnt signaling to promote 2° fates. To address this
possibility we performed experiments with a weak gain-of-function C.
elegans lin-12 allele n952 that causes ectopic vulval induction in
roughly two-thirds of animals (Table 1) (Greenwald et al., 1983). The
incomplete penetrance of lin-12(n952) provides a sensitized genetic
background to test the impact of alterations in Wnt pathway effectors
pop-1 and lin-39 on vulval induction. We found that although lin-39
(RNAi) strongly suppressed lin-12(n952) vulval phenotype, pop-1
(hu9) and pop-1(RNAi) had no such effect (Table 1). These results
suggest a simple model in which Wnt and LIN-12/Notch signaling
pathways function independently via lin-39 to specify 2° VPC fates in
C. elegans.

Table 3
Induced VPCs in gonad-ablated pry-1 mutants acquire 2° fates.
Genotype Induced VPCs (Fraction of induced VPCs showing n
GFP fluorescence)
P3.p P4.p P5.p P6.p P7.p P8.p
mfls5 0 0 0 0 0 0 5
Cbr-pry-1(sy5353); 4 (4/4) 3(3/3) 4(4/4) 8(8/8) 0 0 8
mfls5
ayls4 0 0 0 0 0 0

5
ayls4 pry-1(mu38) 0 3(1/3) 0 1(0/1) 2(2/2) 1(1/1) 11

n, number of animals examined.

Inhibition of lin-12/Notch signaling in pry-1 mutants promotes P7.p
induction

Although the RNAi-mediated knock-down of Cbr-lin-12 did not
suppress ectopic vulval induction in Cbr-pry-1(sy5353) animals, we
noted that it increased P7.p induction significantly (P =0.0003,
Table 1) and gave rise to a wild-type vulva in most animals
(Fig. 5D). A similar trend was also observed in pry-1(mu38); lin-12
(RNAi) animals but the difference was statistically not significant
(Table 1). This suggested that persistent activity of lin-12/Notch
signaling in pry-1 mutants might interfere with P7.p induction
and cell fate specification. To examine this, we analyzed lip-1 reporter
expression that, in response to a lin-12 signal, is upregulated
in presumptive 2° VPCs in C. elegans (Berset et al., 2001). The
expression of lip-1::GFP in C. briggsae (mfIs29) was first observed in all
six VPCs during the L2 stage (50%, n=14) (Figs. 6A,B). This pattern
was dynamic, such that by the early/mid-L3 (Pn.p) stage the
fluorescence could be seen in only P5.p and P7.p and was undetectable
in other Pn.p cells (48%, n=21) (Figs. 6C,D and data not shown). This
indicates that while lip-1 expression in C. briggsae is maintained in 2°
precursors it is rapidly downregulated in 1° and other cells. An
analogous pattern was observed in mid-L3 (Pn.px) stage animals
although in few cases (27%, n=11 animals) faint GFP fluorescence
was also detected in P4.p and P8.p daughters. At later stages no
fluorescence was seen in P(5-7).p progeny.

The analysis of lip-1 reporter expression in Chr-pry-1(sy5353)
animals revealed a similar profile but the fluorescence was much
higher in P7.p and P8.p cells. Thus, in L2 stage animals all six VPCs
were seen fluorescing, with P7.p and P8.p being the brightest in half of
the animals (n=6) that showed GFP fluorescence (Figs. 6E,F). By the
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Fig. 6. lip-1::GFP expression patterns in wild type and pry-1 mutants. Arrowheads point to VPCs whereas small arrows to some of the neuronal cells. The big arrows in panels I and ]
show vulval invagination formed by the progeny of P5.p and P6.p. (A-D) AF16; (E-]) Cbr-pry-1(sy5353); (K, L) pry-1(mu38). (A, B) The P(3-8).p VPCs and some of the neurons in this
L2 stage animal can be seen fluorescing. (C, D) An early/mid-L3 stage animal showing GFP fluorescence in P5.p and P7.p. The fluorescence in P6.p is almost invisible. (E, F) P7.p and
P8.p are fluorescing at a higher level in this L2 stage animal compared to other Pn.p cells. (G-]) The same two precursors continue to fluoresce at early/mid-L3 (G, H), and early-L4 (I,
]) stages. (K, L) P7.p is fluorescing brightly compared to the P5.p. Anterior is to the left in all cases. The scale bar is 10 pm.

early/mid-L3 (Pn.p) stage, fluorescence had rapidly faded in P6.p and
other anterior VPCs, however, P7.p and P8.p continued to fluoresce
brightly (90%, n=11 GFP expressing animals) (Figs. 6G,H). After the
mid-L3 (Pn.px) stage, other than P7.p and P8.p, no VPC progeny
showed detectable level of fluorescence (71%, n= 14 GFP expressing
animals) (Figs. 61]). Similar to C. briggsae we found that lip-1::GFP
expression in C. elegans pry-1(mu38) L2 stage animals was also higher
in P7.p compared to anterior VPCs (37%, n=19 GFP expressing
animals) (Figs. 6K,L). These results show an abnormal pattern of lip-1
expression in pry-1 mutants and provide a molecular basis for P7.p
induction defect in both species.

To further investigate genetic interaction between lip-1 and pry-1,
we examined P7.p phenotype in pry-1 mutants by reducing lip-1
activity. Consistent with our lip-1 expression data, we found that
RNAi-mediated knock-down of Chr-lip-1 in Cbr-pry-1(sy5353) ani-
mals caused a significant increase in P7.p induction (P=0.0034)
(Table 1). A similar, but weak, phenotype was also observed in C.
elegans pry-1(mu38); lip-1(RNAi) and pry-1(mu38); lip-1(zh15)

animals (P = 0.0163 and 0.1175, respectively) (Table 1). Further-
more, induced P7.p in pry-1(mu38); lip-1(zh15) animals showed egl-
17::GFP (ayls4) expression (100%, n=60), suggesting that they
adopted a 2° fate. Taken together, these findings provide evidence
for a conserved interaction between Wnt and LIN-12/Notch signaling
pathways to specify the 2° fate of P7.p in C. elegans and C. briggsae.

Discussion

Due to their apparent morphological similarity, C. elegans and C.
briggsae offer unique advantages in comparative analysis of gene
function and signaling networks. To study how homologous tissues
are patterned in these two species, we are focusing on the vulva, a
reproductive organ necessary for mating and egg laying. We carried
out genetic screens in C. briggsae and isolated mutants that show
defects in vulval development. In this study we report characteriza-
tion of three of the mutants that exhibit an Overinduced phenotype
and show that they are alleles of Cbr-pry-1. Our genetic experiments


image of Fig.�6

138 A. Seetharaman et al. / Developmental Biology 346 (2010) 128-139

have revealed that Chr-pry-1 functions in Chr-bar-1-Cbr-pop-1-
mediated canonical Wnt signaling pathway to regulate VPC induction
and fate specification. We have also identified Cbr-lin-39 Hox gene as a
downstream target of this pathway. These findings demonstrate that,
similar to C. elegans, canonical Wnt signaling pathway is involved in C.
briggsae vulva formation. Both over- and under-activation of Wnt
signaling causes vulval abnormalities thereby highlighting its key role
in development. A recent study has shown that changes in
environmental conditions have significant effects on Wnt signaling-
mediated vulval induction (Braendle and Felix, 2008). This serves to
further demonstrate the physiological importance of this pathway in
patterning the vulva.

Whnt signaling confers 2° fate on VPCs

Previous studies have demonstrated the essential role of Wnt
signaling in maintaining VPC competence (Eisenmann et al., 1998;
Myers and Greenwald, 2007). During the L2 stage bar-1-mediated
Wnt signaling promotes lin-39 activity in P(3-8).p and allows these
cells to respond to patterning signals in the L3 stage. Our work has
revealed that in addition to its role in VPC competence, Wnt signaling
also promotes a specific cell fate in C. elegans and C. briggsae. Previous
work by Gleason and colleagues (Gleason et al., 2002) showed that
activated Wnt signaling causes excessive vulval cell proliferation.
However it was unclear whether vulval progeny adopted a specific
fate. Subsequently, Myers and Greenwald (Myers and Greenwald,
2007) argued that ectopic vulval progeny in pry-1 mutants could arise
from spurious cell divisions due to high lin-39 levels. To address this
issue we analyzed cell fates in pry-1 mutants using established
molecular markers. We found that induced VPCs, except P6.p, in pry-1
mutants adopted a 2° fate as judged by a panel of 8 GFP-based markers
(61in C. elegans and 2 in C. briggsae). The use of wide range of reporters
used in our assay (i.e., ligands, cell surface receptors, metallopro-
teases, and transcription factors) serves to demonstrate that Wnt
signaling orchestrates expression of many important genes needed to
confer a 2° fate. In these animals the P6.p fate remained unaltered.
Further experiments revealed that 2° VPC fates are specified
independently of the gonad-derived inductive signal since induced
VPCs in gonad-ablated animals showed 2° marker expression similar
to that seen in intact animals. These results significantly extend our
understanding of pry-1-mediated Wnt signaling function in two
nematode species and suggest that Wnt signaling plays both
permissive role (in maintaining competence) and instructive role
(in specifying cell fate) in vulval development.

The 2° fates of induced VPCs in pry-1 mutants prompted us to
examine the relationship between Wnt and LIN-12/Notch signaling in
vulval development. We found that alterations in the activities of LIN-
12/Notch pathway receptor lin-12 and its transcriptional target lip-1
did not suppress ectopic vulval induction defect in pry-1 mutants.
Thus, activated Wnt signaling in C. elegans and C. briggsae is sufficient
to promote vulval development in the absence of lateral signaling.
This raises the question of evolutionary roles of Wnt and LIN-12/
Notch pathways in 2° fate specification. Perhaps the two pathways
evolved as redundant mechanisms to robustly specify a 2° VPC fate.
The completed genome sequences of Elegans group species (such as
C. remanei and C. brenneri) provide opportunities to address such
questions.

Whnt signaling and P7.p fate specification

Our work has uncovered novel roles of the Wnt signaling pathway
in C. elegans and C. briggsae vulval development that involve both
positive and negative regulation of cell fates. We found that P3.p, P4.p,
and P8.p in pry-1 mutants are frequently induced to adopt a 2° fate
whereas P7.p remains largely uninduced. This is likely to be caused by
activated Wnt signaling since RNAi knock-downs of Cbr-bar-1 and Chr-

pop-1 promoted P7.p induction in Cbr-pry-1 mutants. Since LIN-12/
Notch-mediated lateral signaling specifies the 2° fate of P7.p, we
examined its role in mediating pry-1 function. Our results showed that
the expression of lip-1 in pry-1 mutants was significantly higherin P7.p
compared to P5.p and persisted in L4 stage animals. This pattern differs
from wild type where lip-1 is dynamically regulated in P(5-7).p and is
not observed beyond mid-L3 stage. This suggests that a failure to
downregulate lip-1 in Cbr-pry-1 mutants may be the basis of the P7.p
induction defect. Considering that LIP-1 is a MAP kinase phosphatase,
one model is that the persistence of high level of LIP-1 activity in P7.p
(directly or indirectly induced by Wnt signaling) abnormally antag-
onizes mpk-1 (MAP kinase, Ras pathway component) function such
that the Ras pathway response in P7.p falls below the minimum
threshold needed to promote an induced fate. It is equally possible that
misregulation of lip-1 interferes with the expression of lin-12 target
genes that in turn causes P7.p to remain uninduced. Consistent with
these possibilities, we found that lowering lip-1 activity (either by
directly targeting lip-1 or its upstream activator lin-12) in pry-1
mutants suppressed the P7.p induction defect.

While our results provide evidence for a genetic interaction
between Wnt and LIN-12/Notch signaling pathways, more work is
needed to understand the mechanism of interaction and its biological
role in P7.p development. In this respect, reverse genetics and
genomics approaches could prove valuable in dissecting the roles of
Wnt and LIN-12/Notch pathway genes and their downstream targets.
These studies may uncover the function of new genes thereby
revealing their mechanism of function and signaling crosstalk.
Ultimately, the findings will help understand how changes in gene
expression and interactions are regulated to generate tissue
morphology.
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