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General Introduction

Cell fate specification in the epidermal lineages of C. elegans

We	have	chosen	the	C. elegans lateral	seam	cells	as	a	model	system	to	study	the	
mechanisms	controlling	cell	fate	determination.	Seam	cells	are	epidermal	cells	
that line the flank of the L1 larva at hatching. These cells can take on either of 
two fates during development: an epidermal fate or a neuronal fate. The choice 
between	these	two	is	determined	by	the	sum	of	interactions	between	intrinsic	
lineage specific determinants, intercellular signalling and Hox gene expression. 
Although	the	role	of	these	processes	in	seam	cell	development	has	been	
investigated, the exact nature of the interactions that determine lateral epidermal 
fate remain unclear. In contrast, the extensive study of the hermaphrodite vulva 
has	lead	to	a	comprehensive	view	of	the	interactions	that	pattern	the	ventral	
epidermis. In this work, we elaborate on the processes that control patterning 
of	the	lateral	and	ventral	epidermal	lineages	in	the	C. elegans	hermaphrodite.	In	
particular, we find that the hypodermal syncytium that surrounds the individual 
epidermal cells plays a major role in determining epidermal cell fate, which is 
a concept that has only recently been recognized. This introduction will give 
an	overview	of	the	most	important	and	well	studied	factors	controlling	the	
development	of	the	C. elegans epidermal	lineages.

Hox gene expression during C. elegans larval development

Differential expression of Hox genes functions to specify cell fates along the 
anterior-posterior body axis in all metazoans. There are only six conserved Hox 
genes	in	the	C. elegans genome, which are located in a loose cluster on Linkage 
Group	III:	ceh-13/Labial, lin-39/Sex combs reduced, mab-5/Antennapedia 
followed	by	the	three	Abdominal	B	homologs	egl-5, nob-1 and	php-3	(reviewed	
by [1]; [2-5]).  The sequence of these genes has diverged quite far from their 
orthologues in other organisms, and several genes have been lost [6]. The 
C. elegans Hox genes function to specify regions along the anterior-posterior 
body axis and display auto and cross-regulation as is the case in Drosophila	
and vertebrates [1]. With the exception of ceh-13, their positions along the 
chromosome correlate with their expression domain on the A-P axis. However, 
unlike flies and vertebrates, Hox gene expression in C. elegans is	determined	by	
cell	lineage	and	signalling	pathways	such	as	Wnt	and	Egf	signalling	rather	than	
cell position along the body axis [7, 8]. The anterior most gene in the cluster, 
ceh-13, and the posterior most genes php-3	and	nob-1 are required throughout 
development, whereas lin-39, mab-5 and	egl-5 are only required for cell fate 



10 Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

Chapter 1

specification and cell migrations in postembryonic development [9]. The lin-
39 expression domain extends from the V2 seam cell to the V4 seam cell in 
the midbody region [10, 11]. In hermaphrodites, lin-39	is	crucial	for	vulval	
development, but in males, it does not pattern any important mating structures 
[10, 11]. In contrast, mab-5	and	egl-5	are	important	for	the	development	of	
the male tail structures involved in mating, but they play only minor roles in 
hermaphrodite development [12-14]. The mab-5 expression domain lies posterior 
to	the	lin-39 domain, starting at the position of the V5 seam cell and extending to 
the tail tip [15]. egl-5 is expressed in specific cells in the posterior body region as 
well as in the Hermaphrodite Specific Neurons (HSN) [11]. 
	 In	C. elegans as in other organisms, the pattern of Hox gene expression is 
actively maintained once it has been established, but the mechanism by which 
maintenance occurs has diverged from other metazoans [16, 17]. In flies and 
vertebrates, the conserved Trithorax group (TrG) and Polycomb group (PcG) 
chromatin-regulating proteins are required for global maintenance (TrG) and 
repression (PcG) of Hox gene expression (reviewed in [18-22]). In Drosophila, 
there are two major Polycomb group protein complexes, Polycomb Repressive 
Complex 1 (PRC1) [23], and Extra Sex Combs-Enhancer of Zeste (ESC-E(Z)) [24-
26]. C. elegans lacks obvious homologs of PRC1 components, but does have two 
orthologues of ESC-E(Z) complex proteins, E(Z)/MES-2 [27] and ESC/MES-6 
[28]. These proteins function in a repressive complex with a C. elegans specific 
protein called MES-3 [29-31]. This complex is essential for germline development 
[29, 32], and plays a role in the repression of mab-5	and	egl-5	during	male	tail	
development [16]. However, mutants for these PcG proteins have only mild Hox-
related phenotypes, whereas PcG mutations have severe patterning phenotypes 
in flies and vertebrates. Indeed, Hox repression by PcG proteins has been 
partially	replaced	by	other	regulatory	systems	in	C. elegans [16, 17]. During C. 
elegans post-embryonic development, Hox repression is mediated by a species 
specific protein known as SOP-2 [17]. SOP-2 contains a sterile a-motif (SAM) 
domain, which is also present in PcG proteins, but it is not orthologous to any 
of the PcG genes in other animals, and does not appear to function as chromatin 
modifiers, but rather as RNA binding proteins [17, 33]. Clearly the mechanism of 
Hox repression has diverged significantly in C. elegans.	
 Very little is known about the function of the C. elegans Trithorax 
homologs. Of the seven C. elegans	genes	encoding	proteins	with	strong	
homology to TrG proteins, only three have been functionally characterised 
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[34, 35]. The SWI2/SNF homolog psa-4 is required in the T cell for asymmetric 
cell division [36], but has not been implicated in Hox regulation. However, 
two other TrG homologs, LIN-49 and LIN-59, do have a function in regulating 
Hox gene expression during male tail development [34, 35]. LIN-49 contains 
a bromodomain also found in the trx-G proteins FSH and BRM. LIN-59 most 
resembles ASH1, sharing a centrally positioned SET domain and sequence 
similarity in the carboxyl terminus. lin-49	and	lin-59 mutations	result	in	abnormal	
development of male-specific tail structures and disrupt the morphology and 
function of hindgut cells in both male and hermaphrodite animals [34, 35]. Some 
lin-49 and	lin-59 mutant	phenotypes	are	similar	to	those	seen	in	egl-5 and	mab-
5 mutants: ray fusions similar to weak mab-5 and	egl-5 mutants are observed, 
and	lin-49 acts	as	a	partial	suppressor	of	mutations	in	the	anterior	patterning	
gene	lin-22	as	is	the	case	for	mab-5 (see below) [35]. In addition, the expression 
of	egl-5 and	mab-5	is	affected	in lin-49	and	lin-59 mutants, which is consistent 
with a role for these Trithorax genes in maintenance of the Hox expression 
domains [35]. Therefore, the function of Thrithorax homologs has been at least 
partially	conserved	in	C. elegans, although many of these genes have yet to be 
characterized.	A	functional	analysis	of	the	role	of	the	C.elegans TrG protein ASH2 
homolog in hypodermal development is described in Chapter 4 of this work.

Development of the hypodermal lineages

In	C. elegans and other nematodes, the epidermal structure that encapsulates the 
animal is referred to as the hypodermis. At hatching, there are 85 hypodermal 
nuclei that are derived from four blastomeres of the 12-cell embryo [37]. The 
GATA transcription factor ELT-1 is required for all hypodermal cell fates [38, 39]. 
Other hypodermal cell fate markers are the GATA factor ELT-3 [38], and lin-26, 
which encodes a zinc finger transcription factor that is	a	major	control	gene	for	
epithelial cell fates [40-42]. The larval and adult hypodermis mainly consists of 
several syncytia of fused epidermal cells. The largest of these syncytia that covers 
the mid-body region of the animal is called hyp7. The hypodermis synthesizes 
the exoskeletal cuticle, which is secreted before hatching and at the end of each 
larval stage (reviewed in [43, 44]). During larval development, hyp7 increases 
in	nuclear	content	and	cell	size	as	progressively	more	daughters	of	the	lateral	
seam cells fuse with it, and it is the primary site where larval and adult growth 
is regulated [37, 45, 46]. This topic will be dealt with in detail in Chapter 5. The 
hypodermis of the newly hatched L1 animal contains two other epithelial cell 
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types; the lateral seam cells and the ventral hypodermal P cells [37].

Development of the hermaphrodite lateral seam

Two sets of nine seam cells line the flank of the L1 animal, H1 and H2 in the 
head, V1-V6 in the midbody region and T in the tail. The GATA factors ELT-5 and 
ELT-6 are primary determinants of seam cell fate [47]. In elt-5 and	elt-6	mutant	
animals, the seam cells inappropriately fuse with the hypodermal syncytium. 
In wild type hermaphrodites, the V cells V1-V6 divide asymmetrically in a stem 
cell like manner once during each larval stage to generate an anterior daughter 
that fuses with the surrounding hypodermis hyp7 and a posterior daughter that 
forms a new seam cell (Figure 1). The polarity of the first V cell divisions during 
L1 is partially regulated by extracellular signals. Loss of function of cam-1, which 
encodes a member of the Ror kinase family, causes polarity reversal of the first 
V1 division [48]; and mutations in egl-20/Wnt cause polarity reversal of the V5 
division [49]. After the last V cell division during the fourth larval stage, the 
posterior daughters differentiate and produce the alae, the cuticular ridges that 
run along the sides of the body. During the second larval stage an additional, 
symmetrical	V	cell	division	occurs	that	doubles	the	number	of	seam	cells.	
However, in the V5 lineage this division is not symmetrical, the anterior daughter 
forming a sensory structure called the postdeirid, consisting of a neuron (PDE), 
a sheath cell and two additional supporting cells, and the posterior daughter 
becoming a new seam cell [37]. In males, the V5, V6 and T cells produce sensory 
rays (Figure 1, see below).
 The formation of the postdeirid structure by the V5 lineage during the 
L2 stage is dependent on events occurring at an earlier timepoint, after the first 
V cell division during L1. The lateral seam cells form a continuous line, but 
when they divide they must break and subsequently reform the contacts joining 
them (Figure 2). Laser ablation of the Vn.p daughters on either side of V5.p 
prevent the formation of the postdeirid neuroblast. Instead, the V5.p lineage is 
altered and follows the characteristic anterior V1-V4 fate, dividing symmetrically 
during L2 to form two seam cell daughters [50, 51]. To form the postdeirid, the 
V5.p cell must contact both its neighbouring seam cell daughters within 8 hours 
after dividing [52]. The reiteration of V5 fate that occurs when contact with its 
neighbours	is	prevented	is	thought	to	be	caused	by	the	ectopic	activation	of	a	
canonical Wnt signalling pathway in V5.p. Several lines of evidence support 
this idea; 1) The loss of the postdeirid that occurs upon V cell ablation can be 
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Figure 1.1: Development of the V cell lineages. (A) At hatching, the L1 animal has six V 
cells located in the midbody region. (B) The developmental program followed in the wild 
type hermaphrodite. The V1-V4 and V6 lineages follow the same stem cell like division 
program, ultimately generating two seam cell descendants (SC) that will form the adult 
alae. The anterior daughters of each division fuse with the hypodermal syncytium (hyp7). 
The V5 lineage generates a postdeirid neuronal structure (P) and a seam cell descendant. 
(C) The developmental program followed in the wild type male. The V1-V4 lineages 
are identical to their hermaphrodite counterparts. The V5 and V6 lineages undergo an 
additional division during the third larval stage. The V5 lineage generates a postdeirid, a 
seam cell and ray 1 (R1), the V6 lineage generates rays 2-6 (R2-R6).
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suppressed	by	mutations	in	egl-20/Wnt, lin-17/Fz, bar-1/β-catenin	and	the	Wnt	
target	gene	mab-5 [14, 52, 53]. 2) In contrast, loss of function of the Axin homolog 
pry-1, which is required to negatively regulate β-catenin	signalling	in	the	absence	
of Wnt, causes loss of the postdeirid [53-55]. 3) V cell ablation has been shown to 
induce ectopic expression of Wnt target gene mab-5 in V5.p, whereas heat shock 
induced expression of mab-5	can	inhibit	the	postdeirid	fate	regardless	of	V	cell	
ablations [14, 53]. Thus, the intercellular signals exchanged between the V cells 
appear to inhibit Wnt pathway activation in V5.p, which results in the formation 
of the postdeirid neuroblast by V5.pa, but the mechanism of this inhibition is 
currently unknown.
 The V5 lineage is not the only V cell lineage that is competent to adopt 
the postdeirid fate. In fact, all the V cells have the inherent potential to form a 
postdeirid, but are inhibited from doing so except for V5. Loss of function of the 
transcriptional	repressor	lin-22 causes the anterior V1-V4 lineages to generate 
postdeirid structures [56-58]. LIN-22 activity is thought to inhibit the function 
of Atonal homolog LIN-32 in the anterior V cells [58]. LIN-32 is required for 
the specification of proneural and neuronal fates in a variety of cell lineages 
including the V5 lineage and the male sensory rays [59-61]. As a consequence, 
in	lin-32 mutant animals, the postdeirid neuroblast is not formed. In a lin-22	
mutant background, loss of function of lin-32 can completely suppress V1-V4 as 
well as V5 postdeirid formation [58], suggesting that lin-22	functions	genetically	
upstream	of	lin-32 to inhibit its activation. The formation of ectopic postdeirids 
by any of the V1-V4 lineages in lin-22 animals	can	be	inhibited	by	ablation	of	the	
neighbouring V cells [51]. Thus, V1-V4 postdeirid formation in lin-22	animals	is	
dependent on the formation of intercellular contacts after the first V cell division 
as is the case for the V5 lineage. In addition to LIN-32/Atonal and intercellular 
signals, V1-V4 postdeirid formation in lin-22 mutants requires the function of lin-
39 [58]. Ectopic postdeirid formation is strongly, albeit not completely, inhibited 
by loss-of-function of the Hox gene lin-39. Therefore, even though lin-39	is	not	
required for postdeirid formation in the V5 lineage, LIN-39 activity potentiates 
the postdeirid fate in the V1-V4 lineages. This suggests that lin-22	may	function	
to	inhibit	lin-39 expression in the wild type V1-V4 lineages. 
	 In	a	lin-22 background, the V6 lineage also has the potential to form a 
postdeirid, but this fate is inhibited by the PAL-1 homeobox transcription factor, 
which	is	a	homolog	of	Drosophila Caudal, [62, 63]. pal-1	functions	by	activating	
mab-5 in V6.p, which inhibits the postdeirid fate in the V6 lineage [14, 51, 53]. If 
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both	pal-1	and	lin-22 function are lost, the V6 lineage is transformed to adopt the 
postdeirid fate [51]. This suggests that lin-22	is	inhibiting	mab-5 in V6, and that 
this repression is normally overcome by the activity of PAL-1. MAB-5 activity 
appears to inhibit the postdeirid fate in V5 and V6, whereas lin-39	potentiates	
the postdeirid fate in the V1-V4 lineages in the sensitised lin-22 background. 
Therefore, mab-5	and	lin-39 have opposite effects on V-cell fate, but they are both 
repressed by LIN-22 activity. The major regulators of postdeirid versus seam cell 
fate in the V lineages are summarised in Figure 2.

A +5h B +7h

C +8h D +9h

E
V1 V2 V3 V4 V5 V6

mab-5 mab-5

pal-1

seam cellpostdeirid

lin-39
lin-32

lin-22

seam cell

Figure 1.2: Intercellular signalling regulates V cell fate. (A-D) Fluorescence micrographs 
of L1 animals carrying the ajm-1::GFP fusion protein, which localises to epithelial adherens 
junctions, taken after the first round of V cell division. The anterior daughter cells fuse with 
hyp7, and the posterior daughters extend processes to recontact each other. (E) Summary of 
the major regulators of V cell fate in the hermaphrodite. LIN-22 activity blocks LIN-32 and 
LIN-39 activation in the V1-V4 lineages and inhibits the postdeirid fate. In the V5 lineage, 
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mab-5 expression is blocked by intercellular signalling and this allows the generation of 
the postdeirid structure. In V6, PAL-1 activates mab-5 expression, and MAB-5 blocks the 
postdeirid fate in this lineage. 

The male lateral seam

C. elegans	males	possess	a	copulatory	tail	consisting	of	nine	bilaterally	symmetric	
pairs of sensory structures called rays and two sharp, hardened structures called 
spicules {Sulston, 1980). Although the rays are similar to each other in structure, 
each has distinct identities with respect to morphology and chemosensitivity The 
three most posterior pairs of seam cells, V5, V6, and T generate the sensory rays 
[37, 64]. The posterior branch of the V5 lineage, the V5.pp cell generates ray 1, 
whereas the V5.pa cell generates the postdeirid neuroblast as is the case in wild 
type hermaphrodites. V6 generates rays 2-6 (Figure 1), and T gives rise to rays 7, 
8, and 9. 
 Ray formation in the V cell lineages is regulated by the differential 
expression of the Hox genes mab-5	and	egl-5.	mab-5 is expressed in both the V5 
and V6 lineages, whereas egl-5 is only expressed in the V6 lineage [12, 13]. In the 
V5 lineage, the expression of mab-5 cycles on and off to regulate cell proliferation, 
ray formation, and ray identity [14]. In V6, the caudal related transcription 
factor PAL-1, activates mab-5 expression which remains uniform over time [14, 
53, 62, 63]. In turn, mab-5	activates	egl-5 in certain branches of the V6 lineage. 
In	mab-5 mutant males, no V cell derived rays are generated at all, and in egl-5	
mutant males, the V6 lineage exhibits a posterior to anterior transformation; 
V6.ppp takes on the V6.ppa fate [12]. Therefore, mab-5	and	egl-5	are	crucial	for	the	
generation	of	ray	fates	in	the	V	cell	lineages.
 In males, the anterior V1-V4 lineages follow the same developmental 
program as in hermaphrodites. The anterior V cells have the potential to 
generate ray fates, but are prevented from doing so by intercellular signals from 
neighbouring seam cells after the first round of V cell division [62, 64]. If a given 
V1-V4 cell is ablated, its neighbours will generate rays instead of alae [62]. These 
ectopic	ray	fates	are	induced	by	ectopic	mab-5 activation following ablation [14]. 
In turn, mab-5 induction is dependent on canonical Wnt signalling, as ectopic ray 
formation	is	inhibited	by	loss	of	function	of	egl-20/Wnt	and	bar-1/β-catenin [53]. 
Similarly, in pry-1/axin mutants, anterior V cells express mab-5 and generate rays, 
and formation of these ectopic rays requires bar-1/β-catenin and	mab-5 activity	
[53, 55]. Therefore, in both sexes, cell contacts between seam cells function to 
inhibit	Wnt	signalling.
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 Besides intercellular signalling, inhibition of the ray fates in the anterior 
V lineages requires LIN-22, similar to inhibition of postdeirid formation by V1-
V4 in both males and hermaphrodites. In lin-22 mutant males, the V5.pa cell 
generates the postdeirid as in wild type animals, but the V5.pp cell generates 
an additional ray 1 like structure. The anterior V1-V4 lineages are transformed 
to follow this altered V5 program, the Vn.pa cells generating postdeirid 
neuroblasts and the Vn.pp lineages generating two ray 1 structures [51, 56, 58]. 
The duplication of ray 1 in these altered V5 lineages is dependent on mab-5	
expression, therefore one of the functions of LIN-22 in males may be to repress 
mab-5 expression in the anterior V cell lineages [58]. Surprisingly, in mab-5;lin-22	
double mutant males, the V lineages can still generate rays [58]. This is thought 
to occur because LIN-39 and EGL-5 can take over MAB-5 function in the absence 
of repression by LIN-22 and MAB-5 activity. These Hox genes can induce rays 
to a certain extent [58]. Thus, in males and in hermaphrodites, lin-22	appears	to	
regulate Hox activity in the V cell lineages.

Development of the ventral hypodermis

In addition to the V cells described above, six ventrolateral P cells lie along each 
side of the L1 hypodermis at hatching [37]. Midway through the first larval stage, 
the P nuclei migrate into the ventral nerve cord, followed by the P cell bodies. 
Bilaterally symmetrical P cells have equivalent cell fates. If one member of the 
pair is killed, the remaining P cell takes on the anterior fate [50]. Upon reaching 
the ventral cord, the P cells divide to produce an anterior neuroblast (Pn.a) that 
generates several motorneurons, and a posterior hypodermal cell (Pn.p). In 
hermaphrodites, P(1–2).p and P(9–11).p subsequently fuse with hyp7, while P(4–
8).p remain unfused [37]. P3.p remains unfused in 50% of wild type animals and 
in 100% of lin-22 mutant animals [58]. In males, P(1–2).p and P(7–8).p fuse with 
hyp7, while P(3–6).p and P(9–11).p do not [64]. P12.p remains unfused in both 
sexes and divides during the first larval stage. P12.pa subsequently generates a 
rectal hypodermal cell and P12.pp undergoes programmed cell death. In both 
hermaphrodites	and	males	lin-39 is expressed in P(3–8).p and mab-5 is expressed 
in P(7–11).p, and the expression of either of these Hox genes prevents cell fusion 
[65, 66]. However, MAB-5 activity is inhibited in hermaphrodites, leading to cell 
fusion in P9.p-P11.p [66] and in males, MAB-5 and LIN-39 neutralize each other 
in a combinatorial interaction which leads to the fusion of P(7–8).p with hyp7 
[67]. egl-27, which encodes a protein similar to the NuRD histone deacetylase 
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complex component MTA1, is required to inhibit MAB-5 in hermaphrodites as 
well as for permitting the MAB-5/LIN-39 interaction in males [67-69]. The fate 
of the posterior most P cell P12 is determined by Wnt and Ras pathways that 
regulate the expression of the Hox gene egl-5 [70, 71].	
 The male ventral hypodermal cells P7-P12 ultimately give rise to the 
hook [64]. This process is regulated by the Hox genes mab-5	and	egl-5.	mab-5 is	
initially expressed during mid-embryogenesis in P7-P12 and remains expressed 
throughout postembryonic development in the descendants of P7-P11 [7, 66]. 
Expression of egl-5 is activated in P12 descendants during L1 by LIN-3/EGF and 
LIN-44/Wnt signalling and subsequently inhibits mab-5 expression [71, 72]. In 
egl-5 mutants, mab-5 remains on in P12 descendants and in mab-5 mutants, egl-5 
is switched on in P10 and P11 descendants. Thus, mab-5 and	egl-5 are	mutually	
repressing.

Hermaphrodite vulva development

The hermaphrodite vulva develops from the descendants of the six unfused 
ventral hypodermal cells P3.p-P8.p, also called vulval precursor cells (VPCs) 
[37]. During the third larval stage, a LIN-3/EGF signal from the anchor cell in 
the somatic gonad activates a Ras-MAPK signalling pathway in the three closest 
VPCs P5.p-P7.p inducing them to adopt the primary (1°) and secondary (2°) 
vulval fates (Figure 3) [50, 73-75], see below. Ablation experiments have shown 
that all six VPCs are competent to respond to inductive signals [50, 73, 75], but 
P3.p, P4.p and P8.p do not receive sufficient levels of LIN-3 to activate vulval 
development. As a consequence, they adopt the tertiary (3°) fate, which is to 
divide	once	and	fuse	with	the	surrounding	hypodermis.
 Establishment of the pattern of 1°, 2°, and 3° VPC fates involves several 
signalling events. Firstly, LIN-3/EGF produced by the anchor cell activates its 
receptor, LET-23, which in turn activates a Ras/MAPK pathway in P6.p and, to 
a lesser extent, in P5.p and P7.p [74-82]. High levels of MAPK signalling induce 
the 1° vulval fate in P6.p and also activate LIN-12/Notch mediated lateral 
signalling, which induces the 2° fate in the neighbouring VPCs [83, 84]. This 
lateral signalling involves at least three redundant Notch ligand genes, apx-1, 
lag-2 and	dsl-1 [85-90]. APX-1 and LAG-2 are transmembrane ligands and DSL-
1 is a secreted ligand for LIN-12/Notch. In response to MAPK activation, the 
expression of Notch ligands is upregulated in P6.p, whilst the expression of 
LIN-12/Notch is simultaneously downregulated [91]. As a consequence, LIN-
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12/Notch is activated in P5.p and P7.p. LIN-12 signalling is both necessary and 
sufficient for specification of the 2° VPC fate [83, 92-94]. In addition, LIN-12 
inhibits the 1° fate in P5.p and P7.p via its targets, which include a number of 
redundant negative regulators of LET-23 signalling such as lip-1, encoding a 
MAPK phosphatase [82, 95].  
 In addition to Egf and Notch signalling, canonical Wnt signalling also 
plays	a	role	in	vulva	development.	Activation	of	Wnt	signalling	can	increase	
the extent of vulval induction if the LET-23 pathway is compromised [96]. In 
mutants	for	pry-1/Axin, Wnt signalling is ectopically activated and this leads 
to a vulval overinduction phenotype [55]. Wnt signalling activates expression 
of	lin-39, which is a major effector of vulval induction [97], see below. The fact 
that Wnt signalling can increase vulval induction and that Wnts are expressed in 
the	anchor	cell	raises	the	possibility	that	Wnt	signalling	might	be	able	to	induce	
vulval development. However, it is not known whether Wnt signalling can 
compensate for the complete absence of LIN-3 signalling. In conclusion, several 
signalling pathways act in combination to generate the precise pattern of VPC 
fate specification in C. elegans.	

LIN-3/EGF

LIN-12/Notch

1o 3o2o 2o3o
3o

SynMuv

LIN-3/EGF

SynMuv

LIN-3/EGF

P3.p-P8.p

AC

A

B

Figure 1.3: Regulation of VPC induction. (A) Representation of the anchor cell and VPCs 
P3.p-P8.p in the wild type L3 hermaphrodite. (B) The primary pathways regulating vulval 
induction. LIN-3/Egf produced by the anchor cell induces P6.p and, to a lesser extent, P5.p 
and P7.p. P6.p adopts the primary (1°) vulval fate and induces the secondary (2°) vulval fate 
in P5.p and P7.p. The other VPCs adopt the uninduced tertiary (3°) fate, divide once and 
fuse with hyp7. The synMuv pathway genes are required to prevent ectopic vulval induction 
by blocking lin-3 activation in hyp7.
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Effectors of inductive vulva signalling

Several likely targets of the LIN-3 activated Ras/MAPK signalling pathway 
have been identified. Two of these, LIN-31 and LIN-1, are transcription factors 
that form a complex [98]. lin-31 encodes a winged helix (WH)-like transcription 
factor that is a member of the HNF3/Forkhead family of DNA-binding proteins 
[99], lin-1 encodes an Ets-domain-containing transcription factor [100]. Both 
LIN-31 and LIN-1 can be phosphorylated by the MAP kinase MPK-1, and 
phosphorylation of the former disrupts the complex [98]. LIN-31 then acts 
as an effector of the MAP kinase signal to promote primary and secondary 
vulval cell fates [76, 77, 101]. The fibroblast growth factor homolog egl-17 is	a	
transcriptionally regulated target of LIN-3 early in the induction process [82, 102-
105].
 Another important transcriptional target of LIN-3 and Wnt signalling 
is the Hox gene lin-39 [65, 96, 97]. As mentioned above, Hox gene expression 
and Hox protein activity control the pattern of Pn.p fusions during the first as 
well as during the third larval stage. In the hermaphrodite, lin-39 is	particularly	
important for specification of the VPCs. During L1/L2, lin-39 is expressed in 
P3.p-P8.p, later during L3 expression becomes restricted to P5.p-P7.p. [10, 11]. 
In	the	absence	of	lin-39 function, P(3-8).p all fuse with hyp7 during the second 
larval stage; if lin-39 is lost between the L2 and L3 stages, P5.p-P7.p adopt the 
3° fate like the uninduced VPCs and fuse with the hypodermis [10, 66]. In both 
cases, this results in vulvaless animals. Thus, lin-39 has	two	separate	roles	
in vulva development: preventing fusion of the VPCs whilst stimulating cell 
division [106]. 
 Several other genes have been linked to lin-39	function	in	vulval	
development. sem-4, which encodes a zinc finger protein, is necessary for full lin-
39 expression and is preferentially required in P7.p [107]. This is due to the fact 
that P7.p and P8.p express the Hox gene mab-5, which renders them less sensitive 
to LET-23 signalling than P.3p-P6.p [66, 107, 108]. The paradoxical aspect of this 
finding is that P3.p and P4.p become less sensitive to vulval induction when mab-
5 function is lost [108]. A likely cause for this is a shift in the expression domains 
of	other	patterning	molecules	when	mab-5	is	lost.	In	C. elegans like in Drosophila 
and other animals, Hox proteins utilize the Hox cofactors Extradenticle, encoded 
by	ceh-20	and	ceh-40; and Homothorax, encoded by unc-62 [109, 110]. These 
cofactors are also required for lin-39 function in vulval development [111]. Two 
GATA factors that are required for proper vulval development, EGL-18 and ELT-
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6, are transcriptionally regulated by LIN-39 and CEH-20 [112]. 

Antagonists of vulval induction

Besides the factors positively regulating vulval induction, there are many genes 
that have an opposite function; they are required to inhibit inappropriate vulval 
induction in the VPCs. A well studied class of these genes are the synthetic 
Multivulva (synMuv) genes which encode broadly expressed nuclear proteins 
[113]. There are three classes of synMuv genes, A, B and C. Single genetic mutants 
for any of the classes are phenotypically wild type or exhibit only a weak Muv 
phenotype [113, 114], but double mutant combinations between two different 
classes of synMuv genes are strongly Muv [113, 114]. Many of the synMuv B 
genes	encode	genes	involved	in	chromatin	remodelling	and	transcriptional	
regulation, including lin-35, which encodes the C. elegans homolog	of	mammalian	
Retinoblastoma (Rb), histone deacetylase hda-1/HDAC, the NuRD chromatin 
remodelling complex components let-418/Mi-2 and lin-53/RbAp46 [69, 104, 
115-117]. The synMuv C genes also encode proteins involved in chromatin 
remodelling; four of the class C genes encode components of a Tip60/NuA4-
like histone acetyltransferase complex [115]. The function of the four known 
class A genes remains unclear, although three of the four, lin-56, lin-15A, and 
lin-8 have	been	shown	to	encode	nuclear	proteins	that	might	have	a	function	in	
transcriptional regulation [118-120]. The synMuv genes were originally assumed 
to act within the VPCs to inhibit LET-23 pathway output [77, 120], but now it is 
thought that their primary site of action is in the hypodermis, hyp7, were they 
redundantly	inhibit	lin-3 expression [121-124]. In mutant combinations of the 
synMuv genes, LIN-3 is ectopically expressed in the hypodermis, which activates 
Ras-MAPK signalling in all six VPCs, and induces the formation of ectopic 
pseudovulvae by P3.p, P4.p and P8.p (a Multivulva (Muv) phenotype) [121]. 
In conclusion, there are many mechanisms controlling the development of the 
hypodermal lineages, and it is an ongoing challenge to uncover the links between 
the components of this regulatory network.
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Thesis outline

The goal of this project was to identify and functionally characterize novel cell 
fate	determinants	in	Caenorhabditis elegans. The hermaphrodite V cell lineage fate 
was used as a readout system. The V cells are an appealing system to study cell 
fate for two main reasons; 1) the V cells can only adopt either of two fates, an 
epidermal fate or a neuronal fate; 2) V cell fate is determined by multiple factors 
including Wnt signalling, intercellular signalling between neighbouring V cells, 
and intrinsic lineage specific factors. The complex interactions between these 
processes are easier to study using a system with a simple, two dimensional 
output.
	 Chapter 2 describes a forward genetic screen for regulators of V cell fate 
using the expression of a marker for the neuronal fate as a readout. We isolated 
approximately thirty mutations and further characterized three of them. One 
of the three mutations is affecting a gene that is required for neuronal cell fate 
in the Q and V5 lineages. The other two are alleles of a single gene that affects 
the migration and/or contact of cellular processes in the lateral epidermis, 
confirming the importance of intercellular signalling for V cell fate.
	 In Chapter 3, we adopt a reverse genetic approach to identifying 
candidate regulators of V cell fate. This approach allows the identification of 
genes	that	are	lethal	and	would	therefore	be	missed	in	the	screen	described	in	
Chapter 2. We carried out an RNAi screen covering 55% of predicted C. elegans	
Open Reading Frames (ORF’s). We identified around twenty genes that are 
required for the neuronal fate in the V5 lineage. Most of these are cell cycle 
regulators. These genes could be important because division timing is critical 
to	V	cell	fate.	Another	intriguing	possibility	is	that	these	genes	are	involved	in	
direct transcriptional regulation of fate determination. In addition, we identified 
two candidates required for epidermal cell fate in the V cell lineages, which we 
investigated	further.
	 The C. elegans homolog of the ASH-2 Trithorax group protein is required 
for cell fate determination in the anterior V cell lineages. The only other gene 
known to be required for the anterior V lineages to adopt the epidermal fate is 
the	transcriptional	repressor	lin-22. In Chapter 4, we further characterize the 
function	of	ash-2	and	lin-22. These genes function in the hypodermis to influence 
V cell fate. In addition to its role in the V cell lineages, ash-2 behaves as a synMuv 
A gene in vulval development. The synMuv A, B and C pathway genes function 
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to inhibit ectopic vulval induction in the ventral epidermis by preventing LIN-
3/Egf production in the hypodermis. Although the synMuv B and C genes have 
been shown to encode chromatin remodelling factors, it was still unclear what 
the nature of the synMuv A pathway genes is, and this work sheds more light on 
this question. In addition to its role as a synMuv A gene, ash-2	is	functioning	in	
another	pathway	inhibiting	vulval	induction	involving	lin-22.	
	 In Chapter 5, we carry out a functional analysis of the lon-8 gene. Loss of 
function	of	lon-8 affects larval growth. We show that, unlike the three previously 
characterized Lon genes, lon-8 is not regulated by the DBL-1/TGF-β pathway	that	
regulates post embryonic growth. Therefore, there is an additional mechanism 
that regulates growth independently of TGF-β	signalling.	lon-8	encodes	a	small	
protein	that	is	secreted	by	the	hypodermis	and	genetically	interacts	with	cuticle	
components	dpy-11	and	dpy-18.	
	 Ultimately, the study of developmental genetics in model systems such 
as	C. elegans	can	yield	important	insights	into	the	mechanisms	underlying	human	
diseases. In Chapter 6, this principle is applied to discuss the relevance of the 
work on chromatin remodelling factors described in Chapter 4 with regards to 
gaining	a	better	understanding	of	oncogenesis.
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Abstract

In	C. elegans, canonical Wnt signalling controls several events during larval 
development. One of these is the development of the seam cell V5. The fate of the 
V5 lineage is partially dependent on signals received by V5.p from its neighbours 
after the first round of division in L1. These signals are required to prevent Wnt 
induced activation of Hox gene mab-5 in V5.p. To identify more of the genes 
involved in fate specification of the V5 lineage, we performed a genetic screen 
for	mutations	that	affect	V	cell	fate.	We	isolated	and	characterised	several	genetic	
mutants that are required for V5 to adopt the postdeirid fate. 
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Introduction
At hatching, the seam cells form a continuous row in the lateral hypodermis 
of the L1 larva, with the V cells V1-V6 located in the central part of the flank 
[1] (Figure 1). In the hermaphrodite, these cells follow a stem cell like division 
pattern, dividing once during each larval stage to generate an anterior daughter 
that	fuses	with	the	hypodermis	and	a	posterior	daughter	that	forms	a	new	
seam cell. During L2 an additional symmetrical division occurs that doubles 
the number of seam cells. However, in the V5 lineage this division is not 
symmetrical; instead of adopting the seam cell fate, the anterior daughter 
generates a neuronal structure called the postdeirid sensory sensilium [1]. 
Prior to division, the V cells must break contact, and after dividing they extend 
processes	to	re-establish	contact	with	their	neighbours.	If	the	V	cells	adjacent	
to V5 are ablated with a laser microbeam within an eight hour interval after 
hatching, which is the time at which contact is established after the first round of 
V cell division, V5.pa adopts the seam cell fate instead of forming a postdeirid 
[2] (Figure 2). Therefore, it seems likely that postdeirid formation by the V5 
lineage is dependent on signals received by V5.p from its neighbours after 
the first round of division. The reiteration of V5 fate that occurs by killing the 
neighbouring	V	cells	can	be	suppressed	by	mutations	in	components	of	the	
canonical	egl-20/Wnt signalling pathway [2-4].  In contrast, mutations in the 
Axin homolog pry-1, which is required to negatively regulate β-catenin	signalling	
in the absence of Wnt, causes loss of the postdeirid fate [3, 5]. Moreover, V cell 
ablation induces ectopic expression of Wnt target gene mab-5 in V5.p, and heat 
shock induced expression of mab-5	can	inhibit	the	postdeirid	fate	regardless	of	
V cell ablations [3, 4]. Thus, the signals from the neighbouring V cells appear to 
inhibit Wnt pathway activation in V5.p, which results in the formation of the 
postdeirid neuroblast by V5.pa. Other factors may also contribute to V5 fate, 
such as factors affecting the timing of cell division, as cell-cell contact must 
be reestablished within a critical interval after the first seam cell division. For 
instance, unc-59	and	unc-61, two C. elegans homologs septin family GTPases, 
which are required for cytokinesis in all metazoans, are required for postdeirid 
formation [6, 7]. Molecules involved in epidermal migration and morphogenesis 
such as semaphorins and plexins are also critical for correct cell-cell contact 
establishment and may affect the V cell divisions [8-10]. In addition to factors 
controlling V cell division dynamics, heterochronic genes are required for 
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temporal specification of cell fate. In heterochronic mutants, events specific to 
certain larval stages are skipped, causing fate transformations in several lineages 
including the V cells [11, 12].  Lastly, factors required for proneural and neural 
fate specification such as basic Helix-Loop-Helix transcription factors may 
affect the identity of the V5 sublineage, as is the case for the atonal homolog 
lin-32 [13-15]. To identify more of the genes involved in V5 fate determination, 
we	performed	a	mutagenesis	screen	for	loss	of	the	postdeirid	neuroblast.	We	
characterized three mutations further, two of them being alleles of the same gene. 
One of these mutations affects the neuroblast versus seam fate decision in the 
V5 lineage. The other two affect timing and contact establishment of the V cell 
divisions.
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Materials and Methods
General methods and strains: Strains were cultured using standard methods [16, 17]. All 
strains have been described in [16], except were mentioned otherwise. All strains were 
maintained at 20°C. In addition to the mutants isolated in the screen described in Table 1, 
the following alleles were used in this study: LGII: rrf-3(pk2042) [18], LGIV: lin-22(n372), 
him-8(e1489). The following transgenic lines were used in this study: vtIs7	[dat-1::gfp] 
on LGI [19]; muIs32 [mec-7::gfp] [20], huIs34	[dat-1::gfp] on LGII (this study); vtIs1	[dat-1::
gfp;rol-6(d)] on LGV [19]; wIs51	[scm::gfp] [21]; jcIs1	[ajm-1::gfp] [22]. CB4856 is a strain 
which is polymorphic to N2. This strain was used for SNP mapping as described below. 
The chromosomal insertion huIs34 was	generated	by	irradiating	animals	bearing	an	
extrachromosomal array containing dat-1::gfp (Pdat-1::GFP, a kind gift of R. Nass and R. 
Blakely) as late L4 animals. Both transgenes were outcrossed 2 times.
Mutagenesis and screening: Pools of L4 animals bearing vtIs7	and	vtIs1 were	mutagenised	
with 20 mM ethyl methanesulfonate (EMS) in M9 buffer for 4 hours at 20 C These P0 
animals were subsequently washed several times with M9, plated onto culture dishes and 
left to produce F1 progeny. The F1 animals were singled onto individual culture dishes 
at the L3-L4 stage and left to produce F2 progeny. The progeny of each of 3500 singled F1 
was	screened	at	the	adult	stage	for	loss	of	gfp expression in the postdeirid neuroblast or 
ectopic expression of dat-1::gfp. The positive F2 animals were singled and the viable lines 
were kept if they continued to exhibit the postdeirid defect in subsequent generations. 
The mutants were assayed for penetrance/frequency of the postdeirid phenotype, growth 
rate/sickness/ability to mate and several lines were selected for further examination 
on these bases. These were analysed for formation of the postdeirid and Q cells by DIC 
microscopy; for formation of the postdeirid the animals were scored at 22-24h after 
hatching. The formation and position of the QR and QL descendants was determined at 8h 
after hatching. After this analysis several mutants were selected for in depth examination. 
 Outcrossing and strain construction: The selected mutants were outcrossed 
2x prior to further examination. The mutations were initially isolated in strains bearing 
vtIs1	and	vtIs7, but these markers were replaced by huIs34	during	outcrossing	because	
this transgene has a relatively high expression level compared to either of the original 
transgenes used for the mutagenesis. For the first outcross, males bearing the huIs34	
transgene	were	mated	to	dpy-5	hermaphrodites	bearing	huIs34.	dpy-5 is located on LGI like 
vtIs7, which allowed us to select against animals bearing the vtIs7	and	for	animals	bearing	
the	huIs34	[dat-1::gfp] array. The F1 males from this cross were mated to hermaphrodites 
bearing a postdeirid mutation. The F1 hermaphrodites were singled at the L4 stage and 
dpy-5, non-rolling, gfp positive mutant F2 were picked. We thus selected for the absence 
of	the	vtIs1	and	vtIs7	transgenes	and	for	the	presence	of	huIs34 and our mutation. These 
animals	were	crossed	with	huIs34 males, the F1 hermaphrodites were singled at the L4 
stage, and non-Dpy mutant F2 were picked to yield a strain carrying the huIs34	[dat-1::gfp] 
marker and our mutation twice outcrossed. After outcrossing the frequency/penetrance of 
the postdeirid phenotype was assayed again. The hu72 and	hu75	mutants	were	outcrossed	
an	additional	time	with	males	containing	huIs34	and	[ajm-1::gfp] to visualize seam cell 
morphology.		
	 Genetic mapping and cosmid injections: Mapping against SNP polymophisms 
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in the CB4856 strain was performed as described previously [23]. huIs34	was	mapped	
to LGII and huIs37 was mapped to LGIV. Mapping of mutations was carried out using 
the same strategy. In brief, CB4856 males were crossed with mutant hermaphrodites, 
both	strains	carrying	huIs34. Hermaphrodite L4 F1 progeny was singled onto individual 
culture plates and mutant F2 hermaphrodites were singled at the adult stage and left to 
produce F3 progeny. The F3 was examined to confirm the phenotype and lysates were 
made of each recombinant line. For mapping to Linkage Groups, about 20 individual 
recombinant	lysates	were	pooled	and	BSA	was	carried	out	using	a	standard	set	of	primers	
[24]. For further mapping, verified N2-CB4856 SNPs within the region of linkage were 
selected, then PCRs were carried out on each individual recombinant lysate using either 
existing or self-designed primers that amplify the region around the SNP. The PCR 
products were sequenced or, if the SNPs altered a restriction site, restricted to identify 
the	region	of	recombination	and	thus	narrow	down	the	interval	containing	the	mutation.	
We selected the mutants with the highest penetrance that did not have mating difficulties 
and mapped them their to corresponding linkage groups. Two mutations, hu82	and	hu115	
were mapped to LG I. We mapped one mutation, hu83 to LG IV and three mutations, hu97, 
hu80	and	hu135 to LG V. hu72	and	hu75	were	both	mapped to LG X upon examination 
of the F1 males of outcrosses and using standard BSA primers [24]. Upon performing 
complementation	tests	we	established	that	they	are	two	alleles	of	a	single	genetic	locus.	
We	selected	hu82, hu72	and	hu75 for further examination. We outcrossed these mutations 
and mapped them utilising SNPs in the CB4856 genetic background [23]. We managed 
to	narrow	down	the	interval	containing	hu82 to 1.75 – 1.87 on LG I, and the interval 
containing	hu72	and	hu75 to  -13.69 -- -11.59 on LG X. We tested all the genes in these two 
intervals by RNAi to determine if we could cause a postdeirid defect by knocking them 
down, but we did not observe any postdeirid phenotype. Complementation tests were 
performed	and	hu72	and	hu75 were linked to a similar region of LGX. Wt males were 
crossed	with	hu75 hermaphrodites, both strains bearing huIs34. The F1 males obtained 
were	crossed	with	hu72	hermaphrodites	bearing	huIs34	and	the	progeny	of	this	cross	was	
scored	for	the	postdeirid	defect.	We	attempted	to	rescue	the	hu82	phenotype	by	injecting	
a mix of the cosmids C01H6 and M05B5, both containing the hlh-2 coding sequence, at 50 
ng/µl with the coinjection marker myo-2::gfp at 25 ng/µl	and	rol-6 (pRF4) at 100 ng/µl.	We	
generated several transgenic lines, but we did not observe rescue of the hu82	phenotype	in	
any	of	them.
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Results
Screening for mutations that disrupt postdeirid formation: 

To screen for mutations that disrupt postdeirid formation by the V5 lineage, 
we	used	a	strain	containing	a	dat-1::gfp marker which is expressed in the two 
ADE and four CEP neurons in the head as well is in the two PDE postdeirid 
neuroblasts [25]. dat-1::gfp is expressed in PDE from the L3-L4 stage onwards. 
The postdeirid neuronal structure can also be identified by DIC microscopy from 
late L2 onwards [1]. We mutagenised animals bearing chromosomal insertions 
of	dat-1::gfp and examined their F2 progeny at the adult stage for loss of the dat-
1::gfp expression in the tail region but not in the ADE and CEP neurons in the 
head (Figure 1). We screened 7000 genomes and identified 33 recessive mutations 
that caused specific loss of the postdeirid neuroblast without affecting the other 
dopaminergic neurons (Table 1). We also identified 3 mutations that gave ectopic 
postdeirid formation in the V1-V4 seam cell lineages, a phenotype previously 
described	for	mutations	in	the	transcriptional	repressor	lin-22 [26-28]. When we 
performed	complementation	tests	between	these	mutants	and	the	lin-22(n372)	
mutation, we found that these three mutations are all novel alleles of the lin-22	
gene. We selected the mutations with more than 25% penetrance that were viable 
and fertile (Table 1) and used DIC microscopy to confirm that the loss of dat-1::gfp	
expression observed was due to defects in postdeirid formation and not to loss of 
dat-1::gfp expression. This was the case in all mutants analysed (data not shown). 

A B

Figure 2.1: dat-1::gfp expression in a wild type (A) and pdd-1(hu82) mutant (B) background. 
In both strains, dat-1::gfp is expressed in the ADE and CEP head neurons. In wild type 
animals, dat-1::gfp is also expressed in the PDE neuron (white arrowhead), but this neuron 
is missing in pdd-1(hu82) mutants.



3�Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

postdeirid mutant screen

Analysis of the Q cell lineages in postdeirid defective mutants: 

We	sought	to	determine	the	nature	of	the	postdeirid	defects	observed	in	our	
mutants; could this phenotype be linked to defects in signal transduction, 
division timing, contact formation or neurogenesis? As a readout for Wnt 
signalling, division timing and neurogenesis defects we analysed the formation 
and migration of the Q daughter neuroblasts. In brief, QL and QR are epidermal 
cells that are born between V4-V5 on the left and right sides of the animal. 
During the L1 stage, the Q cells divide to generate neuronal daughter cells that 
migrate in opposite directions, the QR descendants migrating to the anterior 
and the QL descendants to the posterior [1]. This asymmetric migration is 
regulated by the specific expression of the Hox gene mab-5 in the QL daughters 
by a canonical Wnt signalling pathway [29-32]. This is the same pathway that 
inhibits postdeirid formation in the V5 lineage if intercellular signalling between 
V5.p and its neighbours is prevented [2-4]. Mutations that disrupt postdeirid 
formation	because	of	ectopic	Wnt	pathway	activation	might	also	lead	to	
overexpression of mab-5 in the Q cells, which should lead to a migration defect 
in the QR daughters. This is the case in mutants for the C. elegans Axin homolog 
pry-1 [5, 31]. In these animals, postdeirid formation by the V5 lineage is blocked 
and the QR daughters migrate to the posterior instead of the anterior because of 
ectopic	mab-5	activation.	
 Q and V5 descend from the same mother cell, and mutations that 
interfere with the division of this cell can inhibit the formation of Q and V5 and 
their neuronal descendants, the postdeirid neuroblast and the Q daughter cells. 
This is the case in certain mutants that affect division timing such as mutants 
for	the	septin	homologs	unc-59	and	unc-61. In 30% of these animals, the Q/V5 
precursor fails to undergo cytokinesis, resulting in a binucleate cell and the 
absence of the Q and V5 lineages [7]. Other factors that are required for the 
development of both the Q and V5 lineages are genes that control the expression 
of neuroblast fate. An example of this is the C. elegans	atonal	homolog	lin-32.	
Mutations in lin-32 cause loss of the neuronal fate in Q and V5 as well as in the 
male ray lineages [13-15].
 We characterized the formation of the Q cell daughter cells in the fifteen 
mutants that were viable and had a more than 25% penetrant postdeirid defect 
by	DIC	microscopy.	We	found	that	several	mutants	had	mild	defects	in	the	
formation of the Q cell lineage (Table 1). Two mutants, hu115	and	hu82, exhibited 
a completely penetrant loss of Q and its descendants. The hu82 phenotype will be 
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Table 2.1: list of mutant alleles recovered from postdeirid defect mutagenesis screen. 
Abbreviations: pdd = postdeirid defective; Q lin = Q cell lineage; Q.n mig= Q.n cell 
migration; DIC= Differential Interference Contrast microscopy. The percentage of 
postdeirid defect was scored using the dat-1::gfp marker (n>200) and confirmed by DIC 
microscopy (n>10).
discussed further below. The hu115 mutant exhibits a proliferation phenotype 
strongly	reminiscent	of	a	heterochronic	mutant	phenotype.	hu115	also	maps	
to the region of LG I containing the heterochronic gene lin-28.  LIN-28 is	a	
regulator of developmental timing that is expressed in the first larval stage and 
downregulated	by	the	second	larval	stage.	In	lin-28 mutants, events specific 
to the second larval stage are skipped, and a number of somatic cell lineages, 
including the Pn.p cells and the seam cells precociously adopt later cell fates [12]. 
The events skipped include the formation of the postdeirid neuroblast, which 
occurs	during	the	second	larval	stage.	Given	the	similarity	in	phenotype	and	
position on the genetic map, we speculated that hu115	is	an	allele	of	lin-28	and	
did	not	study	it	further.	
 We examined the migration of the Q daughter cells in the thirteen 
viable postdeirid defective mutants that form Q cells. None of the mutants 
have an obvious Q migration phenotype except for hu87, which exhibits a 20% 
penetrant QL daughter migration phenotype (Table 1). The QL migration defect 
is counterintuitive to what might be expected if the hu87 postdeirid	defect	is	due	
to	a	mutation	in	a	Wnt	pathway	regulator	leading	to	mab-5 activation in V5.p. 
Ectopic	mab-5 expression in the Q lineages would cause a QR migration defect 
rather than a QL migration defect. Therefore, it is unlikely that changes in mab-5	
expression are the cause of the hu87 phenotype.  This mutant might be defective 
in another process required for both Q cell migration and postdeirid formation.

Analysis of the pdd-1(hu82) phenotype: 

We	named	the	gene	containing	the	hu82	mutation	pdd-1, for postdeirid	defective-
1. We could not use the migration of the Q cells to determine the nature of the 
postdeirid	defect	in	hu82	mutants	as	the	Q	daughters	are	not	formed	in	these	
animals (see below). Therefore, we examined them for other phenotypes to 
determine	whether	the	hu82 phenotype is caused by defects in division timing, 
defects	in	cell-cell	contact	formation	in	the	V	lineages	or	defects	in	neuroblast	
formation. To determine whether the timing of cell division and the morphology 
of	the	V	cells	is	affected	in	hu82 animals, we examined the V cells at the L1 
through L2 stage using the seam cell marker ajm-1::gfp [22, 33]. We found that 
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although the seam cells are morphologically normal, 100% of hu82	animals	form	
an additional seam cell between the bulb of the pharynx and the anus (Table 
1, n>20 hu82 compared to n>15 wild type animals). A likely explanation for 
this phenotype that the V5.pa cell is adopting the seam cell fate instead of the 
postdeirid fate in these animals. As mentioned earlier, hu82	animals	do	not	form	
Q derived neuroblasts at all (n>20). We crossed the mec-7::gfp marker, which 
is expressed in the touch receptor neurons that are the Q cell descendants [20] 
into	the	hu82 mutant background and found that the loss of these cells is 100% 
penetrant, like the loss of the postdeirid neuroblast (n>100). Closer examination 
of	hu82 L1 larvae using DIC microscopy revealed that these animals have an 
extra hypodermal nucleus at the position of Q (5/5 animals Figure 2).

Figure 2.2: DIC micrographs of wild type (A) and pdd-1(hu82) (B) L1 animals. V cell (Vn.
n), hypodermal (hyp7), and QL daughter (QL.d) nuclei are indicated. The pdd-1(hu82) 
mutant animal lacks neuronal Q daughter nuclei, but contains an additional hypodermal 
like nucleus at the approximate position of Q.
 Thus, Q seems to be adopting an epidermal fate instead of dividing to 
generate neuronal daughters. As both Q and V5 lineages inappropriately adopt 
epidermal instead of neuronal fates in these animals, it is possible that hu82	
causes	fate	switches	from	the	neuronal	to	hypodermal	fates	in	certain	lineages.	
This phenotype can also be observed in mutants for the bHLH transcription 
factor	lin-32. LIN-32 regulates proneural, neuronal precursor and differentiated 
neural	fates	in	a	variety	of	neural	lineages	including	the	postdeirid	neuroblast	
and the touch receptor neurons that are the descendants of the Q cells [13, 15]. 
lin-32 is also required for neural fate in the male sensory rays lineages [14]. 
The male rays are generated by the seam cells V5, V6 and T [34], and their 
development is controlled by the Hox genes that are also involved in fate 
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determination in hermaphrodites [35-37] as well as genes required for neural 
development	such	as	lin-32. Therefore, factors that affect postdeirid development 
might affect ray development because of defects in signalling, division timing, or 
contact formation as well as problems with neurogenesis. To determine whether, 
and if so, how, hu82 might affect the development of the male ray lineages, we 
examined the male tail in hu82; him-8(e1489)	animals.	We	did	not	observe	any	
obvious	morphological	defects	in	hu82 mutant male tails, therefore it appears that 
pdd-1 is not absolutely required for the development of these lineages in contrast 
with the Q and V5 lineages.
 In the ray lineages, the neural fate determinant LIN-32 functions with 
another bHLH cofactor, HLH-2, which is the C. elegans homolog	of	Drosophila	
daughterless. Together LIN-32 and HLH-2 bind Ebox elements and regulate the 
expression of their target genes [14]. Strikingly, hlh-2	is	located	in	the	interval	
on LG I containing hu82.	hlh-2	mutations	do	not	cause	a	male	ray	phenotype	by	
themselves, but they can enhance weak alleles of lin-32 [14]. We hypothesized 
that	hu82	might	be	an	allele	of	hlh-2. To test this, we sequenced the hlh-2	coding	
sequence in the hu82 mutant. We did not find any mutation in the coding 
sequence (data not shown), although this does not exclude possible lesions in 
regulatory elements. Therefore, we attempted to rescue the hu82	phenotype	
by	generating	transgenic	lines	carrying	arrays	of	two	overlapping	cosmids	
containing	the	hlh-2 sequence. We did not observe any rescue of the hu82	
phenotype in these lines.  Although these results do not exclude that hu82	is	an	
allele	of	hlh-2, it seems unlikely.

Analysis of the pdd-2(hu72) and pdd-2(hu75) phenotype: 

We	named	the	gene	containing	the	hu72	and	hu75	mutations	pdd-2, for postdeirid	
defective-2. To determine the nature of the hu72	and	hu75 mutations, we 
performed	a	similar	analysis	to	the	one	described	above	for	hu82. We examined 
the polarity of the first V5 division in both mutants, but we did not observe any 
V	cell	division	polarity	defects.	We	made	strains	containing	the	him-8(e1489)	
mutation	with	hu72	or	hu75	and	analysed	the	rays	in	these	animals.	We	did	
not	observe	any	obvious	morphological	defects	of	the	rays	in	either	mutant	
background. To study the morphology of the seam cells, we crossed the ajm-1::
gfp adherens junction marker into hu72	and	hu75.  In these strains, we observed 
a strong enhancement of the loss of the postdeirid neuroblast, from 87% to 100% 
in	hu75 and from 52% to 100% in hu72 (n>100). When we counted the number 
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of seam cells between the pharyngeal bulb and the anus in these animals, we 
found	that	an	additional	seam	cell	is	formed	in	all	mutant	animals	compared	to	
wild type (Table 1). Thus, it is likely that the V5.pa is adopting the seam cell fate 
instead of forming the postdeirid structure. In addition, in the hu72 background, 
the order of the Vn.p divisions is altered. In wild type animals, the divisions 
occur in posterior to anterior direction, V6 being the first to divide and V1 the 
last, but in hu72	animals	carrying	the	ajm-1::gfp transgene, the V cells divide in 
a	seemingly	random	order.	V	cell	morphology	is	also	affected	in	some	of	these	
animals, instead of forming a continuous row the cells are misoriented and 
staggered on top of one another (Figure 3). Therefore, pdd-2	mutant	animals	seem	
to	have	a	defect	that	affects	V	cell	contact	formation	which	is	enhanced	in	an	ajm-
1::gfp background. 

A B

C D

Figure 2.3: Fluorescent micrographs of the seam cell morphology of wild type (A) and pdd-
2(hu72) (B, C, D) L2 animals carrying ajm-1::gfp. Seam cell alignment and morphology is 
abnormal in pdd-2(hu72) animals.
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Discussion
pdd-1 is required for neuronal cell fate decisions in the Q and V� lineages:

As 100% of pdd-1(hu82) animals lack the postdeirid neuroblast and form an 
additional seam cell, it seems likely that the V5.lineage is reiterated and adopts 
the	seam	cell	fate	instead	of	the	postdeirid	fate	in	hu82 animals. In addition, the 
Q cells fail to divide and generate the QR and QL neuroblasts in pdd-1(hu82) 
animals and adopt a hypodermal fate instead. As both the Q and V5 lineages 
inappropriately adopt epidermal instead of neuronal fates in these animals, it 
is	possible	that	hu82	causes	a	switch	from	the	neuronal	to	hypodermal	fates	in	
certain lineages. The hu82 Q and V5 phenotypes are reminiscent of mutations 
in	lin-32/Atonal.	Although	hu82	maps	to	the	genomic	region	containing	hlh-2/
Daughterless, which is a cofactor for lin-32 in the male ray lineages, it is unlikely 
that	hu82	is	an	allele	of	hlh-2. Another hypothesis that takes into account the 
overlap	between	the	hu82	and	lin-32	mutant	phenotypes	is	that	pdd-1	encodes	
another	lin-32 cofactor which is specific for the Q and V5 lineages.

pdd-2 is required for seam cell adhesion and contact formation:

The introduction of the ajm-1::gfp	transgene	into	the	hu72	or	hu75	mutant	
background causes an enhancement of the pdd-2 postdeirid defect to 100%. 
Moreover, hu72	animals	containing	ajm-1::gfp	have	clear	defects	in	seam	cell	
division timing as well as seam cell positioning and contact formation. The fact 
that	the	hu72 postdeirid phenotype is weaker than the hu75	phenotype	in	strains	
lacking ajm-1::gfp, which would suggest that hu75	is	stronger	loss	of	function	
allele	than		hu72, is paradoxical in light of the fact that hu72	mutants	have	more	
severe	V	cell	phenotypes	in	an	ajm-1::gfp background. The AJM-1::GFP fusion 
protein	interacts	with	junctional	components	and	can	enhance	phenotypes	that	
are linked to defects in cell-cell contacts [22, 33]. Supposing that hu75	is	a	null	
allele	of	pdd-2, whereas hu72	is	a	hypomorphic	allele	that	leads	to	the	production	
of an abberant gene product, the hu72 mutant protein might interact with AJM-
1::GFP, which is would account for the severity of the hu72	V	cell	phenotype	
compared	to	hu75	in	the	ajm-1::gfp background. 
 The hu72	and	hu75 seam cell phenotypes, taken together with the fact 
that these mutants have no other obvious defects in neuronal fate specification, 
suggest	that	the	pdd-2 postdeirid phenotype may be linked to defects in 
intercellular signalling between the V cells. The pdd-2	V	cell	phenotypes	are	
reminiscent of the seam cell phenotype of plexin and semaphorin mutants. 
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Semaphorins	are	a	large	family	of	secreted	and	transmembrane	proteins	that	
function in growth cone guidance of axons or other migrating cellular processes, 
and plexins can function as semaphorin receptors  (reviewed by [38, 39]). C. 
elegans has three semaphorin and two plexin genes [9, 10]. The semaphorin 
1a and 1b homologs smp-1	and	smp-2	and	the	plx-1 plexin A homolog are 
required for epidermal morphogenesis [8, 9]. Mutants for these genes have 
altered	orientation	of	the	seam	cells	strongly	resembling	the	ppd-2	phenotype.	
In addition, the plexin and semaphorin mutants have male ray and body 
morphology defects, which we did not observe in the pdd-2 mutants. However, 
the	similarity	of	the	pdd-2 and semaphorin or plexin V cell phenotypes supports 
the	hypothesis	that	pdd-2 plays a role in seam cell process extension or contact 
establishment.	
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Abstract

The outcome of cell fate decisions is determined by the interplay between 
the intrinsic identity a cell has acquired and the signals it receives from its 
environment. An example of this principle is the formation of the postdeirid 
neuroblast	by	the	C. elegans V5 lineage. The postdeirid fate is determined when 
the V5.p cell contacts its neighbouring seam cells after the first round of seam cell 
division during the first larval stage. Upon contact formation, all the Vn.p cells 
receive signals from their neighbours that enable them to form a postdeirid, but 
only the V5.p cell actually does so. Therefore, the V5 lineage fate is determined 
by 1) the sum of signals received by V5.p and 2) factors intrinsically present in or 
absent from V5.p. We performed a reverse genetic screen to determine more of 
the factors that regulate these aspects of V cell fate determination. The majority of 
the genes identified are required for different aspects of cell division control.
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Introduction

All metazoans use asymmetric cell division as a mechanism of diversification 
during	development	to	generate	many	cells	with	different	functions	from	a	single	
precursor [1]. The generation of daughters with different fates is determined by 
the intrinsic and extracellular factors affecting a given dividing cell that regulate 
the	asymmetric	distribution	of	cell	fate	determinants.	We	have	used	the	C. elegans	
hypodermal	V	cells	as	a	model	for	studying	the	mechanisms	controlling	cell	fate	
determination. At hatching, there are six V cells (V1-V6) that are located along 
the central part of the flank [2] (Figure 1). These cells divide once during each 
larval	stage	to	generate	an	anterior	daughter	that	fuses	with	the	hypodermis	and	
a	posterior	daughter	that	forms	a	new	seam	cell.	During	the	second	larval	stage	
an	additional	symmetrical	division	occurs	that	doubles	the	number	of	seam	cells.	
However in the V5 lineage this division is not symmetrical, the anterior daughter 
does not follow the seam cell fate, but generates a neuronal structure called the 
postdeirid sensory sensilium [2]. 
 The fate of the V5 lineage is dependent on several factors. The V5.p 
cell	receives	signals	from	its	neighbours	when	contact	between	the	V	cells	is	re-
established after the first round of division in L1 [3, 4] (Figure 2). These signals 
act to prevent activation of Hox gene mab-5 in V5.p [5, 6]. If contact between 
V5.p and either of its neighbours is prevented by laser ablation, a canonical Wnt 
signalling	pathway	activates	mab-5 expression in V5.p and this prevents the 
postdeirid fate [3-6]. In addition to regulators of canonical Wnt signalling, factors 
that affect the timing of cell division may be important for V5 fate, as signals 
must be exchanged between the V cells within a critical interval for V5.p to adopt 
the postdeirid fate [3, 4]. Similarly, if the migration of the intercellular processes 
between the V cells or correct cell-cell contact establishment is disrupted, V5 
fate might be affected [7-9]. In parallel with factors regulating the dynamics of 
the first V cell division, heterochronic genes are required for correct cell fate 
determination. In heterochronic mutants, several lineages including the V cells 
undergo temporal fate transformations because events specific to certain larval 
stages are skipped [10]. At a later stage in the development of the postdeirid 
neuroblast, proneural and neural fate determinants are required for specification 
of the neuronal identity of the V5.pa lineage [11, 12]. 
 All V cells have the potential to follow a V5 like fate, but this fate is 
repressed in all lineages except V5. The anterior V-cell lineages are prevented 
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from	adopting	the	postdeirid	by	the	transcriptional	repressor	lin-22 [4, 13, 14]. 
In	lin-22 mutants, the anterior lineages V1-V4 form a postdeirid, but, like V5.p, 
they require signalling from their neighbours to do so [4]. We wished to identify 
more	of	the	factors	and	mechanisms	that	determine	the	fate	of	the	V	lineages.	We	
conducted an RNAi screen for changes in V cell fate covering 55% of all C. elegans	
predicted genes [15] and identified 19 genes required for V cell fate specification. 
Most of these canididates play a role in cell division control, suggesting that this 
is	the	most	sensitive	process	for	cell	fate	determination	in	the	V	cell	lineages.
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Materials and Methods 
General methods and strains: Strains were cultured using standard methods [16, 17]. All 
strains were maintained at 20°C, except were indicated. The following alleles were used in 
this study: LGII: rrf-3(pk2042) [18]. The following transgenic lines were used in this study: 
muIs32	[mec-7::gfp] on LGII [19]; huIs37 [dat-1::gfp] on LGIV (this study). The chromosomal 
insertion	huIs37 was generated by irradiating animals bearing an extrachromosomal array 
containing	dat-1::gfp as late L4 animals. The irradiated line was outcrossed 2 times.
	 RNAi experiments and scoring: dsRNA was delivered by placing rrf-3(pk2042); 
dat-1::gfp [huIs37] L4 animals on agar plates containing IPTG (6 mM) plus ampicillin. 
10,953 RNAi clones from the RNAi library [15] were tested. The progeny of the seeded 
animals were scored by fluorescence microscopy after 7-9 days growth at 15°C (when 
the progeny had reached the adult stage) for loss of gfp expression in the postdeirid 
neuroblast or ectopic expression of dat-1::gfp. The formation of a postdeirid by a given V 
cell lineage was determined by scoring for dat-1::gfp expression and assigning each dot 
to a given V lineage according to the position on the flank. We validated this method by 
scoring L4 animals carrying dat-1::gfp(huIs37) by both DIC and fluorescence microscopy. 
Indeed, in all animals, each dot of gfp expression corresponded to a postdeirid neuronal 
structure (n=10 animals). The reproducible positives were also tested for Q neuroblast 
formation and migration by placing L4 rrf-3(pk2042) mec-7::gfp [muIs32] animals on 
RNAi clones as described above and scoring their progeny for touch receptor migration at 
the L3-L4 stage as described in [20].
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Results and Discussion
Screening for mutations that disrupt V cell fate: 

To screen for mutations that disrupt fate determination in the V cell lineages, we 
constructed	an rrf-3(pk2042) mutant RNAi hypersensitive strain containing a dat-
1::gfp marker. dat-1::gfp is expressed in the two ADE and four CEP neurons in the 
head as well is in the two PDE postdeirid neuroblasts [21], from the L3-L4 stage 
onwards. We fed these transgenic animals on dsRNA containing bacteria from an 
RNAi library based on the C. elegans ORFeome of 11511 clones spanning 10953 
genes [15]. We thus identified 18 genes that give a clearly reproducible postdeirid 
phenotype when knocked down (Table 1). One of these genes caused ectopic 
postdeirid formation in the V1-V4 lineages when knocked down by RNAi, and 
will be discussed elsewhere. Knockdown of the 17 remaining genes by RNAi 
inhibited postdeirid formation in the V5 lineage. These positives consisted of 
several categories of genes, which are described below.

Genes required for neuronal differentiation: 

Two of the genes that caused loss of the postdeirid neuroblast when removed by 
RNAi are required to generate the neuroblast fate in several neuronal lineages. 
The first, lin-32 encodes a basic Helix-Loop-Helix (bHLH) transcription factor 
that	is	homologous	to	Drosophila Atonal [11]. LIN-32 regulates proneural, 
neuronal	precursor	and	differentiated	neural	fates	in	a	variety	of	neural	lineages	
[11, 12, 22]. lin-32 mutant animals fail to form the postdeirid neuroblast, the 
touch	receptor	neurons	and	the	male	sensory	ray	neurons	because	these	lineages	
fail to adopt a neuronal identity. The second gene known to be required for 
neurogenesis	is	vab-15.	vab-15 encodes a msh-like homeobox protein that is 
orthologous to human MSH Homeobox Homolog 1 [23]. vab-15 mutants lack 
the	four	posterior	most	touch	cells	and	the	remaining	anterior	touch	cells	are	
mispositioned.	As	loss	of	function	of	either	lin-32	or	vab-15	causes	loss	of	multiple	
neuroblast fates, it is reasonable to presume that the postdeirid neuroblast does 
not	form	because	of	a	failure	to	adopt	a	neuronal	identity.

Heterochronic gene lin-28: 

The heterochronic gene lin-28 encodes	a	cytoplasmic	protein	with	a	cold	
shock domain and retroviral-type (CCHC) zinc finger motifs [24]. LIN-28 is a 
regulator of developmental timing that is expressed in the first larval stage and 
downregulated	by	the	second	stage	for	normal	development.	In	lin-28 mutants	a	
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number of cell fates specific to the second larval stage are skipped and third and 
later stage fates occur prematurely. The events affected in these mutants include 
the formation of the postdeirid neuroblast, which occurs during the second larval 
stage [10, 24]. This is presumably why removing lin-28 function by RNAi results 
in	loss	of	this	neuroblast.

Axin homolog pry-1: 

pry-1	encodes the	C. elegans homolog of Axin and is part of the canonical bar-
1/β-catenin	pathway	in	C. elegans [25]. In pry-1 mutant or RNAi animals, the 
Hox cluster genes are activated outside their normal expression domains 
because of ectopic Wnt signalling [26]. Because of this, the postdeirid fate is 
inhibited in the V5 lineage because the bar-1	target	mab-5	is	ectopically	activated	
in V5.p. [5]. Another process that is affected by canonical Wnt signalling is 
the migration of the Q daughter neuroblasts. The QL and QR cells are born on 
the left and right side of the animal between the V4 and V5 seam cell [2]. In 
the QL daughter cells, mab-5	is	activated	by	egl-20/Wnt, which migrate to the 
posterior as a consequence [5, 27, 28]. The QR daughters are initially located 
at the same position on the A-P axis, but because they are less sensitive to egl-
20/Wnt signalling than the QL daughters, they do not activate mab-5 [29]. As a 
consequence, they migrate to the anterior. If mab-5	is	ectopically	activated	in	the	
QR daughters, as is the case in pry-1	mutant	or	RNAi animals, they migrate to 
the posterior [26, 29]. If the postdeirid phenotype observed in our knockdowns 
is	caused	by	general	defects	in	canonical	Wnt	signalling	that	cause	the	ectopic	
activation	of	mab-5 in V5.p as is the case for pry-1(RNAi), we should be able to 
observe	a	similar	Wnt	overactivation	phenotype	in	the	Q	neuroblast	lineages.	
The migration of the Q cells can be visualized using the mec-7::gfp marker that 
is expressed in the touch receptor neurons AVM, PVM, AQR, PQL, SDQR and 
SDQL that are the descendants of QR and QL [19]. Animals on pry-1(RNAi)	
exhibit a 70% penetrant QR migration defect, meaning the QR daughters are 
located posterior to their wild type positions. However, we did not observe any 
Q migration defects in any of our candidate genes except for pry-1(RNAi) (Table 
1). This suggests that they are not regulating the canonical Wnt pathway. 

Table 3.1: postdeirid fate regulators identified in RNAi screen. Phenotype abbreviations: 
Dpy=Dumpy, Egl=Egg laying defective, Bmd=Body morphology defective, 
Unc=Uncoordinated, Pvl=Protruding vulva, Bvl=Bivulva, Let=lethal, Emb=Embryonic 
lethal, Spv=Spewed vulva, Gro=Growth defective, Vab=Variable abnormal, Ste=sterile.
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Transcriptional regulators: 

We identified two genes required for V5 fate that may be involved in 
transcriptional	regulation. bra-2	encodes	a	protein	that	interacts	with	let-418/
Mi-2, which is a component of the NuRD histone deacetylase complex (K. 
Brunschwig & F.Moeller personal communication). let-418/Mi-2 and other 
NuRD components are synthetic Multivulva (synMuv) genes, and are required 
to prevent inappropriate vulval induction [30]. Mutations in the synMuv genes 
cause	ectopic	lin-3 expression in the hypodermis, which induces the formation 
of ectopic pseudovulvae by the vulva precursor cells, a Multivulva (Muv) 
phenotype) [31]. There are three classes of synMuv genes, A, B and C. Whereas 
single mutants for any of the classes are phenotypically wild type or exhibit only 
a weak Muv phenotype [32], double mutant combinations between two classes 
of synMuv genes have a strong Muv phenotype. The synMuv B genes include 
many genes involved in chromatin remodelling and transcriptional regulation, 
including	lin-35, the C. elegans homolog of mammalian Retinoblastoma (Rb), 
the	histone	deacetylase	hda-1/HDAC, and let-418/Mi-2 and lin-53/RbAp46, 
which are part of the NuRD chromatin remodelling complexes [33-36]. bra-2, 
unlike other NuRD components, is not a synMuv gene (K. Brunschwig & F. 
Moeller, personal communication). We wished to determine whether the NuRD 
complex, or other chromatin remodelling factors, including the synMuv genes 
that genetically interact with NuRD, might be playing a role in V5 fate like bra-2.	
We selected and tested 24 candidate genes for a postdeirid phenotype by RNAi 
(Table 2). Only one of these genes, lin-9, showed a postdeirid defective phenotype 
by RNAi.
 lin-9 encodes two novel proteins that are highly conserved [37, 38]. lin-9	
is a synMuv B gene, meaning lin-9 activity is required redundantly with activity 
of the synMuv A and C genes for negative regulation of vulval induction. In 
addition, lin-9 is required for hermaphrodite gonadal sheath cell development 
and	for	development	of	the	male	reproductive	system	including	the	male	
sensory rays and spicules [37, 38]. lin-9 has also been directly linked to cell 
cycle progression: human LIN-9 has an important function in transcriptional 
regulation of G2/M genes [39, 40]. Depletion of LIN-9 in human fibroblasts 
impairs proliferation and delays progression from G2 to M. This is because LIN-9 
directly regulates the transcription of a number of G2/M genes, including Cyclin 
A, that are essential for progression into mitosis [39, 40].
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gene homologue cosmid Phenotype

egl-27 MTA1 (NuRD) C04A2.3 Dpy, Let

egr-1 MTA1 (NuRD) T27C4.4 Gro, Unc. Mlt

chd-3 Mi-2 (NuRD) T14G8.1 No phenotype

lin-35 RB C32F10.2 No phenotype

efl-1 E2F Y10F5C.18 No phenotype

dpl-1 DP1 T23G7.1 Gro, bit Dpy

had-1 HDAC C53A5.3 Ste, Emb

rba-1 RB binding protein K07A1.11 Ste, Emb

lin-15(A/B) SynMuvA/B ZK678.1 No phenotype

lin-9 SynMuvB ZK637.7 Pdd

lin-37 SynMuvB ZK418.4 No phenotype

lin-13 SynMuvB C03B8.4 Lar, Unc

lin-52 SynMuvB ZK632.13 No phenotype

Table 3.2: RNAi phenotypes of synMuv chromatin remodelling genes. Phenotype 
abbreviations: Dpy=Dumpy, Let=lethal, Gro=Growth defective, Unc=Uncoordinated, 
Mlt=molting defective, Ste=sterile, Emb=Embryonic lethal, Pdd=postdeirid defective, 
Lar=larval lethal.

Cell division regulators: 

11 of the 19 positive genes from the postdeirid defect screen encode proteins that 
have been shown to or are predicted to be involved in cell division control. These 
genes can be subdivided into several groups; 

Cytokinesis/spindle associated: 

The first subgroup of cell division regulators that we distinguish are those that 
directly regulate the mechanics of cell division such as cytokinesis, and the 
organization	of	the	spindle.	spd-1 encodes a homolog of mammalian PRC1, which 
is a microtubule associated substrate of Cdk required to maintain the spindle 
midzone, which is essential for cell cleavage [41, 42].  PRC1 is highly expressed 
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during S and G2/M phases, and expression drops after cells exit mitosis. Studies 
in	C. elegans using	hypomorphic	alleles	of	spd-1 have shown that it is required for 
a multitude of processes including vulval development [43, 44]. Complete loss 
of	function	of	spd-1 is lethal due to defective spindle assembly and cytokinesis in 
dividing	embryonic	cells.	
 rfl-1 (also known as cyk-5) encodes an ortholog of UBA3, which is a 
Nedd8 activating enzyme [45, 46]. The UBA3 neddylation pathway is required 
for the neddylation of ubiquitin-like proteins involved in spindle orientation 
and cell cycle progression [45, 46]. Loss of function of rfl-1	causes	embryonic	
cytokinesis to fail in half of rfl-1 mutant embryos; when it succeeds, a spindle 
orientation defect occurs in two-cell embryos. In addition to this cytokinesis 
defect, cell-cycle delays occur during interphase. 
 gpr-1	and	its	paralog	gpr-2 encode proteins with a GoLoco/GPR (G 
protein regulatory) motif. GPR-1 and GPR-2 form a high molecular weight (~700 
kDa) complex with LIN-5 and GOA-1 which is enriched at the posterior cortex of 
early embryos during anaphase [47-52]. This complex is thought to increase G-
protein activity to polarize the mitotic spindle. GPR-1 activity is necessary for the 
asymmetrical cleavage of one-cell embryos, and it needs several factors that are 
involved in the asymmetric distribution of cell fate determinants, such as PAR-2 
and PAR-3, to localize to the cortex. 
 gip-2	and	tbg-1 encode homologs of directly interacting proteins. GIP-
2 (Gamma tubulin Interacting Protein) is a member of the Biotin/lipoate A/B 
protein ligase family. TBG-1 (Tubulin Beta Gamma) is a member of the tubulin 
family that most resembles gamma tubulin, but the sequence is highly diverged 
in many places [53]. In C. elegans and other organisms, gamma-tubulin functions 
as part of a complex to nucleate microtubule polymerization from centrosomes. 
Loss-of-function of tbg-1 causes chromosome segregation failure in embryos, but 
it does not completely block the formation of microtubule [53, 54]. Therefore, 
tbg-1 is not absolutely required for microtubule nucleation in C. elegans, but it is 
essential for the proper organization and function of kinetochore and interpolar 
microtubules.	
 unc-61 encodes two septin isoforms [55]. Septins are a conserved 
eukaryotic family of GTP binding filament-forming proteins with functions 
in cytokinesis and other processes. Septins localize at the cleavage furrow of 
dividing	cells	and	are	thought	to	function	as	a	scaffold	to	direct	the	localization	
of associated proteins (reviewed in [56]). UNC-61A/B and the other C. elegans	
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septin homolog, UNC-59 depend on each other for localization to the cytokinetic 
furrow. Surprisingly, both septins are dispensable for embryonic cytokinesis, 
but required for all postembryonic cytokinesis in the developing larva as well as 
several other developmental processes [55, 57]. In a proportion of unc-61	and	unc-
59 mutants, the division of the precursor of V5 and Q fails because of cytokinesis 
defects. As a result the V5 and Q lineages, including the postdeirid neuroblast, 
are not formed [55], which could explain why we found unc-61 in	our	postdeirid	
defect	screen.

Genes involved in cell cycle progression: 

Several of the cell division regulators picked up in the postdeirid defect screen 
play a role in progression through the different phases of the cell cycle. Two of 
our candidate genes, emb-27	and	emb-30	encode	components	of	the	anaphase-
promoting complex/cyclosome (APC/C) [58, 59]. The activity of APC is 
essential	for	cell	cycle	progression	because	it	controls	the	metaphase-to-anaphase	
transition during meiosis and mitosis (reviewed in [60]). EMB-27 is the ortholog 
of mammalian APC-6 (CDC16), whereas EMB-30 is orthologous to mammalian 
APC-4 and Schizosaccharomyces pombe Lid1 [61, 62].  In C. elegans, the APC/C 
complex is required for meiosis and mitosis during germline proliferation, for 
embryonic anterior-posterior (A-P) axis formation, and for proper localization of 
the germline granules and the maternally provided PAR-2 and PAR-3 proteins in 
the early embryo [61, 62]. In turn, PAR-2 and PAR-3 are required for the proper 
localization of GPR-1, which is another of our candidate genes (see above). Loss 
of	function	of	emb-30	causes	embryonic	defects	in	polarity	as	a	result	of	which	the	
first embryonic division is symmetrical in emb-30 embryos [61]. More specifically, 
in	these	embryos	the	germline	granules	are	clumped	in	the	middle	of	the	embryo	
instead of segregating to the posterior, PAR-2 and PAR-3 are mislocalised and the 
mitotic	and	meiotic	cell	cycles	are	slowed.
	 Both	of	the	C. elegans Cyclin A like genes, ZK507.6 and C02B8.1 cause 
loss of postdeirid formation in the V5 lineage. Mammalian Cyclin A can activate 
two different Cyclin-dependent kinases (Cdks) that function in S phase and 
mitosis (reviewed in [63, 64]). Cyclin A starts to accumulate during S phase and 
is abruptly destroyed during mitosis, before metaphase. During S phase, Cyclin 
A-CDK phosphorylates components of the DNA replication machinery such as 
CDC6. This is important for initiation of DNA replication as well as to restrict 
initiation to a single round per cell cycle. The precise role of Cyclin A in mitosis is 
not known, but it is thought to contribute to the control of Cyclin B stability. 
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 Cyclin A can be directly linked to several of our other candidate genes. 
First, the synthesis of Cyclin A is controlled at the transcriptional level by several 
regulators, one of which is LIN-9 [39, 40]. As lin-9(RNAi)	causes	a	postdeirid	
phenotype, a possible mechanism could be that lin-9	loss	of	function	results	in	
a decrease in Cyclin A transcription, and this in turn results in the postdeirid 
defect. There is also a connection between Cyclin A and the APC/C components 
emb-27	and	emb-30. Removal of Cyclin A is carried out by ubiquitin-mediated 
proteolysis, and this process is thought to be controlled by APC/C. Loss of 
APC/C activity by removal of emb-27	or	emb-30	could	prevent	the	degradation	
of Cyclin A, which would disrupt cell cycle progression. Lastly, Cyclin A may 
be controlling the activity of Y39A1A.12 (see below), which may affect the start 
of DNA replication. Thus, Cyclin A is required for several aspects of cell cycle 
progression	that	all	ultimately	affect	postdeirid	development.

DNA replication: 

We have so far described cell division regulators involved in cytokinesis and in 
the progression through the stages of the cell cycle. One of our positive candidate 
genes, Y39A1A.12, is involved in another essential part of the cell cycle, namely 
DNA replication. Y39A1A.12 and cdc-6	are	two	C. elegans paralogs of yeast Origin 
Recognition Complex 1, which in turn is a distant paralog of mammalian CDC-
6 (reviewed in [65]). The ORC controls the start of DNA replication in yeast. 
Whether Y39A1A.12 or CDC-6 are required for this function in C. elegans, either 
individually or in parallel, is unknown. Y39A1A.12 can also be connected to 
other postdeirid defect candidate genes, As mentioned above, in mammalian 
cells Cyclin A is required for the phosphorylation of the DNA replication 
machinery including CDC6. As loss of function of either of the C. elegans	Cyclin	
A like genes as well as the C. elegans CDC-6 like gene Y39A1A.12 results in a 
postdeirid defective phenotype, one might hypothesise that Cyclin A is required 
for the phosphorylation of Y39A1A.12 in C. elegans	analogously	to	its	role	in	
mammalian cells. Loss of Cyclin A could then result in defects in DNA replication 
and	a	failure	to	complete	S	phase.
 The cell division regulators picked up in this screen are broadly required 
for many processes, and it is therefore unclear what the exact cause of the V5 
phenotype might be when they are removed by RNA interference. Disruption of 
the cell cycle could influence V5 fate determination in different ways; the most 
straightforward explanation is by disrupting the timing of crucial divisions in 
the V5 lineage. As mentioned above, V5 and Q are born from a single precursor. 
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The division that generates V5 and Q is relatively long and therefore sensitive 
to errors in cell cycle progression. For instance, in mutants for the C. elegans	
septin	homologs	unc-59	and	unc-61, the V5 and Q lineages are lost because their 
precursor cell fails to divide (see above; [55]). Our candidate genes could be 
affecting this division, as is the case for unc-61. If this hypothesis is true, RNAi 
for	these	genes	should	also	prevent	the	formation	of	Q	neuroblasts.	We	tested	
all our candidates on a strain containing the gfp marker mec-7::gfp, which is 
expressed in the Q neuroblast descendants, but did not observe any loss of gfp	
expressing neuroblasts in several experiments, even in unc-61(RNAi) animals.	
Therefore, the Q cells must be generated correctly even in absence of these cell 
division regulators. This suggests that the Q/V5 division is not affected in our 
knockdowns. The second division that might be affected by improper cell cycle 
progression is the division of V5 itself, when the crucial signals are exchanged 
between the V5.p daughter and neighbouring seam cells. If cell division timing 
is disrupted, the V cells might make contact too late or not at all, preventing the 
intercellular signalling which is crucial for the V5 lineage to adopt the postdeirid 
fate.	
	 Another	possibility	is	that	cell	division	controllers	are	directly	regulating	
the asymmetry of the V5.p division by controlling the distribution of cell fate 
determinants in V5.p. In some cases, it is cell cycle progression itself that is 
required for the dynamic expression of fate determinants (reviewed in [66]). 
However, it has recently been demonstrated that in C. elegans, cell cycle 
regulators	can	also	control	asymmetric	cell	fate	by	directly	determining	the	
distribution of transcriptional regulators [67]. This is the case in the somatic 
gonad, where Cyclin D directly regulates asymmetric POP-1/TCF distribution 
as	well	as	relieving	the	repression	of	the	transcription	of	fkh-6 by E2F [67]. To 
extrapolate this example to the V5 lineage, Cyclin A and associated factors might 
well	be	playing	a	role	in	transcriptional	regulation	of	target	genes	as	well	as	in	
cell cycle progression in general. However, it is difficult to determine whether cell 
division regulators are not only coincidentally, but directly required for cell fate 
determination, because their vital roles in cell cycle progression mask possible 
roles in fate decisions. It remains to be seen whether timing is everything in V5 
fate determination, or whether there are other processes involved.
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Introduction

Chromatin	remodelling	proteins	regulate	a	broad	variety	of	processes	in	
development and disease. They can also mediate very specific effects depending 
on the nature of their target genes [1], as is the case during vulval development 
in	C. elegans. The vulva develops from the descendants of the six ventral 
hypodermal cells P3.p-P8.p also called vulval precursor cells (VPCs), reviewed 
in [2]. During the third larval stage, a LIN-3/EGF signal from the anchor cell 
in the somatic gonad activates a Ras-MAPK signalling pathway in the three 
closest VPCs P5.p-P7.p, inducing them to adopt vulval fates [3-5] (Figure 1). 
P3.p, P4.p and P8.p do not receive sufficient levels of EGF to activate vulval 
induction and fuse with the surrounding hypodermis. The class of genes known 
as Synthetic Multivulva (synMuv) genes are required to prevent inappropriate 
vulval induction [6, 7]. Mutations in the synMuv genes cause ectopic lin-3	
expression in the hypodermis [8], which activates Ras-MAPK signalling in all six 
VPCs, inducing the formation of ectopic pseudovulvae by P3.p, P4.p and P8.p 
(a Multivulva (Muv) phenotype). There are three classes of synMuv genes, A, B 
and C [6, 9, 10]. Whereas single mutants for any of the classes are phenotypically 
wild type or exhibit only a weak Muv phenotype, double mutant combinations 
between two classes of synMuv genes have a strong Muv phenotype. Many 
of the synMuv B genes encode proteins involved in chromatin remodelling 
and transcriptional regulation, including LIN-35, the C. elegans homolog	of	
mammalian Retinoblastoma (Rb), the histone deacetylase HDA-1/HDAC, and 
LET-418/Mi-2 and LIN-53/RbAp46, which are part of the NuRD chromatin 
remodelling complex [11-14]. Three of the four class C genes encode components 
of a Tip60/NuA4-like histone acetyltransferase complex [9]. Therefore, both of 
these classes of genes are exerting their effects via chromatin remodelling. In 
contrast, the function of the four class A genes remains unclear, three of the four; 
lin-56, lin-15A, and lin-8 have been shown to encode nuclear proteins [15-17]. 
 One of the primary effectors of RTK-Ras signalling in P5.p-P7.p is the 
Hox gene lin-39, the homolog of Sex Combs Reduced [18, 19]. LIN-39 activates 
target	genes	that prevent fusion of the VPCs with the surrounding hypodermis 
[20]. During L1/L2, lin-39 is expressed in P3.p-P8.p, later during L3 it becomes 
restricted to P5.p-P7.p. [19, 21]. If lin-39 is lost prior to the L3 stage, P5.p-P7.p 
adopt the same fate as the uninduced VPCs and fuse, which results in vulvaless 
animals. In addition to its role in vulval development, lin-39	has	a	function	in	
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the patterning of the lateral hypodermal lineages [22]. At hatching, the lateral 
ectoderm or seam consists of ten connecting seam cells extending from the head 
to the tail of the L1 animal [23] (Figure 1).  The six that span the midregion of the 
body are called V1-V6. In the wild-type hermaphrodite, all the V-cell lineages 
adopt the same fate except for the V5 lineage. The V cells divide once during 
each larval stage, producing a posterior daughter that becomes a new seam cell, 
and	an	anterior	daughter	that	fuses	with	the	surrounding	hypodermal	syncytium	
hyp7. During the L2 stage, the V cells undergo an additional round of division, 
producing two identical seam cell daughters. However, in the V5 lineage, this 
division is not symmetrical. Whereas the posterior V5 daughter forms a seam cell, 
the	anterior	daughter	forms	a	neuronal	structure	called	the	postdeirid.	Although	
all the V cells have the potential to form a postdeirid, this fate is repressed in 
all lineages except V5 [22, 24]. In the anterior V cell lineages, inhibition of the 
postdeirid fate is dependent on the activity of the transcriptional repressor LIN-
22. In its absence, the V1-V4 lineages all form postdeirid neuroblasts. Ectopic V1-
V4 postdeirid formation in lin-22	mutant	animals is	inhibited	by	loss-of-function	
of	lin-39, suggesting that this Hox gene may be ectopically activated in lin-22	
mutant animals [22].
	 We	have	used	the	development	of	the	V	cell	lineages	as	a	system	to	
uncover	more	of	the	genes	that	control	cell	fate	determination	in	C. elegans.	
We have identified a novel regulator of cell fate that is required for patterning 
of both the lateral and ventral hypodermal lineages. This gene encodes a 
conserved orthologue of ASH2L, which is a Trithorax Group (TrxG) protein 
and a component of the COMPASS methyltransferase complex [25], reviewed 
in [26]. COMPASS activity is required in parallel with LIN-22 activity to block 
inappropriate adoption of V5 fate in the anterior V lineages. ash-2 is also required 
for vulval development, where it is genetically redundant with lin-22.	ash-2	
genetically interacts with synMuv B pathway genes, but epistasis suggests that 
it	has	additional	functions	in	vulval	development	that	are	independent	of	lin-3	
regulation	in	the	hypodermis.
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Figure 4.1: A,B Development of the Vulval Precursor Cells (VPCs) A, the position of the 
six VPCs P3.p-P8.p and the anchor cell (AC) in the L3 animal. B, P5.p-P7.p are induced to 
adopt the primary (1°) and secondary (2°) fates by a LIN-3 signal form the anchor cell. The 
synMuv genes repress lin-3 expression in the hypodermis, which prevents ectopic vulval 
induction in the remaining VPCs that adopt the tertiary (3°) fate. C, D, Development of 
the C. elegans lateral seam: C, at hatching, the lateral seam consists of 10 seam cells. D, the 
V1-V6 cells execute a simple division program, dividing asymmetrically once during each 
larval stage. During the additional round of division in the L2 stage, the V5 lineage adopts a 
different fate from the others and divides asymmetrically to produce the postdeirid neuronal 
structure.
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Materials and Methods
Strains and alleles: The following mutations were used. All mutations have been 
described by [27] unless otherwise specified: LGII ash-2(tm1903), ash-2(tm1905) (kindly 
provided by Mitani Laboratory), rrf-3(pk2042) [28]. LGIV lin-22(mt372), lin-22(hu90) (G.S.	
and R. K., unpublished data), lin-3(e1417), let-60(n1046). LGX lin-15A(n767), lin-15B(n744).	
 Generation of transgenic lines: The dat-1::gfp expression construct was a kind 
gift of Richard Nass. dat-1::gfp was injected at 50ng/µl in N2 animals to obtain lines 
carrying extrachromosomal arrays. These were integrated by irradiation with 40 Gy and 
the integrated lines were outcrossed three times.  The various heat shock constructs were 
injected in N2 animals at  50ng/µl with 50ng/µl	of	dat-1::gfp as a coinjection marker, then 
similarly integrated and outcrossed. The various tissue-specific expression constructs 
were	injected	at	the	highest	possible	concentration	that	yielded	stable	lines	(i.e.	that	
was not toxic): 50 ng/µl	for	ash-2::gfp	and	the	control	cdh-3::gfp, dpy-7::gfp	and	myo-3::gfp	
constructs; 25 ng/µl	for	ash-2::ash-2,  10 ng/µl	for	cdh-3::ash-2, dpy-7::ash-2, myo-3::ash-2	
and	myo-3::lin-22, 7.5ng/µl	for	cdh-3::lin-22 and to 0.5 ng/µl	for	dpy-7::lin-22. The different 
promoters fused to gfp were injected as a control for the correct tissue specific expression 
patterns (data not shown). ash-2 expression constructs were injected into N2 animals and 
the arrays were subsequently crossed into various mutant backgrounds. lin-22 expression 
constructs	were	injected	directly	into	lin-22(n372) animals and subsequently crossed into 
ash-2(tm1905) animals. As a coinjection marker, 20 ng/µl of the red fluorescent expression 
construct pPY20 myo-2::tom (P.T. Yang, personal communication) was used. Animals 
expressing myo-2::tom were scored as transgenics expressing the corresponding tissue-
specific expression construct, whereas animals that had lost the marker were scored as 
non-transgenic	controls.
 Postdeirid scoring: The formation of a postdeirid by a given V cell lineage 
was	determined	by	scoring	for	dat-1::gfp expression and assigning each dot to a given V 
lineage according to the position on the flank. We validated this method by scoring L4 
lin-22(mt372)	animals	carrying	dat-1::gfp(huIs34) by both DIC and fluorescence microscopy. 
Indeed, in all animals, each dot of gfp expression corresponded to a postdeirid neuronal 
structure (n=10 animals). Genetic mutant combinations were roughly synchronized by 
bleaching and scored at the L4-young adult stages. For RNAi experiments, animals were 
placed on food at the L4 stage and the progeny was scored when the majority had reached 
the	adult	stage.	Because	the	ash-2 phenotype is quite variable and sensitive to small 
variations in temperature, in the rescue and epstasis experiments described we use the 
ratio of the V2-V4 postdeirid formation found divided by the V2-V4 postdeirid formation 
found	for	the	control	ash-2	or	lin-22 strain scored in the same experiment as a measure for 
ectopic V cell induction. For clarity’s sake data for V1 and V5 is shown separately where 
relevant.
 Vulva scoring: Vulval induction was scored as described in [5].
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Results
ash-2 is required for fate determination in the anterior seam cell lineages: 

We carried out a genome wide RNAi screen to identify fate determinants of the 
seam cell lineages (G. S., M.C. B. and R. H. K., unpublished data) using a marker 
strain expressing GFP controlled by the dat-1 promoter region. This transgene 
is expressed in the ADE and CEP neurons in the head of the animal and in 
the postdeirid neuroblast that is generated by the V5 lineage [29]. The screen 
yielded several genes that are required for V5 to adopt the postdeirid fate, but 
only a single gene that functions in V2-V4 fate specification. Y17G7B.2(RNAi)	
alters V2-V4 fate so that these cells generate ectopic postdeirid neuroblasts, a 
phenotype	resembling	mutations	in	the	previously	described	transcriptional	
repressor	lin-22 [22, 24] (Figure 2A, B, C). Y17G7B.2 encodes a highly conserved 
orthologue of the Yeast COMPASS methyltransferase complex component ASH2L 
(Figure 2D), we therefore named Y17G7B.2 ash-2. Two deletion mutants were 
obtained	for	ash-2 (Figure 2E). The first, tm1903, is a deletion of part of the third 
exon and intron, resulting in a nonsense transcript. The second, tm1905, is a 
deletion of the first, second and part of the third exon including 55 base pairs of 
the upstream promoter sequence. The ash-2	postdeirid	phenotype	is	maternally	
rescued. The postdeirid phenotype of ash-2(tm1905) can be rescued by expressing 
the	ash-2 cDNA sequence behind a 1.7 kb upstream promoter fragment, by 
inducing	ash-2 expression using a heat shock promoter, or by expressing ash-2	
in hypodermal tissues (see below, Figure 3). The tm1903	and	tm1905	mutations	
behave identically with respect to the phenotypes analysed here, therefore they 
presumably represent a strong loss-of-function or null phenotype. We quantified 
the	postdeirid	phenotype	of	the	tm1903, tm1905	alleles	of	ash-2	and	of	two	alleles	
of	lin-22, the reference allele n372, which is a missense mutation, and hu90, 
which contains a splice donor mutation in the first exon which would lead to 
the formation of a nonsense transcript (G.S. and H.C.K., unpublished data). 
A	clear	difference	between	the	ash-2	and	lin-22	postdeirid	phenotypes	is	that	
in	lin-22 animals, V1 often forms an ectopic postdeirid, whereas it never does 
in	ash-2 mutants. Because of the absence of ectopic V1 postdeirid formation in 
ash-2 mutants, and because the variability of its penetrance in lin-22 mutants, 
we took the average V2-V4 postdeirid formation as a measure of the ectopic 
postdeirid phenotype (Figure 2F). Both alleles of ash-2 show similar levels of V2-
V4 postdeirid formation and both alleles of lin-22 show similar levels of V1-V4 
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postdeirid formation. However, the ash-2 phenotype is cold-sensitive, whereas 
the	lin-22 phenotype is not. For this reason, we kept all strains and experiments 
at 15°C	unless	stated	otherwise.	

tm1905 tm1903

E

A B Cwt ash-2 lin-22

F

D

Figure 4.2: Y17G7B.2 is required for cell fate in the V2-V4 lineages: A, B, C, dat-1::GFP 
reporter expression in V5 and in ectopically induced postdeirid neuroblasts in L4 wild-
type (A), ash-2(tm1905) (B) and lin-22(n372) animals (C). D, gene structure of ash-2 with 
tm1903 and tm1905 deletions indicated. E, alignment of the predicted ASH-2 amino acid 
sequence with the orthologous sequences from human, mouse and Drosophila. F, average 
V2-V4 ectopic postdeirid formation in different mutant alleles of ash-2 and lin-22. The ash-
2 postdeirid phenotype is cold sensitive and can be slightly enhanced by one the dat-1::gfp 
transgenes used (huIs37).



Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

ash-2 regulates cell fate  in epidermal lineages

7�

% V5 % V4 % V3 % V2 % V1 % 
ectopic n

wild type 20°C 100 0 0 0 0 0 >250

wild type  15°C 100 0 0 0 0 0 >250

ash-2(tm1903) 20°C 100 7.6 12.8 0.4 0 19.6 250

ash-2(tm1903) 15°C 100 26.4 25.2 0.6 0 43.3 159

ash-2(tm1903); (huIs37) 15°C 100 33.6 35.9 8.6 0 54.4 417

ash-2(tm1905) 20°C 100 9.2 8 0.8 0 16.8 250

ash-2(tm1905) 15°C 100 34.8 26.4 2.8 0 51.2 250

ash-2(tm1905); (huIs37) 20°C 100 11.6 18 3.2 0 28.4 250

ash-2(tm1905); (huIs37) 15°C 100 29.9 36.1 0.6 0 53.4 792

lin-22(hu90) 15°C 100 95.2 96.5 94.5 50.2 100 125

lin-22(n372) 20°C 100 96.0 97.6 96.0 49.2 100 125

lin-22(n372) 15°C 100 97.6 96.0 96.0 60.3 100 125

ash-2(tm1905); lin-22(n372) 
20°C 100 91.2 97.6 65.1 68.3 100 125

ash-2(tm1905); lin-22(n372) 
15°C 100 99.2 99.2 96.0 81.7 100 125

ash-2(tm1905); lin-22(hu90) 
15°C 100 99.2 99.6 98.0 75.2 100 250

Table 4.1: V cell phenotype of ash-2 and lin-22 mutants. All strains were scored as described 
in Methods. All strains shown carry the dat-1::gfp (huIs34) transgene on LGII unless stated 
otherwise. 

ash-2 is functioning with other COMPASS components in postdeirid 
development: 

In yeast (and Drosophila), ash-2 is a vital part of the COMPASS histone methylase 
complex. This complex consists of 9 components, some of which have clear 
orthologues	in	C. elegans, others that are less conserved. The components 
with assigned orthologues are Set1/set-1, Set2/set-2, Bre2/ash-2, SWD1/lin-
53, and Sdc1/dpy-30. Using the yeast and human amino acid sequences of the 
remaining components SPP1, SWD2, SWD3 and SHG1 we found several possible 
orthologues	in	searches	in silico: SPP1/F52B11.1, SWD2/C33H5.7, and SWD3/
C14B1.4/ZC302.2/K04G11.4 To determine whether ash-2	is	functioning	within	
the COMPASS complex in its role in seam cell fate determination, we performed 
feeding RNAi experiments with the likely orthologues of all components in 
wild-type and RNAi hypersensitive rrf-3(pk2042) strains [28]. ash-2(RNAi) is	
the only clone that gives very weak ectopic postdeirid induction in a wild type 
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background (data not shown). However, in a rrf-3(pk2042) mutant background, 
RNAi of all of the C. elegans COMPASS orthologues except SWD2, which gives 
a highly penetrant lethal phenotype, causes a low penetrance ectopic postdeirid 
induction phenotype (Figure 3). This is highly suggestive of a role for the entire 
COMPASS complex in seam cell fate. The COMPASS component dpy-30 is	also	
essential for dosage compensation of X linked genes in C. elegans	hermaphrodites	
[30, 31]. We speculated that this function of dpy-30 is not linked to COMPASS 
function, as ash-2 does not seem to be required for dosage compensation. All 
mutations that cause loss of function of genes required for dosage compensation 
are lethal in hermaphrodites. This is clearly not the case for the ash-2	mutations	
tm1903	and	tm1905. To further exclude the possibility that ash-2	is	functionally	
linked to dosage compensation, we carried out RNAi for the sex determination 
pathway	genes	sdc-1, sdc-2, dpy-27	and	dpy-28	on	wild	type	and	rrf-3	mutant	
animals	as	described	above.	We	never	observed	ectopic	postdeirid	induction	
in these experiments (data not shown), which strengthens the idea that dpy-
30 function in dosage compensation is not linked to its part in the COMPASS 
complex.

Figure 4.3: RNAi 
phenotype of COMPASS 
components. dat-1::
gfp(huIs37); rrf-
3(pk2042) L4 animals 
were seeded on bacteria 
expressing dsRNA for 
the indicated genes and 
the progeny was scored 
for ectopic postdeirid 
formation.
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lin-22 and ash-2 function in separate pathways in V cell development: 

To analyse the epistatic relationship between ash-2	and	lin-22, we fused the 
coding sequences derived from the cDNA of both genes to a heat shock promoter 
and	generated	lines	carrying	integrated	transgenic	arrays	of	these	constructs.	We	
crossed	these	arrays	into	lin-22(n372), and ash-2(tm1905) and heat shocked the 
transgenic animals at 35°C	at	different	time	points.	We	could	partially	rescue	both	
the	ash-2	and	the	lin-22 phenotype by driving the expression of the corresponding 
transgenes for 1 hour in the critical time interval for seam cell fate determination 
(Figure 4 A, B). As the ash-2 phenotype is temperature sensitive, as a control the 
mutant strains without the rescuing transgene were heat shocked, which gave 
no reduction in the ectopic postdeirid phenotype. To determine the epistatic 
relationship, one of the hs::lin-22	transgenes	was	crossed	into	ash-2(tm1905), and 
one	of	the	hs::ash-2	transgenes	was	crossed	into	lin-22(n372) and the experiments 
were repeated with these strains. Whereas expression of ash-2	in	the	lin-22(n372)	
background had little or no effect on the lin-22 phenotype, overexpressing lin-22	
in	the	ash-2(tm1905) background almost completely rescued the ash-2	phenotype.	
To exclude that the lack of rescue of the lin-22(n372)	phenotype	by	hs::ash-2	
is allele specific, we also generated strains carrying hs::lin-22	or	hs::ash-2	in	
combination	with	the	lin-22(hu90) allele.	Both	lin-22	alleles	behave	identically	in	
these rescue experiments. In addition, we found that overexpression of lin-22	can	
inhibit normal postdeirid formation by the V5 lineage, whereas overexpression of 
ash-2 cannot (Figure 4 A, B). In conclusion, overexpression of lin-22	can	rescue	the	
ash-2 postdeirid phenotype, but not vice versa, and overexpression of lin-22 can	
alter cell fate in V5. These data suggest that lin-22	and	ash-2 are	functioning	either	
in a linear or in a parallel genetic pathway. The idea that they function in parallel 
is	supported	by	the	postdeirid	phenotype	of	ash-2(tm1905);lin-22(n372)	double	
mutant animals. This phenotype is cold sensitive like the ash-2	single	mutant	
phenotype. At 15°C	the	double	mutant	phenotype	is	strongest	and	similar	to	
the	lin-22(n372) phenotype, but at 20 °C	the	amount	of	V	cells	forming	ectopic	
postdeirid	structures	in	double	mutants	is	reduced	compared	to	lin-22(n372)	
single	mutant	animals.	this	intermediate	phenotype	is	also	indicative	of	ash-2	and	
lin-22	are	functioning	in	separate	genetic	pathways.
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Figure 4.4: Analysis of ash-2 and lin-22 epistatic relationship and site of action. A, B, 
Inducible rescue of ash-2(tm1905) and lin-22(n372). Animals were synchronised as described 
in Methods and heat shocked between 22-28 hours post hatching. Strains were carrying 
either dat-1::gfp hs::ash-2(huIs65) or dat-1::gfp hs::lin-22(huIs57) as indicated. Data from 
several experiments was pooled. C, D, Tissue specific rescue of ash-2(tm1905) and lin-
22(n372). Animals were flushed and scored by fluorescence microscopy. Animals carrying 
the rescuing transgene expressing the red fluorescent myo-2::tom marker were scored as +, 
animals not expressing the marker were scored as controls. All ash-2 strains scored were 
carrying the huIs37 transgene on LGIV. All lin-22 mutant strains were carrying the huIs34 
transgene on LGII.
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ash-2 and lin-22 function cell nonautonomously in 
V cell development:

	 ash-2	and	lin-22	could	be	functioning	cell	
autonomously in the seam cells themselves, or 
cell nonautonomously, more specifically in the 
surrounding hypodermis, to control V cell fate. 
To clarify the issue of where ash-2	and	lin-22	
are required for V cell fate determination, we 
performed tissue-specific rescue experiments. 
A difficulty with determining whether genes 
are	functioning	in	the	seam	or	hypodermis	is	
that proteins expressed under the control of a 
seam	cell	promoter	will	be	redistributed	to	the	
hypodermis	when	the	anterior	daughters	of	the	
seam cells fuse after each round of division. This 

makes it impossible to express genes exclusively in the seam. Therefore, if a gene 
is required in the seam, it can only be rescued by a seam cell promoter, but if it is 
required in the hypodermis, it could be rescued by either a hypodermal or a seam 
promoter.	We	generated	constructs	containing	the	ash-2	and	lin-22	coding	regions	
fused	to	promoters	for	cdh-3, which drives expression in the seam [32], and dpy-7, 
which drives expression in the surrounding hypodermis [33]. As a control, the 
myo-3 promoter, which drives expression in the underlying body wall muscle 
[34] was fused to both coding sequences. We found that both the ash-2 and	lin-22	
phenotypes can be rescued by expressing the corresponding transgenes either 
in the seam or in the hypodermis, but not in the body wall muscle (Figure 4 C, 
D). In addition, expression of lin-22	driven	by	a	seam	or	hypodermal	promoter	
can	rescue	the	ash-2 phenotype and block postdeirid induction in the V5 
lineage (Figure 4E), confirming the epistatic analysis carried out with inducible 
expression constructs described above. As explained above, this suggests a 
function in the hypodermis rather than in the seam. In any case, these results 
show	that	ash-2	and	lin-22 are not required cell autonomously for V cell fate, as 
they are not required in the seam cells themselves.
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% overinduced % underinduced n

wt(huIs34) 0 0 >50

ash-2(tm1905) huIs34 8 0 50

ash-2(tm1905); huIs37 14 0 50

ash-2 (tm1903) huIs34 6 0 50

lin-22 (n372) 0 0 >50

lin-22 (hu 90) 0 0 50

ash-2; lin-22(n372) 20°C 52 0 50

ash-2; lin-22(n372) 66 0 50

ash-2; lin-22(hu90) 68 0 50

ash-2; lin-22; dpy-7::ash-2 - 74 0 50

ash-2; lin-22; dpy-7::ash-2 + 48 0 50

Table 4.2: Vulval induction phenotype of ash-2 and lin-22 mutants. Animals were scored as 
described in methods.

ash-2 synthetically interacts with synMuv B pathway genes: 

In addition to the postdeirid phenotype, we observed a low penetrance Multiple 
Vulva (Muv) phenotype in ash-2	mutants	which	is	greatly	enhanced	in	ash-
2; lin-22 double mutant animals (Table 2, Figure 5 A). This phenotype can be 
partially	rescued	by	ash-2 expression in the hypodermis (Figure 5 B). Upon 
closer examination, we found that the Muv phenotype in ash-2(tm1905)	and	ash-
2(tm1905);lin-22(n372)	animals	was	caused	by	ectopic	vulva	induction	in	the	
VPCs P3.p, P4.p, and P8.p. This phenotype resembles the synthetic Multivulva 
phenotype in mutant combinations between two different synMuv classes. 
Therefore, we sought to determine whether ash-2	and	lin-22	are	functioning	
in any of the synMuv pathways. To this end, we constructed double mutant 
combinations	of	ash-2(tm1905) and	lin-22(n372)	with	mutations	for	the	different	
classes of synMuv genes. 
	 In	double	mutants	between	ash-2(tm1905) and the synMuv A gene lin-
15A(n767), we did not observe any synthetic interaction, meaning we did not 
detect any enhancement of the weak ash-2(tm1905) Muv phenotype (Figure 
5 C, Table 3). This suggests that ash-2 is not in the synMuv B or C pathways 
as synMuv A mutations induce a Muv phenotype in synMuv B or C mutant 
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backgrounds. We also constructed double mutant combinations between ash-
2(tm1905) and	lin-15B(n744)	and	carried	out	lin-35(RNAi)	on	ash-2(tm1905)	
animals	to	test	whether	ash-2 synthetically interacts with synMuv B genes. In 
both	ash-2(tm1905);synMuvB combinations, we observed enhanced ectopic vulval 
induction. In addition, there was an enhancement of the ectopic postdeirid 
induction	phenotype	of	ash-2(tm1905) (Figure 6A). We did not detect any ectopic 
postdeirid	formation	in	single	mutants	for	lin-15A(n676)	or	lin-15B(n744)	single	
mutants	or	in	lin-15A(n676)	animals	on	lin-35(RNAi) (data not shown). Thus, the 
effect of loss of function of synMuv genes on the lateral seam is not comparable 
to	loss	of	function	of	ash-2. In conclusion, ash-2 has a synthetic Multivulva effect 
with synMuv B pathway genes, and these combinations have some synergistic 
effect on the lateral seam lineages as well. These results suggest that ash-2	is	
functioning redundantly with the synMuv A pathway genes. Moreover, the 
synMuv B pathway genes are also influencing the development of the lateral 
seam	lineages	in	the	ash-2 mutant background.
 To asses whether lin-22 is functioning in any of the synMuv pathways, 
we	made	mutant	combinations	with	lin-22(n372)	and	lin-15A(n767)	and	lin-
15B(n744)	alleles.	Whereas	the	double	mutant	combinations	of	lin-22	with	lin-15A 
and	lin-15B do show a very mild Muv phenotype, this effect is very weak (Figure 
5 D, Table 3). We did not detect any ectopic vulval induction in lin-22(n372)	
animals	on	RNAi	for	lin-35, whereas RNAi for this gene causes a clear Muv 
phenotype	in	a	lin-15A(n767)	or	ash-2(tm1905) mutant background. In addition, 
lin-15B(n744) suppresses ectopic postdeirid formation by V1-V4 in lin-22	
animals, whereas it enhances this phenotype in ash-2 mutant animals. Therefore, 
lin-22 does not clearly synergise with any of the synMuv pathways in vulva 
development	or	in	the	lateral	seam.

Loss of function of the chromatin remodelling factor lin-40/MTA enhances the 
ash-2 phenotype:

In addition to the synMuv A, B and C classes, we tested two other genes that 
encode	chromatin	remodelling	factors	for	genetic	interactions	with	ash-2.	
These candidate interactors encode proteins that are components of the NuRD 
chromatin remodelling complex, although they do not function in the synMuv 
B pathway, like the NuRD components LET-418/Mi-2 and LIN-53/RbAp46 
do. The first is lin-40, which encodes a homolog of MTA1. lin-40 is not defined 
as a synMuv gene, but it can synthetically interact with synMuv B pathway 
genes, causing ectopic P3.p,P4.p and P8.p induction as well as fate changes in 
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% overinduced % underinduced n
wt(huIs34) 0 0 >50
ash-2(tm1905) huIs34 8 0 50
lin-22 (n372) 0 0 >50
ash-2; lin-22(n372) 66 0 50
lin-15A(n767) 0 0 50
ash-2; lin-15A 2 0 50
lin-22; lin-15A 2 0 50
lin-15B(n744) 0 0 50
ash-2; lin-15B 36 0 50
lin-22; lin-15B 10 0 50
let-60(n1046) 28 0 50
ash-2; let-60 78 0 50
lin-22 let-60 84 0 50
bar-1(ga80) 0 78 50
ash-2; bar-1 0 50 50
lin-22; bar-1 0 18 50
ash-2; lin-22; bar-1 48 4 50
empty vector 0 0 50
ash-2; empty vector 2 0 50
lin-22; empty vector 0 0 50
ash-2; lin-22; empty vector 64 0 50
ash-2; lin-15B; empty vector 40 0 50
lin-39(RNAi) 0 94 50
ash-2; lin-39(RNAi) 2 80 50
lin-22; lin-39(RNAi) 0 80 50
ash-2; lin-22; lin-39(RNAi) 2 90 50
lin-40(RNAi) 0 0 50
ash-2; lin-40(RNAi) 36 0 50
lin-22; lin-40(RNAi) 2 0 50
ash-2; lin-22; lin-40(RNAi) 70 0 50
bra-2(RNAi) 0 0 50
ash-2; bra-2(RNAi) 2 8 50
lin-22; bra-2(RNAi) 0 0 50
ash-2; lin-22; bra-2(RNAi) 22 2 50
lin-3(RNAi) 0 92 50
ash-2; lin-3(RNAi) 2 68 50
lin-22; lin-3(RNAi) 0 70 50
ash-2; lin-22; lin-3(RNAi) 74 16 50
ash-2; lin-15B; lin-3(RNAi) 44 46 50
lin-35(RNAi) 0 0 50
ash-2; lin-35(RNAi) 16 0 50
lin-22; lin-35(RNAi) 0 0 50
ash-2; lin-22; lin-35(RNAi) 50 8 50

Table 4.3: Vulval induction phenotype of ash-2 and lin-22 mutant combinations with other 
genes involved in vulval induction. Animals were scored as described in methods.
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Figure 4.5: Epistatic analysis of ash-2, 
lin-22 and interactors in vulval induction. 
Animals were scored as described in methods. 
A, VPC induction in wild type animals and 
in combinations of ash-2 and lin-22 mutant 
alleles indicated. B, ash-2 expression in the 
hypodermis can suppress ectopic vulval 
induction in ash-2(tm1905);lin-22(n372) 
mutant animals. Animals carrying the 
rescuing transgene expressing the red 
fluorescent myo-2::tom marker were scored 
as +, animals not expressing the marker were 
scored as – controls. C, Epistatic analysis 
of ash-2(tm1905) and genes involved in 
vulval development. D, Epistatic analysis of 
lin-22(n372) and genes involved in vulval 
development. E, Epistatic analysis of ash-
2(tm1905); lin-22(n372) double mutants and 
genes involved in vulval development.
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P5.p and P7.p that manifest as additional pseudovulval protrusions in adult 
animals [13, 35]. We found that lin-40(RNAi) 	causes	a	vulval	overinduction	
phenotype	in	ash-2 mutants (Figure 5 C, Table 3). In addition, lin-40(RNAi)	also	
enhances	the	postdeirid	defect	of	ash-2(tm1905) mutants, occasionally leading 
to postdeirid formation by V1, which is never observed in ash-2(tm1905)	single	
mutants (data not shown). We also carried out lin-40(RNAi) on	ash-2(tm1905);lin-
22(n372)	mutant	animals	to	assess	the	effect	on	ectopic	vulva	formation	in	these	
double	mutant	animals.	lin-40(RNAi)	enhances	both	the	vulva	and	postdeirid	
phenotype	of	ash-2; lin-22 double mutants (Figure 5E, Figure 6C). In conclusion, 
lin-40 behaves like an enhancer of the ash-2 phenotypes.	We	also	tested	the	effect	
of	lin-40(RNAi)	on	lin-22(n372) mutant animals. In these mutants, the effect of 
lin-40(RNAi) is not obvious, but we observed a low frequency of ectopic vulval 
induction and P5.p/P7.p fate change from 2° to 1° (data not shown). Postdeirid 
formation in V1 is enhanced in lin-22	animals	on	lin-40 RNAi (data not shown).
 Loss of function of the chromatin remodelling factor bra-2	suppresses	
the	ash-2 phenotype: The second candidate chromatin remodelling gene we 
examined is bra-2, which encodes a protein that can bind NuRD complex 
component LET-418/Mi-2. (K. Brunschwig and F. Mueller, personal 
communication). Although the BRA-2 binding partner LET-418/MI-2 is part of 
the synMuv B pathway, bra-2 does not behave like a synMuv B gene in vulval 
development.	We	became	interested	in	bra-2	function	because	bra-2(RNAi)	
can block V5 postdeirid formation (G.S., M.C.B., and H.C.K., unpublished 
observations, see below.) RNAi for the bra-2 gene suppresses the postdeirid fate 
in the V5 seam cell lineage (Figure 6 D). In an ash-2(tm1905) mutant background, 
bra-2(RNAi) likewise strongly suppresses the formation of ectopic postdeirids in 
the V2-V4 lineages as well as in the V5 lineage (Figure 6 A, D). In addition, bra-
2(RNAi)	can	inhibit	ectopic	vulval	induction	and	ectopic	postdeirid	formation	
in	ash-2; lin-22 double mutants (Figure 5 E, Figure 6 C, D). Therefore, bra-2	can	
suppress	the	ash-2 seam and vulva phenotypes. These results suggest that bra-
2	functions	genetically	downstream	of	ash-2. In contrast, bra-2(RNAi)	does	not	
have	an	effect	on	ectopic	postdeirid	formation	lin-22 mutant animals, whereas it 
strongly inhibits ectopic and V5 derived postdeirid formation in ash-2(tm1905) 
and wild type animals (Figure 6 A, B, C, D). The fact that ash-2	genetically	
interacts	with	bra-2 and the synMuv B genes, whereas lin-22	does	not	strengthens	
the	idea	that	ash-2	and	lin-22	are	functioning	in	separate	genetic	pathways.
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ash-2 genetically interacts with the LIN-3/Egf signalling pathway: 

The major pathway required for vulva induction in P5.p-P7.p is the RTK-Ras-
Mapk pathway, which is activated by LIN-3/Egf produced by the anchor cell. 
It has recently been shown that the synMuv phenotype is a result of ectopic 
lin-3 expression in the hypodermis, which induces vulva formation in the P3.p, 
P4.p and P8.p VPCs. Ectopic vulva formation in double mutant combinations 
between different synMuv classes can be inhibited by removing lin-3	function	
by RNAi [8]. Therefore, if ash-2 is functioning as a synMuv gene, we should be 
able to prevent ectopic vulva formation in mutant combinations with synMuv B 
genes	such	as	lin-15B	by	removing	lin-3.	Because	lin-3 null mutations are lethal, 
we carried out RNAi for this gene as described in [8]. lin-3(RNAi)	results	in	a	
highly penetrant Vulvaless phenotype in wild type animals. This phenotype is 
partially	suppressed	in	an	ash-2 mutant background, although the VPCs are still 
underinduced (Figure 5 C, Table 3). However, lin-3(RNAi)	on	ash-2(tm1905);lin-
15B(n744) double mutant animals does not block ectopic vulval induction, 
and only partially blocks induction of P.5p-P7.p (Figure 5 C). Therefore, vulval 
induction	in	an	ash-2(tm1905);synMuvB mutant background cannot completely 
be blocked by lin-3(RNAi) as is the case in mutant combinations of synMuv A 
and B genes. We also carried out RNAi for lin-3	in	the	ash-2(tm1905);lin-22(n372)	
double mutant. The lin-3(RNAi)	Vul	phenotype	is	partially	suppressed	in	lin-22	
animals (Figure 5 D, Table 3) as is the case in ash-2 animals. However, in ash-
2;lin-22	double	mutants	on	lin-3(RNAi), P5.p-P7.p are mostly normally induced. 
In addition, there is a degree of ectopic vulval induction in P3.p, P4.p and P8.p 
similar to the induction in control animals (Figure 5 E, Table 3). Taken together, 
these	results	suggest	that	mutant	combinations	of	ash-2	with	other	antagonists	of	
vulval development can partially bypass the requirement for the LIN-3 inductive 
signal.
 LET-60/Ras is the downstream effector of LIN-3 signalling. The let-
60(e1046) allele encodes a constitutively active form of LET-60, and let-60(1046)	
animals show ectopic vulval induction in P3.p, P4.p and P8.p because Ras 
signalling is activated in these VPCs [36-38]. Mutations in the synMuv A genes, 
as well as in synMuv B genes lin-53	and	hda-1	can	enhance	the	let-60(n1046)	
phenotype, whereas mutations in others such as lin-35	and	efl-1 cannot [39]. To 
determine the effect of hyperactivated Ras signalling in ash-2(tm1905) mutants, 
we	made	mutant	combinations	of	these	alleles.	In	ash-2;let-60(e1046)	double	
mutants, the ectopic vulva formation resulting from let-60	gain-of-function	is	
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strongly enhanced (Figure 5 C, Table 3), which is comparable to the phenotype of 
mutant combinations of synMuv A genes with let-60(n1046).	

Figure 4.6: Epistatic analysis of ash-2, lin-22 and possible interactors in the seam cell 
lineages. Animals were scored for ectopic postdeirid formation as described in methods.  All 
genetic mutant strains were carrying the huIs34 transgene linked to ash-2 on LG II, all RNAi 
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experiments were carried out on strains carrying huIs37 on LGIV. A, Epistatic analysis 
of ash-2(tm1905) and interactors in V2-V4 postdeirid formation. B, Epistatic analysis of 
lin-22(n372) and interactors in V2-V4 postdeirid formation. C, Epistatic analysis of ash-
2(tm1905); lin-22(n372) double mutants and interactors in V2-V4 postdeirid formation. 
D, Epistatic analysis of single and double mutants of ash-2(tm1905) and lin-22(n372) with 
lin-39 and bra-2 loss of function in postdeirid formation in V5.

RTK-Ras signalling suppresses ectopic postdeirid formation in ash-2 and lin-22 
mutant animals:

 In addition to the effect on vulva formation, we tested the effect of loss- or gain-
of-function of Ras-MAPK pathway components on the formation of ectopic 
postdeirids	in	the	lateral	seam	of	ash-2(tm1905)	and	lin-22(n372)	mutant	animals.	
As	ash-2 synergises with synMuv B pathway genes in vulva development, and 
lin-15B	and	lin-35	enhance	the	ectopic	postdeirid	phenotype	in	ash-2	mutant	
animals, one could postulate that the synMuvs have a similar effect on ectopic 
postdeirid	formation	by	the	anterior	V	lineages	as	on	ectopic	vulval	induction	
in the VPCs. One of the functions of the synMuvs in vulval development is to 
inhibit	lin-3 activation in the hypodermis, which can induce ectopic vulvae. lin-3	
activation	in	the	hypodermis	could	be	an	inductive	signal	for	ectopic	postdeirid	
formation. The strongest argument against this is that double mutants for 
synMuvs do not exhibit ectopic postdeirid formation (data not shown), therefore 
lin-3 expression in the hypodermis is sufficient to induce ectopic vulva induction, 
but not to induce ectopic postdeirid formation. However, this does not exclude 
that	lin-3 plays some role in ectopic postdeirid formation, although additional 
factors are required for postdeirid formation in the anterior V cell lineages. 
We	tested	the	effect	of	loss-of-function	of	lin-3	and	let-60 by RNAi on ectopic 
postdeirid	development	in	ash-2	and	lin-22	mutant	animals	in	parallel	with	the	
effects on vulval development described above. Surprisingly, we found that 
lin-3	and	let-60	RNAi	actually	enhance	ectopic	postdeirid	formation	in	the	ash-
2(tm1905) mutant background (Figure 6 A). We also carried out these experiments 
in	the	lin-22(n372) mutant background, but here the ectopic postdeirid phenotype 
is so strong that any enhancement may well be masked (Figure 6 B). In agreement 
with the finding that lin-3 function antagonises ectopic postdeirid formation, the 
gain of function Ras allele let-60(e1046)	partially	suppresses	the	ectopic	postdeirid	
phenotype	of	both	ash-2(tm1905)	and	lin-22(n372) mutant animals (Figure 6 A, 
B). This means that lin-3 has a negative effect on ectopic postdeirid formation, in 
contrast with the positive effect on ectopic vulva induction. Taken together with 
the finding that vulval induction in an ash-2(tm1905) mutant background can 
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occur	even	if	lin-3 function is strongly reduced, this suggests that ash-2	and	the	
synMuv B genes must regulate factors other than lin-3	in	the	hypodermal	seam	
that influence cell fate in the lateral seam.

Canonical Wnt signalling does not play a role in ectopic postdeirid formation in 
ash-2 and lin-22 mutant animals:

Another	signalling	pathway	that	might	be	operating	between	the	hypodermis	
and the seam cells is a Wnt pathway. Notably, the canonical Wnt BAR-1/β-
catenin has been shown to be required for the VPCs to adopt the correct fate 
[40, 41], and plays a role in inhibiting the postdeirid fate in the V5 lineage in the 
absence of cell-cell contacts between the seam cells [42-45].	We	tested	whether	
this	pathway	is	affecting	seam	cell	fate	in	the	ash-2(tm1905) mutant background 
by	crossing	a	null	allele	of	the	canonical	β-catenin, bar-1(ga80)	into	the	ash-
2(tm1905)	and	lin-22(n372) mutant backgrounds. However, bar-1(ga80)	does	not	
have	an	effect	on	the	postdeirid	phenotype	of	ash-2(tm1905)	and	lin-22(n372)	
single mutants, although it can very slightly suppress the ectopic postdeirid 
induction in double mutant animals (data not shown). Therefore, there is no clear 
role for canonical Wnt signalling in V1-V4 seam cell fate in these mutants. 

lin-39 functions downstream of ash-2 and lin-22 in both the ventral and lateral 
hypodermal cells: 

Others have previously shown that the Hox gene lin-39	plays	a	role	in	the	ectopic	
induction	of	the	postdeirid	fate	in	a	lin-22 mutant background [22], as mutations 
in	lin-39 suppress ectopic postdeirid formation in these animals (Figure 6 B). 
We find that the same holds true in an ash-2(tm1905) mutant background; lin-
39(RNAi)	suppresses	ectopic	postdeirid	formation	in	ash-2(tm1905)	and	ash-
2(tm1905);lin-22(n372) mutant animals (Figure 6 A, C). In addition, lin-39(RNAi) 
blocks V5 postdeirid formation in the ash-2(tm1905) mutant background, 
suggesting	that	in	the	absence	of	ash-2, lin-39 is required to induce the postdeirid 
fate in the V5 lineage (Figure 6 D). The temperature sensitive allele lin-39(n709)	
also	suppresses	the	ash-2(tm1905) postdeirid phenotype (data not shown). Taken 
together, these results suggest that lin-39	is	a	downstream	effector	of	both	ash-2	
and	lin-22	in	the	seam	cell	lineages.
	 Although	the	role	of	lin-39 in seam cell fate is unclear, its function in 
vulva development has been extensively characterised. lin-39 is required at two 
developmental stages for vulval development; first during late L1/L2, when 
lin-39 expression in P3.p-P8.p prevents fusion of the VPCs with the surrounding 
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hypodermis [19, 21]. Later, during the L3 stage, lin-39	is	a	primary	downstream	
effector of RTK/Ras signalling in P5.p-P7.p [18, 41], again preventing cell fusion 
in	these	cells.	If	lin-39 is lost prior to the L3 stage, P5.p-P7.p adopt the same fate 
as the uninduced VPCs and fuse. Therefore, loss-of-function of lin-39	results	in	
vulvaless (Vul) animals. To test whether vulva formation is dependent on lin-39	
in	ash-2	and	lin-22 animals, we carried out lin-39(RNAi)	on	these	animals.	lin-
39(RNAi) causes a highly penetrant Vul phenotype in a wild type background 
[46], (see above). In an ash-2(tm1905) mutant background,  lin-39(RNAi)	causes	a	
similar Vul phenotype as in a wild type background, therefore, loss of function 
of	ash-2	cannot	suppress	loss	of	function	of	lin-39 (Figure 5 C, Table 3). Moreover, 
lin-39(RNAi)	completely	suppresses	the	ectopic	vulva	induction	in	ash-2;lin-
22 double mutant animals, so ectopic vulval induction in these animals is also 
completely	dependent	on	lin-39 activity (Figure 5 E, Table 3). Surprisingly, the 
effect	of	lin-39(RNAi)	can	be	partially	suppressed	by	a	lin-22 mutation (Figure 5D, 
Table 3). Others have previously found that the P3.p VPC, which fuses with the 
hypodermis during L2 in 50% of wild type animals, always remains unfused in 
lin-22 animals. This suggests that lin-22 might have a function in VPC fusion that 
is	independent	of	lin-39, but this effect is mild. In conclusion, ash-2	and	lin-22 are	
functioning	genetically	upstream	of	lin-39	in	vulval	induction	as	well	as	in	seam	
cell	development.
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Discussion
ash-2 does not have a clear Trithorax-like function: 

Chromatin remodelling complexes are emerging as major players in development 
and	disease	because	they	integrate	signals	to	control	a	multitude	of	target	
genes, and as such form the intersections between regulatory pathways. In C. 
elegans as in other organisms, the pattern of Hox gene expression is actively 
maintained once it has been established. However, the mechanism by which 
maintenance occurs has partially diverged from other metazoans [47, 48]. In 
flies and vertebrates, the conserved Trithorax group (TrG) and Polycomb group 
(PcG) chromatin-regulating proteins are required for global maintenance (TrG) 
and repression (PcG) of Hox gene expression. The repressive function of several 
Polycomb group orthologues has been conserved in C. elegans [47], but global 
regulation has partially been replaced by highly diverged systems [48-50]. During 
C. elegans post-embryonic development, Hox repression is mostly mediated by a 
species specific group of proteins known as SOP proteins that are RNA binding 
proteins rather than chromatin remodelling factors, although the conserved 
Polycomb orthologues play a role in Hox repression in the male tail. Very little 
is known about the function of the C. elegans Trithorax homologs. Of the seven 
C. elegans genes encoding proteins with strong homology to TrG proteins, four 
have been functionally characterized [51-54]. Two of these TrG homologs, LIN-
49 and LIN-59, have a conserved function in regulating Hox gene expression 
during male tail development [51, 52]. Notably, the expression egl-5 and	mab-5 
transgenes	is	affected	in lin-49	and	lin-59 mutants, which is consistent with a 
role for these Trithorax genes in maintenance of the Hox expression domains 
[52]. Although the function of Thrithorax homologs has been at least partially 
conserved	in	C. elegans, this does not exclude the existence of divergent species 
specific functions for TrxG proteins.
	 We	have	not	observed	a	general	function	for	ash-2 in maintaining Hox 
gene expression, which is the classical TrxG effect. In fact, ash-2	seems	to	be	
inhibiting	the	activity	of	lin-39/Sex combs reduced in the vulva as well as the 
lateral seam. However, this effect is likely to be indirect rather than a direct 
effect	on	lin-39 transcriptional regulation, as ash-2 function is required in the 
hypodermis, whereas lin-39 functions cell autonomously in the VPCs during 
vulva development [19, 21]. Another possible target gene for ASH-2 is rom-1/
Rhomboid, which encodes an intermembrane serine protease required for the 
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cleavage of one of the two splice variants of LIN-3/EGF [55]. ROM-1 functions 
in the VPCs to relay the inductive signal from the anchor cell. In Drosophila, 
ash-2	has	been	shown	to	play	a	role	in	downregulating	the	Egfr	pathway	
via	transcriptional	regulation	of	rom-1 in the wing disk epithelium [55]. We 
investigated	the	possibility	that	ash-2	might	be	mediating	its	effects	through	rom-
1	by	performing	rom-1(RNAi)	on	ash-2, lin-22 and double mutant animals, but we 
failed	to	observe	any	effect	of	rom-1(RNAi) on	either	vulval	induction	or	ectopic	
postdeirid formation in any of these mutant combinations (data not shown), 
therefore, it does not seem to be acting downstream of ash-2. It	remains	to	be	seen	
whether	ash-2	has	any	conserved	effect	on	other	target	genes.

Interaction between ash-2 and other chromatin remodelling factors: 

The fact that loss-of-function of any of the C. elegans COMPASS components can 
induce	fate	switches	in	the	anterior	V	cell	lineages	is	highly	suggestive	of	a	role	
for the entire COMPASS complex in seam cell fate. Paradoxically, others have 
found that loss of function of the COMPASS orthologues, dpy-30, and C14B1.4 
suppress vulval induction in double mutant combinations of synMuv A and 
B genes [56]. In contrast, we find that ash-2	induces	ectopic	vulval	induction.	
The mechanisms underlying vulval induction may wel be different from the 
ones controlling seam cell fate. It is possible that the COMPASS components 
are functioning as a complex in the development of the lateral seam, but that 
the	components	have	separate	functions	in	relation	to	vulval	development.	It	
remains to be seen if and how ASH-2 might function independently of the other 
COMPASS complex components.
 Our results imply that ash-2	is	functioning	as	part	of	or	in	parallel	
with the synMuv A pathway in vulval development, but that it has additional 
functions that are not linked to the synMuv pathways. Firstly, ash-2	has	a	
synthetic Multivulva effect with synMuv B pathway genes, but not with 
SynMuvA pathway genes. In addition, synthetic Multivulva phenotypes in an 
ash-2(tm1905) mutant background cannot be suppressed by rom-1 loss	of	function.	
Removal of rom-1 function can suppress ectopic vulval induction in activated Ras 
signalling mutants, but not in synMuv mutant combinations [55]. As is the case 
for synMuv mutations, loss of function of ash-2	enhances	ectopic	vulval	induction	
in activated Ras signalling mutants. Lastly, both ash-2 and the synMuv pathway 
genes	function	upstream	of	lin-39. The major difference between the function 
of	ash-2 and the synMuv pathway genes is that ash-2	can	cause	ectopic	vulval	
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induction	even	if	lin-3 function is lost, whereas the Muv phenotype of synMuv 
mutant	combinations	is	completely	dependent	on	lin-3. Therefore, ash-2	may	
synergise with the synMuv B genes and with lin-22 in pathways that block vulval 
induction	independently	from	the	pathway	that	regulates	lin-3 expression in the 
hypodermis.	

ash-2 and lin-22 loss of function give qualitatively different phenotypes: 

Several	major	differences	between	the	ash-2	and	the	lin-22	mutant	lateral	seam	
phenotypes are first; in an ash-2 mutant, V1 never adopts the postdeirid fate, 
whereas it frequently does in a lin-22 mutant. Second, ectopic expression of 
lin-22 can inhibit postdeirid formation in V5, whereas overexpression of ash-2 
cannot. Third, overexpression of lin-22	can	rescue	the	ash-2(tm1905)	postdeirid	
phenotype, but overexpression of ash-2	cannot	rescue	the	lin-22(n372)	phenotype.	
In	the	absence	of	lin-22 seam cell fate is not an option for the anterior V2-V4 
lineages, whereas in the absence of ash-2 the choice of seam versus postdeirid 
fate seems to become random for these cells. Taken together, these findings 
suggest	that	the	function	of	these	genes	in	seam	cell	fate	is	mechanistically	
different; lin-22 seems to be strongly antagonising the postdeirid fate, for instance 
by inhibiting the function of the neuronal determinant LIN-32/Atonal [22]. In 
contrast, ash-2	seems	to	be	instructing	the	V	cell	lineages	to	choose	the	seam	cell	
fate	rather	than	directly	inhibiting	the	postdeirid	fate.	If	both	ash-2	and	lin-22 
function are lost, the severity of the resulting phenotype is intermediate between 
the two single mutations. This argues against these two genes functioning in the 
same pathway. Moreover, the formation of ectopic postdeirids by V4-V2 in ash-2	
mutants	can	easily	be	inhibited	by	bra-2 RNAi, whereas in a lin-22 background 
this is not the case. Therefore ash-2	seems	to	be	functioning	upstream	of	bra-2	to	
inhibit its activity, whereas lin-22	is	functioning	in	a	separate	genetic	pathway.

Seam cell fate may be regulated by hypodermal factors: 

Our results strongly suggest that some sort of signal is being transmitted 
from the hypodermis to the anterior seam; this signal could be required for 
induction of the seam cell fate in the anterior V lineages in wild type animals, 
in	this	case	loss	of	ash-2 inhibits signalling and V1-V4 fate is randomised as a 
result. Alternatively, the seam cell fate could be the default fate in the absence 
of signalling in wild type animals, and ash-2	loss	of	function	could	activate	
signalling which induces ectopic postdeirid fates. The latter hypothesis is 
reminiscent of the generation of ectopic vulval fates in the VPCs, which are 
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induced by ectopically activated LIN-3 signalling in the hypodermis. The 
function of the synMuv pathways is to inhibit lin-3 activation in the hypodermis, 
thus preventing inappropriate vulval induction [8]. In vulval development, ash-2	
synergises with the synMuv B pathway genes, as described above. In addition, 
the synMuv B and C mutations enhance ectopic postdeirid formation in the ash-2	
mutant background. This suggested that LIN-3 signalling from the hypodermis 
might also play a role in ectopic postdeirid formation in V1-V4. However, ash-2	
does	not	seem	to	be	controlling	vulval	development	via	lin-3. Moreover, double 
mutants for synMuvs do not exhibit ectopic postdeirid formation, meaning that 
ectopic LIN-3 signalling is not sufficient to induce the postdeirid phenotype. In 
addition, our results show that loss of function of lin-3	does	not	inhibit	ectopic	
postdeirid	formation	in	the	lateral	seam	of	ash-2 mutants, rather, it enhances this 
phenotype. Therefore, lin-3	is	not	functioning	as	an	inductive	signal	in	ectopic	
postdeirid formation. In conclusion, the identity of the signals that are exchanged 
between	the	seam	and	the	hypodermis	to	regulate	anterior	seam	cell	fate	remains	
to	be	determined.	
	 Although	the	factors	that	control	the	development	of	the	vulva	differ	
from the ones that pattern the lateral seam, the chromatin remodelling factors 
that function in the hypodermal syncytium play a pivotal role in both systems [8, 
57]. Further study of transcriptional regulation in the hypodermis will clarify the 
signalling mechanisms that pattern the adjacent epithelia, and may shed more 
light on the interactions between the intrinsic and external factors that control 
cell	fate	in	general.
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Abstract 

Background

In	C. elegans and other nematode species, body size is determined by the 
composition of the extracellular cuticle as well as by the nuclear DNA content 
of the underlying hypodermis. Mutants that are defective in these processes 
can exhibit either a short or a long body size phenotype. Several mutations that 
give a long body size (Lon) phenotype have been characterized and found to be 
regulated by the DBL-1/TGF-β pathway, that controls post-embryonic growth 
and	male	tail	development.

Results

Here we characterize a novel gene affecting body size. lon-8	encodes	a	secreted	
product of the hypodermis that is highly conserved in Rhabditid nematodes. lon-
8  regulates larval elongation as well as male tail development. In both processes, 
lon-8 appears to function independently of the Sma/Mab pathway. Rather, lon-
8	genetically	interacts	with dpy-11	and	dpy-18, which encode cuticle collagen 
modifying	enzymes.

Conclusions

The novel gene lon-8	encodes	a	secreted	product	of	the	hypodermis	that	controls	
body	size	and	male	ray	morphology	in	C. elegans.	lon-8	genetically	interacts	with	
enzymes	that	affect	the	composition	of	the	cuticle.
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Background 

The regulation of body size is an important yet poorly understood aspect of 
animal development [1].  Unlike vertebrate size, nematode body size is largely 
dependent on cell size rather than cell number [2-4]. Nevertheless, Caenorhabditis 
elegans	is	an	attractive	model	to	study	the	genetics	of	body	size	determination	
because many mutants that specifically affect size have been isolated and 
characterized.	In	C. elegans, the hypodermis, which is the epithelial structure 
that encapsulates the worm, is the primary site where growth is regulated. The 
hypodermis consists of several syncytia of fused epidermal cells [5]. The largest 
of	these	syncytia	that	covers	the	entire	mid-body	region	of	the	animal	is	called	
hyp7. During larval development, hyp7 increases in nuclear content and cell 
size as progressively more daughters of the lateral seam cells fuse with it [4, 
5]. The syncytial nuclei undergo several rounds of endoreduplication during 
the fourth larval stage and adulthood [2, 6]. In C. elegans	and	other	nematode	
species, a substantial part of growth takes place after larval development is 
completed [2]. The amount of post-larval growth is correlated with the amount 
of endoreduplication that occurs in the hypodermis during adulthood [2, 7]. 
Therefore, growth is at least partially dependent on the DNA content of the 
hypodermis [2, 4, 7].
	 Another	factor	that	affects	body	size	in	C. elegans is	the	composition	of	
the exoskeletal cuticle, which is synthesized by the hypodermis before hatching 
and at the end of each larval stage (reviewed in [8, 9]). Mutations in cuticle 
components can result in dumpy (Dpy) or squat (Sqt) phenotypes, meaning 
animals are shorter and thicker than wild-type [10]. Many of these dpy	and	sqt	
genes encode collagens or the enzymes required to process them [8, 9]. There are 
also	mutations	that	affect	body	size	without	affecting	morphology.	In	these	cases	
the animals’ size is altered but their proportions are more or less intact, resulting 
in small (Sma) or long (Lon) phenotypes [10]. So far, only two lon	genes	have	
been	cloned	and	characterized.	Both	genes	encode	molecules	that	are	synthesized	
and	secreted	by	the	hypodermis.	lon-3 encodes a cuticle collagen that is required 
for body size regulation primarily during late larval development [11, 12]. lon-
1 encodes a member of the CRISP (Cysteine-Rich Secretory Protein) family of 
unknown function [13, 14]. lon-1 animals are of wild-type length at hatching, but 
grow substantially faster than wild-type during both larval and adult stages. Part 
of	the	increase	in	body	size	of	lon-1	animals	is	proposed	to	be	due	to	an	increase	
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in the ploidy of the hypodermal nuclei [14]. 
	 In	C. elegans, growth is controlled by a highly conserved TGF-β pathway, 
the Sma/Mab (for Small/Male abnormal) pathway (reviewed in [15]). Mutants 
of components of this pathway are smaller than wild-type, but not obviously 
dumpy. The ligand, DBL-1, is a dose dependent regulator of body size. dbl-1 
loss-of-function causes a Sma phenotype, whereas overexpression causes a Lon 
phenotype [16, 17]. Mutants of dbl-1	or	positive	downstream	regulators	of	the	
Sma/Mab pathway are of wild-type length at hatching, but by the time they 
reach adulthood they are about a third shorter [16-20]. In addition, adult growth 
and	endoreduplication	of	the	hypodermal	nuclei	is	reduced	in	dbl-1 animals [7]. 
Therefore, the Sma/Mab pathway is required for larval elongation as well as 
adult	growth.	
 The effects of dbl-1	signaling	are	mediated	in	part	through	the	regulation	
of	lon	genes.	dbl-1 is thought to regulate translation, modification or degradation 
of the LON-3 protein [12], whereas lon-1	is	a	negatively	regulated	transcriptional	
target of DBL-1 [13, 14]. In addition, mutations in lon-3 and	lon-1	can suppress	
the small phenotype of Sma/Mab pathway mutants [11-14]. Here, we identify 
a novel regulator of body size, lon-8, which is also required for male tail 
morphology.	lon-8	encodes	a	novel	secreted	protein	that	is	highly	conserved	
within	the	phylum	Nematoda. Our results suggest that LON-8 regulates body size 
independently of the Sma/Mab pathway.
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Results 
lon-8 encodes a small protein that is likely to be secreted:

 We found that Y59A8B.20 RNAi by feeding causes an increase in body length 
(1.3 ± 0.08 mm in animals treated with control vector versus 1.4 ± 0.08 mm in 
animals	treated	with	lon-8 RNAi, n=75), as previously observed by others [21]. 
Upon amplification and sequencing of the Y59A8B.20 transcript from a C. elegans	
cDNA library, it became apparent that the sequence of this transcript differs from 
the predicted Y59A8B.20 gene structure (Genbank accession number NP507520) 
in that it contains an additional final fourth exon (Figure 1). The Y59A8B.20 
sequence encodes a 162 amino acid protein containing an N-terminal signal 
sequence. There are no other conserved motifs such as transmembrane domains 
or signals for lipid mediated anchoring in the sequence. Y59A8B.20 is strongly 
expressed in the hypodermal syncytium (see below). Clear localization to this cell 
is only visible when the signal sequence is deleted, implying that in the presence 
of this sequence Y59A8B.20 is secreted and diffuses. Y59A8B.20 is therefore likely 
to	be	a	secreted	protein.
 To investigate the loss-of-function phenotype further, we identified and 
isolated two deletions of Y59A8B.20 (see Methods). Both alleles gave a clear Lon 
phenotype, therefore Y59A8B.20 was named lon-8. The first allele generated, 
hu187, is a deletion of the entire lon-8 first exon and surrounding sequences. A 
shorter	transcript	can	still	be	detected	in	hu187 animals by Northern blotting 
(Figure 1). We amplified this fragment by reverse transcription PCR (RT-PCR, see 
Methods) and sequenced it. The alternative transcript found in hu187	mutants	is	
predicted to encode an N-terminal truncation of the full-length LON-8 protein 
starting from an in-frame methionine present in the second exon. This transcript 
cannot be detected in wild-type animals by Northern blotting or RT-PCR. 
Importantly, if the hu187 transcript were to be translated, the resulting protein 
would lack the signal peptide. Furthermore, treatment of hu187	mutants	with	
lon-8 RNAi did not enhance the Lon phenotype (1.5 ± 0.08 mm in hu187	animals	
on control vector versus 1.4 ± 0.08 mm in hu187	animals	treated	with	lon-8	
RNAi, n=75). Therefore, it seems unlikely that this shorter version of LON-8 is 
functional. The second deletion allele generated, hu188, lacks the entire second 
exon and surrounding sequences (Figure 1). Alternative splicing of lon-8	from	
the first to the third exon would result in a frame-shift leading to a nonsense 
transcript, moreover, no transcript can be detected in these animals by Northern 
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blotting. Both alleles show similar phenotypes in the experiments described 
below. Taken together, these results strongly suggest that both alleles represent a 
strong	loss-of-function	or	null	phenotype.

Figure 1  - Lon phenotype resulting from mutations in lon-8. 
(A) N2 wild-type hermaphrodite grown at 20°C for 120 hours. Bar is 200µm. (B) lon-
8(hu187) hermaphrodite grown at 20°C for 120 hours. (C) Structure of lon-8 gene. SL1 is 
the SL1 trans-splice leader sequence. The region which encodes the signal peptide is shaded. 
The lon-8(hu187) and (hu188) deletions are indicated. (D) Northern blot analysis; RNA 
was isolated from mixed-stage populations of animals. Blots were probed with the amplified 
full-length sequence of the lon-8 cDNA. eft-2 was used as a control for loading [13]. Animals 
containing hu187 express a transcript which is recognized by the lon-8 probe, but is shorter 
than the wild-type transcript. hu188 animals do not express any transcript recognized by the 
lon-8 probe. (E) LON-8 amino acid sequence. The signal sequence is indicated in grey and 
the predicted site of cleavage is shown. The asterisk indicates the initiator methionine of the 
predicted LON-8 truncation present in hu187. 
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lon-8 loss-of-function affects body size during larval development and early 
adulthood:  

To determine at which developmental stages body length is affected in lon-8	
mutants, we synchronized animals by collecting them an hour after hatching 
and	letting	them	grow	for	different	periods	of	time	before	measuring	their	
length (Figure 2). We compared the lon-8(hu187) phenotype	with	that	of	lon-
1(e185) animals, which grow more than wild-type animals during both larval 
development and adult growth [13, 14]. At hatching, lon-8(hu187)	mutants	were	
no longer than wild-type animals, but throughout larval development, they 
outgrew	their	wild-type	counterparts	at	a	rate	comparable	to	that	of	lon-1(e185)	
animals. At around 96 hours post-hatching, the growth rate of lon-8(hu187)	
slowed	down	compared	to	lon-1 animals, which kept growing at the same rate. 
This suggests that lon-8	is	more	important	for	body	size	determination	during	
larval	elongation	and	early	adult	growth	than	later	in	life.	

Figure 2  - Growth curve of lon-8(hu187) mutants.
Wild type, lon-1(e185) and lon-8(hu187) animals were synchronized and measured at seven 
time points. The animals are of indistinguishable length at hatching, but lon-1 and lon-8 
animals grow faster than wild type animals throughout larval development and during early 
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adulthood. Later in adult life, lon-1(e185) animals continue to grow at a faster rate (steeper 
slope angle) than wild type animals, whereas the growth rate of lon-8(hu187) animals 
stabilizes. At least 100 animals were measured for each strain. a, b, c, for wild type/lon-1 and 
wild type/lon-8 p<0.001. d, e for wild type/lon-1, wild type/lon-8 and lon-1/lon-8 p<0.001. 
P values were calculated using Student’s t-test.

As	lon-8 acts	at	stages	in	development	when	there	is	cell	proliferation	in	the	
hypodermis, it could be influencing the number of seam cells or the number of 
syncytial nuclei, which could lead to an increased body size [2, 4, 7]. We stained 
N2, hu187	and	hu188 animals with DAPI and counted the number of hypodermal 
and	seam	cell	nuclei	located	between	the	postdeirid	sensillum	and	the	anus	
to	determine	whether	the	number	of	hypodermal	nuclei	is	elevated	in	lon-8	
mutants	compared	to	wild-type.	We	did	not	observe	a	difference	in	the	number	
of hypodermal nuclei (in each case, 21 ± 1 nuclei, n=20 for each strain). We also 
investigated	whether	the	total	number	of	seam	cells	is	affected	by	crossing	the	
seam cell specific GFP marker wIs51[scm::gfp] [22] into the hu187 background and 
counted the total number of seam cells lining the flank of the worm. Again, we 
observed	no	difference	in	seam	cell	number	between	wild-type	and	lon-8(hu187) 
animals (16-17 seam cell nuclei, n=32 animals for each strain). This suggests that 
the	increase	in	body	length	of	lon-8	animals	correlates	with	an	increase	in	cell	size	
rather	than	cell	number.	
	 Adult	growth	in	C. elegans	is	thought	to	be	regulated	by	the	number	of	
endoreduplication	rounds	completed	by	the	nuclei	of	the	hypodermal	syncytium	
[2, 7]. In lon-1 mutants, some of the hypodermal nuclei undergo additional 
rounds of endoreduplication, leading to an increased ploidy compared to wild-
type, and this is thought to contribute to their excessive growth [11, 14]. In 
contrast, lon-3 mutants have no detectable increase in hypodermal ploidy [11]. 
To see if adult growth by hypodermal endoreduplication is affected in lon-8	
mutants, we measured the DNA content of individual hypodermal nuclei in 
the posterior lateral hypodermis of synchronized populations of 120 hour old 
animals using DAPI staining and microdensitometry [2, 23] as well as PI staining 
and confocal analysis [23]. We were unable to detect a difference in hypodermal 
ploidy	between	wild-type	and	lon-8 animals using either of these techniques 
(a ploidy of 7.9 ± 1.6 for N2 and 8.2 ± 2.4 for lon-8(hu188) when analyzing 10 
animals using PI staining, see Methods for details). Taken together, these results 
lead	us	to	conclude	that	lon-8	does	not	have	an	obvious	effect	on	the	nuclear	
content	of	the	hypodermis.
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lon-8 is expressed in the hypodermis throughout development: 

We	also	investigated	where	lon-8 function might be required for its role in body 
size determination. To this end, a transcriptional reporter was constructed, 
consisting	of	the	lon-8 upstream sequence and part of the genomic sequence 
(Figure 3A; see Methods), which was inserted into a vector containing the coding 
sequence for nuclear localized GFP. Because the LON-8 N-terminus contains a 
signal peptide, which could cause the secretion and diffusion of GFP, another 
variant was made excluding the signal sequence.  Multiple lines carrying extra-
chromosomal arrays of these constructs were generated by microinjection. The 
lines	carrying	the	variant	of	the	reporter	construct	including	the	signal	peptide	
mostly showed weak GFP expression in the posterior gut (data not shown) but 
nowhere else, presumably because the GFP is secreted and diffuses. However, 
the lines carrying the variant lacking the signal peptide showed clear expression 
in two of the hypodermal syncytia, hyp4, which surrounds the anterior part of 
the pharynx, and hyp7, which surrounds the mid-body region of the animal 
(Figure 3). The earliest detectable GFP expression can be observed in comma 
stage embryos, where there is abundant expression in the newly generated hyp4 
nuclei and, albeit less frequently, in hyp7 nuclei. This expression pattern remains 
consistent	throughout	embryonic	and	larval	development	up	until	adulthood.	
There is faint expression in the hindgut, which most likely represents background 
expression of the reporter.

lon-8 cannot suppress the Sma phenotype of dbl-1 mutants: 

Both	lon-1 and	lon-3 can suppress the small phenotype of Sma/Mab mutants	
[11, 13, 14].	Several	lon-1	alleles	even	suppress	the	Sma	phenotype	so	strongly	
that double mutant combinations can become longer than wild-type [13, 14]. To 
determine	whether	lon-8 mutations can likewise suppress the phenotype of Sma 
mutants, we generated double mutant combinations of hu187	and	hu188	with	
dbl-1, and of hu187	with sma-6, which encodes the Type I receptor for DBL-1 [18] 
(Figure 4). If lon-8	were	an	important	downstream	effector	of	dbl-1, one would 
expect that double mutants of lon-8	with	dbl-1(nk3) or	sma-6(e1482)	would	reach	
a body length longer than or equal to wild-type. Although lon-8	has	an	effect	on	
the maximum length that dbl-1 animals can reach, there is no clear suppression 
of	the	Sma	phenotype	in	dbl-1(nk3)	lon-8 animals.	In	double	mutants	between	
sma-6(e1482)	and lon-8(hu187), there is a slightly stronger suppression of the 
Sma	phenotype	than	in	dbl-1(nk3)	lon-8(hu187) animals, which could be due to 
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Figure 3 - Expression pattern of a 
lon-8 transcriptional reporter.
 (A) Schematic representation of 
the reporter construct (see text for 
details). The portion of the first 
exon that is removed is indicated 
with a dashed line. The gfp coding 
sequence is shown in green. (B) 
to (G) Differential interference 
contrast (DIC) microscopy and 
corresponding fluorescence 
micrographs. Bar is 20µm. (C) A 
comma stage embryo expressing 
lon-8::gfp in the nuclei of hyp4. 
(D), (E) A 1.5 fold stage embryo 
expressing lon-8::gfp in hyp4 and 
hyp7 nuclei. (F), (G) An L1 larva 
expressing lon-8::gfp in hyp4 and 
the hyp7 syncytium.
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the	fact	that	e1482	is	a	hypomorphic	allele	of	sma-6. In any case, both dbl-1(nk3)	
lon-8(hu187)	and	sma-6(e1482); lon-8(hu187) double	mutants	still	show	a	strong	
and penetrant Sma phenotype. Taken together, these data indicate that lon-8	is	
unlikely to be an important effector of DBL-1 signaling. We also analyzed the 
body	size	phenotype	of	double	mutant	combinations	of	lon-8 and	three	other	lon	
genes; lon-2, which functions upstream of dbl-1 in the Sma/Mab pathway [24], 
lon-1	and	lon-3. In all cases, lon-8(hu187) enhanced	the	average	single	mutant	
body size to a similar degree, which is around 10 %. 

Figure 4 – Epistatic analysis of lon-8 and Sma/Mab mutants.
Animals of indicated genotypes were synchronized, grown at 20°C for 120 hours and 
measured as described in the Methods. At least 75 animals were measured for each strain. 
Each dot represents one animal. Average length and standard deviation are indicated.
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lon-8 is not transcriptionally regulated by the Sma/Mab pathway: 

Two sets of experiments were carried out to further study the relationship 
between	lon-8 and the Sma/Mab pathway. Firstly, we examined the expression 
of	the	lon-8	transcript	in	several	Sma/Mab pathway mutants by Northern blotting 
(Figure 5). Others have shown that the lon-1	transcript	is	clearly	upregulated	in	
the Sma/Mab pathway	mutants	dbl-1	and	sma-6, whereas it is downregulated 
in animals overexpressing dbl-1, thus establishing that lon-1	is	a	negatively	
regulated	transcriptional	target	of	dbl-1 signaling [13, 14]. Whereas the lon-1	
transcript	is	clearly	upregulated	in	dbl-1	and	sma-6, the expression level of the 
lon-8 transcript is similar to the wild-type level in these mutants. In addition, we 
crossed the extrachromosomal arrays of our transcriptional reporter construct 
without	the	signal	peptide	into	dbl-1(nk3).	As	some	of	our	lines	were	generated	
using a red fluorescent injection marker expressed in the pharynx (see Methods), 
we could use these extrachromosomal arrays to compare the proportion of 
transgenic animals (with a red pharynx) that also expressed GFP in hyp4 and/or 
hyp7 in a wild type versus a dbl-1 background. We found no difference in the 
number of transgenic animals that expressed GFP under control of the lon-8	
promoter	between	wild-type	and	dbl-1 animals (n>100), nor could we detect any 
difference in GFP intensity by eye (data not shown). Taken together, these results 
imply	that	lon-8 is not transcriptionally regulated by the Sma/Mab pathway.

Figure 5 – Northern blot analysis of lon-8 and lon-1 mRNA levels in Sma/Mab mutant 
strains. RNA was isolated from mixed populations of animals carrying ctIs40[dbl-
1xs] (which results in DBL-1 overexpression), dbl-1(nk3) or sma-6(e1482). Blots were 
hybridized with probes corresponding to lon-8, lon-1 or the loading control eft-2. Whereas 
lon-1 mRNA levels are clearly increased in dbl-1(nk3) and sma-6(e1482) animals, we could 
not detect a difference in lon-8 mRNA levels by microdosimetry in four experiments with 
independently prepared RNA.
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lon-8 is required for male ray development: 

C. elegans	males	possess	a	copulatory	tail	consisting	of	nine	bilaterally	symmetric	
pairs of sensory structures called rays and two sharp, hardened structures called 
spicules [25]. The ray pairs have distinct identities with respect to morphology 
and chemosensitivity. As the name of the pathway suggests, Sma/Mab pathway 
mutants show extensive defects in ray specification. [16-19, 26]. In addition, all 
Sma/Mab pathway mutants have crumpled spicules. Male mutant dbl-1, daf-4, 
sma-2, sma-3, sma-4	and	sma-6 animals exhibit dorsal to ventral transformations 
of rays 5, 7 and 9, which take on the fate of their anterior neighbors 4, 6, and 8 
and often fuse with them [16-19, 26]. dbl-1 overexpression has the opposite effect, 
dorsalizing ray 4 which can lead to fusions of rays 3 and 4 [17]. 
	 If	lon-8 is acting in parallel to the Sma/Mab pathway in body size 
regulation, does it also affect male tail development? To address this question, 
we	analyzed	the	morphology	of	the	male	rays	using	a	him-5(e1490)	mutant	
background. We found that lon-8(hu187)	and	lon-8(hu188) mutants	have	
extensive morphological ray defects, but we did not observe any defects of the 
spicules. All animals examined have similar ray defects but the severity of the 
phenotype is variable: in some animals the rays appear grossly thickened but 
can still be identified. In these cases, the correct positional identity of the rays 
does not seem to be affected. In most males, the rays have such an abnormal 
appearance that they can no longer readily be distinguished (Figure 6). All rays 
appear morphologically abnormal, but rays 5 and 6 are most severely affected, 
whereas rays 8 and 9 are less deformed than their more anterior neighbors. 
Surprisingly, lon-8(hu187)	and	lon-8(hu188) males can mate, suggesting that ray 
sensory function is intact even though ray morphology is grossly abnormal. This 
phenotype is most reminiscent of the phenotype of mutants in a class of 8 genes 
that give a Ray Abnormal Morphology (Ram) phenotype [27]. These genes act 
after	the	cell	lineage	is	complete	to	regulate	the	apposition	of	the	cuticle	around	
the	rays.	Although	mutations	in	the	ram genes result in an abnormal, lumpy ray 
morphology, mutant animals appear otherwise normal and can mate. Finally, we 
examined the expression of the lon-8::gfp	transcriptional	reporter	described	above	
in	him-5 animals (Figure 6). In males, the reporter is expressed in hyp4 and hyp7 
like in hermaphrodites. In addition, GFP is expressed in the nuclei V6.pppaa, 
T.aa, R6.p, T.apapa, R7.p, R8.p and R9.p. These cells fuse and make up the ventral 
part of the male tail hypodermis [25]. In conclusion, LON-8 is expressed in 
hypodermal	tissues	that	surround	the	developing	rays.
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Figure 6 – Male tail phenotype resulting from mutations in lon-8.
(A), (B), DIC micrographs of ventral views of representative male tails of him-5(e1490) and 
lon-8(hu187) animals. Bar is 20µm. Whereas rays 1-9 can clearly be distinguished in wild 
type males, in lon-8 males they are clumped together as an amorphous mass. (C)-(F) DIC and 
fluorescence micrographs of approximately 40 hour old him-5(e1490) males expressing lon-
8::gfp in the lateral and ventral part of the tail hypodermis. These are, from 1-7: V6.pppaa, 
T.aa, R6.p, T.apapa, R7.p, R8.p and R9.p. “Set” indicates the male tail seam. (C)-(D) left 
lateral view, (E)-(F) mid-plane view.
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Functional interaction between lon-8 and the Ram genes dpy-11 and dpy-18:

 In addition to their role in male tail development, some of the mutations that 
cause a Ram phenotype also have a significant effect on body size, causing a 
dumpy (Dpy) phenotype [27]. Two of the genes affected by these mutations, dpy-
11	and	dpy-18, encode enzymes required for the posttranslational modification 
of cuticle collagens [28-30]. As mutations in dpy-11	and	dpy-18	cause	a	male	
tail	phenotype	similar	to	lon-8, we investigated whether they might interact 
with	lon-8	in	body	size	regulation.	We	found	that	both	dpy-11(RNAi)	and	dpy-
18(RNAi)	completely	suppress	the	lon-8 body size phenotype (Figure 7), strongly 
suggesting that the function of these three genes are intimately linked.

Figure 7 – Loss of dpy-11 or dpy-
18 suppress the lon-8 phenotype.
Animals were grown on the 
indicated dsRNA expressing 
bacteria and were measured as 
described in Methods. At least 
75 animals were measured for 
each strain. Each dot represents 
one animal. Average length and 
standard deviation are indicated. 
dpy-11 and dpy-18 RNAi in 
wild type and lon-8(hu187) 
backgrounds result in equal body 
lengths (p>0.05).
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LON-8 has been highly conserved throughout nematode evolution: 

Sequence similarity searches of the NCBI protein database and a recently 
established database of parasitic nematode expressed sequence tags (ESTs) [31], 
indicated that LON-8 is a nematode specific protein. Clear LON-8 homologs 
were	found	in	Caenorhabditis briggsae, Haemonchus contortus, Pristionchus pacificus, 
Parastrongyloides trichosuri, Meloidogyne incognita	and	Brugia malayi, representing 
each of the three clades of the order Rhabditida [32, 33]. When the sequences 
from the different nematode species are aligned, the only major divergence is in 
the N-terminal part of the protein (Figure 8). Despite this difference in amino acid 
sequence, all the putative N-termini are predicted signal peptides. Therefore, the 
function of this part of the LON-8 protein is conserved even though the sequence 
has diverged. This suggests that lon-8 has an important function in all Rhabditid 
nematodes.

Figure 8 – Conservation of LON-8 in nematodes.
Alignment of the predicted LON-8 sequence from five Rhabditid nematode species. C. elegans, 
C. briggsae and the closely related vertebrate parasitic Strongyloid nematode Haemonchus 
contortus belong to the family of Rhabditine nematodes. Parastrongyloides trichosuri and 
Meloidogyne incognita are more distantly related Tylenchine nematodes. The site of cleavage 
of the predicted signal peptides is indicated.
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Discussion
lon-8 regulates body size independently of the Sma/Mab pathway: 

In this study, we describe lon-8, a novel regulator of body size. So far, all the lon 
genes that have been cloned show clear interactions with the Sma/Mab pathway 
[11-14]. Our epistatic analysis of lon-8	and	other	body	size	mutants	imply	that	
lon-8 is an exception in that it is functioning in parallel to the Sma/Mab pathway. 
We	observed	that	dbl-1	suppresses	the	lon-8 body size phenotype, indicating 
that	lon-8	does	not	function	downstream	of	dbl-1. Furthermore, the finding that 
lon-8 expression is not affected in dbl-1	or	sma-6	mutants	suggests	that	it is	not	
a transcriptional target of the DBL-1 pathway. The suppression of the lon-8	
phenotype	by	dbl-1 could also be explained by a function of lon-8	upstream	of	
dbl-1. Although this cannot be excluded, the body size phenotypes of double 
mutant	combinations	of	lon-8	and	the	three	different	lon	genes	that	are	part	of	
the DBL-1 pathway argue against this possibility. We found that lon-8	enhances	
the	body	length	of	these	lon mutants by a similar proportion, an additive effect 
which would not be expected if they were in a linear pathway. Taken together, 
the evidence suggests a parallel function of LON-8 and the Sma/Mab pathway in 
body	size	regulation.

lon-8 regulates body size primarily during larval and early adult stages: 

The lon-8	body	size	phenotype	is	more	subtle	than	those	of	the	other	lon genes; 
whereas lon-1(e185) animals are approximately 30% longer than wild-type, and 
lon-3 animals about 25%, lon-8 mutants have a more modest increase of 10% of 
the	wild-type	body	length	on	average.	Another	distinction	is	that	lon-8 appears	
to be affecting growth largely during larval development, whereas lon-1	acts	
throughout larval and post-larval growth (this study, [11, 14]) and lon-3	acts	
primarily during late larval stages [11, 12]. In addition, lon-1 partially exerts its 
effects by regulating hypodermal ploidy, which accounts for most, if not all of 
adult growth [2, 11, 14]. The increase in body size of lon-8	mutants	shows	no	clear	
correlation with the nuclear content of the hypodermis. Taken together with the 
finding that the growth of lon-8	mutants	is	affected		during	larval	development	
and early adulthood rather than throughout adult growth, we hypothesize 
that	lon-8	is	involved	in	regulating	growth	processes	that	are	not	dependent	on	
hypodermal	nuclear	content.
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The lon-8 male tail phenotype is indicative of a function for LON-8 in cuticle 
retraction: 

lon-8	is	the	only	lon	gene	studied	so	far	to	affect	the	development	of	the	male	tail.	
Although	the	rays	are	severely	deformed	in	lon-8 animals, they do not seem to 
exhibit cell fate alterations as Sma/Mab pathway mutants do [17-19, 26]. In Sma/
Mab mutants, the identities of specific rays are altered to resemble that of their 
anterior or posterior neighbor, and this leads to fusions between rays with similar 
fates.	In	lon-8 mutants, the rays appear to be deformed rather than misspecified 
and that is why they can no longer readily be distinguished. The spicules do not 
look affected and the males can mate. This phenotype is quite different from that 
of Sma/Mab mutants, again suggesting that lon-8	is	not	acting	in	this	pathway.	
Rather, the lon-8	phenotype	resembles	the	ram mutant phenotype [27]. Animals 
with a Ram phenotype have a defect in the extension of the rays and this leads 
to abnormal male tail morphology. Although the mutant rays are lumpy, their 
sensory	function	seems	to	be	unaffected	as	ram	males	can	mate.	We	hypothesize	
that, like the ram genes, lon-8 is required for the retraction of the hypodermis that 
accompanies	the	terminal	differentiation	of	the	rays.	

lon-8 genetically interacts with enzymes required for the modification of cuticle 
components:

A	number	of	the	ram	genes	have	been	found	to	encode	components	of	the	
extracellular cuticle (reviewed in [34]). Two of the genes that give a Ram 
phenotype are the previously identified genes dpy-11	and	dpy-18, which encode 
enzymes synthesized by the hypodermis required for the posttranslational 
modification of cuticle components [28-30]. Epistatic analysis shows that loss-
of-function	of	these	genes	can	fully	suppress	the	lon-8 body size phenotype, 
indicating	that	dpy-11	and	dpy-18	function	genetically	downstream	of	lon-
8. There are many possible hypotheses as to the actual mechanism of the 
interaction. Taking into account that LON-8 is most likely a secreted component 
of the cuticle, it might for instance function to modulate the conformation or 
localization of targets of DPY-11 and DPY-18.

The conservation of LON-8 implies that it performs an important function in 
nematodes:

So far, the C. elegans and	C. briggsae genomes have been fully sequenced and 
made publicly available.  In addition, over half a million ESTs have been 
generated from around 40 species of nematodes representing all but one clade 
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[35], enabling extensive cross-species comparisons. Although the Rhabditid 
nematode species share morphological similarity, there is a great deal of genetic 
diversity between them. For example, C. elegans 	and	C. briggsae, which are the 
most closely related of the set and are morphologically indistinguishable, are 
separated by an estimated 100 million years of evolution, and 10% of their genes 
differ [36]. Analysis of nematode ESTs showed that LON-8 is highly conserved 
within species of the order Rhabditida, which is one of the major nematode 
orders	and	contains	free	living	as	well	as	animal	and	plant	parasitic	nematodes	
[32]. LON-8 mediated regulation of body size may thus be an essential feature of 
nematode	development.
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Conclusions 

We have identified a novel gene that controls body size and male ray morphology 
in	C. elegans	and	is	conserved	in	nematodes.	Although	dbl-1	signaling	regulates	
both body size determination and male tail development, lon-8	does	not	appear	
to be an effector of the Sma/Mab pathway. The presence of a secretion signal 
and	the	fact	that	a	lon-8 promoter fusion is expressed in the hypodermis suggest 
that LON-8 is a secreted component of the extracellular cuticle. The interaction 
between	lon-8	and	genes	encoding	cuticle	collagen	modifying	enzymes	further	
suggests that LON-8 may be important for cuticle structure, thereby influencing 
body size as well as male ray extension. 
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Methods
General methods and strains: Strains were cultured using standard methods [10] and 
maintained at 20oC. The Bristol N2 strain was used as a wild-type standard strain in all 
experiments. All crosses were carried out according to standard methods [37]. The mutant 
alleles used are listed below by linkage group (LG) and have been described by [10] unless 
otherwise stated: (LGII): sma-6(1482), (LGIII): lon-1(e185), (LGV): lon-8(hu187), lon-8(hu188), 
(this study), lon-3(e2175),	dbl-1(nk3) [16], him-5(e1490), (LGX): lon-2(e678). The following 
transgenic lines were used in this study: BW1940 ctIs40[dbl-1xs] [17], JR667 wIs51 [22], 
KN746 huEx96 (this study), KN905 huEx129 (this study).
Sequencing of lon-8: To amplify the lon-8 cDNA from a yeast-two-hybrid cDNA library 
(a gift of M. Walhout and M. Vidal) we used a primer directed to the 5’ side of the pPC86 
poly-linker with the lon-8	primer	CTGCAGAATTACTGACTGTTGGGATC	and	a	primer	
directed to the 3’ side of pPC86 with the lon-8	primer	CAGTCAGTAATTGCG-GATTTG.	
All amplified products were purified and sequenced from both directions to obtain the 
full-length	lon-8 cDNA sequence. To sequence the lon-8	transcript	present	in	wild	type	
and	hu187 animals, we used 1 µg of total RNA from N2 and hu187 (see below) to generate 
cDNA by RT-PCR using an oligo-dT primer. We then amplified the lon-8 cDNA using 
primers for the SL1 sequence and CTGCAGATTCCTCGCTTTCGCTG corresponding	
to the 3’ end of the fourth exon of lon-8 and sequenced the purified products from both 
directions	to	obtain	the	wild-type	and	hu187 cDNA sequences.
Isolation and characterization of lon-8 alleles:
The deletion alleles lon-8(hu187)	and	lon-8(hu188)	were	generated	by	constructing	
and screening a deletion library as described by [38]. The primers used to identify 
and sequence the hu187	deletion	allele	were	TGCAATAGGTGTACGAAAAG	and	
CCACAACACATACATTCCAT as the external pair and GAGTGGAATGCTA-ATAGGGA 
and GTGAAGCAGCGTATCAACTA as the internal pair. The primers used to identify 
and sequence the hu188	deletion	allele	were	TTTTCTTTGAG-CCGCAAAAT and	
CAGGTAACGCCATGAGGAAT as the external pair and CAAAGGAGGTCGAAAGTGGA 
and	CCATTCTGGCAGTGATCTCC	as	the	internal	pair.
Body size measurements: Strains were synchronized by gently flushing 9 cm plates of a 
mixed stage population to remove all adults and larvae, leaving the unhatched eggs. One 
hour later the plates were gently flushed to collect the larvae hatched within this interval. 
For the growth curve, synchronized animals were kept at 20oC	and	one	plate	of	each	
strain was used for measurements at each time point. A minimum of 75 random animals 
was sampled every time. For the epistatic analysis an N2 control was taken along with 
each synchronization to ensure consistent results as body size may vary due to external 
conditions such as humidity [11]. To measure, the animals were mounted on 2% agarose 
slides containing 10 mM Sodium azide and immediately photographed at a magnification 
of 33.5 times using a Zeiss Axioplan2 microscope and attached Axiovision digital camera. 
Body length was determined by using Object Image 2.13 software. The data was analyzed 
using GraphPad Prism.
lon-8p::gfp fusion constructs: To generate the Plon-8::gfp fusion construct pGS25, 
sequence corresponding to the 2 kb upstream region up to the second exon of the 
predicted	lon-8 transcript was amplified from N2 genomic DNA using primers 
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(PstI)-CTTGACCGTAGAGCTTCC	and	(PstI)-CAAATCCGCAATTACTGACTG.	
This fragment was cloned into the pPD95.69 GFP insertion vector (A. Fire, personal 
communication) using the PstI cloning site. To generate the construct excluding the 
predicted signal peptide, pGS26, two fragments were amplified from pGS25: the cloned 
lon-8 upstream sequence up to the predicted ATG using the reverse primer (BglII)-
ATTCCTCATGGCGTTAC, and a fragment consisting of the end of the first exon up to the 
beginning of the second exon using the forward primer (BglII)-AGTGAGTTGTTTAC. The 
digested fragments were ligated simultaneously into pPD95.69 using the PstI	cloning	site.
Both fusion constructs were injected at a concentration of 50 ng/µl	into	dpy-20(e1282)	and	
N2 animals using 50 ng/µl pMH86 (containing wild type dpy-20) or 20 ng/µl of  pPY20 
(P.T. Yang, personal communication) as coinjection markers. pPY20 (Pmyo-2::tomato) 
expresses the red fluorescent tomato protein [39] in the pharynx. Several lines were 
generated that showed similar expression patterns. huEx96	and	huEx129	were	selected	for	
further	analysis.
Northern blots: Total RNA was collected from mixed stage populations of N2, lon-
8(hu187), lon-8(hu188), lon-1(e185), ctIs40[dbl-1xs], dbl-1(nk3)	and sma-6(e1482).	Animals	
were lysed for 5 minutes at 60oC in buffer containing 2 mg/ml proteinase K. RNA was 
isolated using Trizol LS (Invitrogen) followed by chloroform extraction and isopropanol 
precipitation. 10µg of total RNA was loaded into each lane of a 6% formaldehyde gel. After 
electrophoresis, RNA was transferred onto Biorad Zeta-Probe membrane. The lon-8	probe	
was	generated	by	amplifying	the	lon-8 transcript from a cDNA library using the primers 
CCCGGGCATGAGGAATTCGCGGTT	and	CCCGGGTATGATATGGAATTATCG. The lon-
1 probe was generated by amplifying a 250 bp fragment of exon 6 from N2 genomic DNA 
using the primers GATGCCAGCTTTCACCTG and CTCTCATTCGGAACCCGTC. The 
eft-2 probe was generated by amplifying a 400 bp fragment of exon 4 from N2 genomic 
DNA using the primers GCACAATCGTCTTCACTGTACC and GTAAGAACCGAAG-
CGTAGAAC.
Endoreduplication measurement: We synchronized populations of N2, lon-1(e185), and 
lon-8(hu187) as described above. After 120 hours, the animals were collected and fixed 
in Carnoy’s solution overnight. The animals were then either stained with DAPI and 
analyzed as described in [2], or stained with PI and immediately analyzed by confocal 
microscopy as described in [23]. For each animal, we made one confocal stack of the tail 
area between the V5.ppppp and V6.ppppp seam cell nuclei. The DNA content of all the 
hypodermal nuclei located between these seam cells (8 nuclei per animal) was measured 
as defined by the sum of PI intensity. We then divided this number by the average of 
the PI intensity of at least four neuronal nuclei of the ventral nerve cord from the same 
confocal stack to obtain an average ratio of hypodermal to neuronal DNA content for each 
animal.
RNAi experiments: Bacterial clones expressing dsRNA of selected genes were picked 
from the Ahringer lab RNAi library [40]. Fifty wild type or lon-8(hu187) L4 larvae were 
placed on plates containing empty vector, lon-8,	dpy-11	or	dpy-18 dsRNA expressing 
bacteria, grown overnight at 15°C and transferred to fresh RNAi plates. Populations were 
synchronized by removing the animals after 7 hours, leaving the unhatched progeny. 
These animals were grown at 15°C for 190 hours, which is the equivalent of 120 hours of 
growth at 20°C [41], then collected and measured as described above. 



122 Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

Chapter 5

Authors' contributions

GS carried out all experimental procedures, HCK participated in the design 
of the study and supervised the work. MCB was instrumental in discovering 
Y59A8B.20. GS and HCK prepared the manuscript. 

Acknowledgements 

We thank Sander van den Heuvel for critical reading of the manuscript and 
advice on carrying out ploidy measurements, Andrew Fire for different vectors 
and	the	Caenorhabditis Genetics Center (University of Minnesota, Minneapolis) 
for strains. This work was supported by grants from ZonMw and the Center for 
Biomedical Genetics (HCK).



123Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

lon-8 regulates body size and male tail development

References

1. Conlon I, Raff M: Size control in animal development. Cell 1999, 96:235-244.
2. Flemming AJ, Shen ZZ, Cunha A, Emmons SW, Leroi AM: Somatic polyploidization and 
cellular	proliferation	drive	body	size	evolution	in	nematodes.	Proc Natl Acad Sci U S A 2000, 97:5285-
5290.
3. Knight CG, Azevedo RB, Leroi AM: Testing life-history pleiotropy in Caenorhabditis elegans.	
Evolution Int J Org Evolution 2001, 55:1795-1804.
4. Knight CG, Patel MN, Azevedo RB, Leroi AM: A novel mode of ecdysozoan growth in 
Caenorhabditis elegans.	Evol Dev 2002, 4:16-27.
5. Sulston JE, Horvitz HR: Post-embryonic cell lineages of the nematode, Caenorhabditis elegans.	
Dev Biol 1977, 56:110-156.
6. Hedgecock EM, White JG: Polyploid tissues in the nematode Caenorhabditis elegans.	Dev Biol 
1985, 107:128-133.
7. Lozano E, Saez AG, Flemming AJ, Cunha A, Leroi AM: Regulation of growth by ploidy in 
Caenorhabditis elegans.	Curr Biol 2006, 16:493-498.
8. Johnstone IL: Cuticle collagen genes. Expression in Caenorhabditis elegans.	Trends Genet 2000, 
16:21-27.
9. Myllyharju J, Kivirikko KI: Collagens, modifying enzymes and their mutations in humans, 
flies and worms. Trends Genet 2004, 20:33-43.
10. Brenner S: The genetics of Caenorhabditis elegans.	Genetics 1974, 77:71-94.
11. Nystrom J, Shen ZZ, Aili M, Flemming AJ, Leroi A, Tuck S: Increased or decreased levels of 
Caenorhabditis elegans lon-3, a gene encoding a collagen, cause reciprocal changes in body length. Genetics 
2002, 161:83-97.
12. Suzuki Y, Morris GA, Han M, Wood WB: A cuticle collagen encoded by the lon-3	gene	may	
be a target of TGF-β	signaling	in	determining	Caenorhabditis elegans	body	shape.	Genetics 2002, 162:1631-
1639.
13. Maduzia LL, Gumienny TL, Zimmerman CM, Wang H, Shetgiri P, Krishna S, Roberts AF, 
Padgett RW: lon-1	regulates	Caenorhabditis elegans	body	size	downstream	of	the	dbl-1 TGF-β	signaling	
pathway.	Dev Biol 2002, 246:418-428.
14. Morita K, Flemming AJ, Sugihara Y, Mochii M, Suzuki Y, Yoshida S, Wood WB, Kohara Y, 
Leroi AM, Ueno N: A Caenorhabditis elegans TGF-β, DBL-1, controls the expression of LON-1, a PR-
related protein, that regulates polyploidization and body length. EMBO J 2002, 21:1063-1073.
15. Savage-Dunn C: TGF-β Signaling.  Wormbook. Edited by the C. elegans research community, 
vol. doi/10.1895/wormbook. 1.33.1; Wormbook; 2005.
16. Morita K, Chow KL, Ueno N: Regulation of body length and male tail ray pattern formation 
of	Caenorhabditis elegans by a member of TGF-β	family.	Development 1999, 126:1337-1347.
17. Suzuki Y, Yandell MD, Roy PJ, Krishna S, Savage-Dunn C, Ross RM, Padgett RW, Wood 
WB: A BMP homolog acts as a dose-dependent regulator of body size and male tail patterning in 
Caenorhabditis elegans.	Development 1999, 126:241-250.
18. Krishna S, Maduzia LL, Padgett RW: Specificity of TGF-β	signaling	is	conferred	by	distinct	
type I receptors and their associated SMAD proteins in Caenorhabditis elegans.	Development 1999, 126:251-
260.
19. Savage C, Das P, Finelli AL, Townsend SR, Sun CY, Baird SE, Padgett RW: Caenorhabditis 
elegans	genes	sma-2, sma-3, and sma-4 define a conserved family of transforming growth factor β	
pathway	components.	Proc Natl Acad Sci U S A 1996, 93:790-794.
20. Estevez M, Attisano L, Wrana JL, Albert PS, Massague J, Riddle DL: The daf-4	gene	encodes	
a	bone	morphogenetic	protein	receptor	controlling	C. elegans	dauer	larva	development.	Nature 1993, 
365:644-649.
21. Simmer F, Moorman C, van der Linden AM, Kuijk E, van den Berghe PV, Kamath RS, Fraser 
AG, Ahringer J, Plasterk RH: Genome-wide RNAi of C. elegans	using	the	hypersensitive	rrf-3	strain	
reveals	novel	gene	functions.	PLoS Biol 2003, 1:E12.
22. Zhong W, Feng H, Santiago FE, Kipreos ET: CUL-4 ubiquitin ligase maintains genome 
stability by restraining DNA-replication licensing. Nature 2003, 423:885-889.



124 Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

Chapter 5

23. Boxem M, Srinivasan DG, van den Heuvel S: The Caenorhabditis elegans	gene	ncc-1	encodes	
a cdc2-related kinase required for M phase in meiotic and mitotic cell divisions, but not for S phase. 
Development 1999, 126:2227-2239.
24. Gumienny TL, MacNeil LT, Wang H, de Bono M, Wrana JL, Padgett RW: Glypican LON-2 is a 
conserved negative regulator of BMP-like signaling in Caenorhabditis elegans.	Curr Biol 2007, 17:159-164.
25. Sulston JE, Albertson DG, Thomson JN: The Caenorhabditis elegans	male:	postembryonic	
development	of	nongonadal	structures.	Dev Biol 1980, 78:542-576.
26. Savage-Dunn C, Tokarz R, Wang H, Cohen S, Giannikas C, Padgett RW: SMA-3 smad has 
specific and critical functions in DBL-1/SMA-6 TGFβ-related	signaling.	Dev Biol 2000, 223:70-76.
27. Baird SE, Emmons SW: Properties of a class of genes required for ray morphogenesis in 
Caenorhabditis elegans.	Genetics 1990, 126:335-344.
28. Hill KL, Harfe BD, Dobbins CA, L’Hernault SW: dpy-18	encodes	an	α-subunit of prolyl-4-
hydroxylase in Caenorhabditis elegans.	Genetics 2000, 155:1139-1148.
29. Waterston RH, Lindblad-Toh K, Birney E, Rogers J, Abril JF, Agarwal P, Agarwala R, 
Ainscough R, Alexandersson M, An P, et al: Initial sequencing and comparative analysis of the mouse 
genome.	Nature 2002, 420:520-562.
30. Winter AD, Page AP: Prolyl 4-hydroxylase is an essential procollagen-modifying enzyme 
required for exoskeleton formation and the maintenance of body shape in the nematode Caenorhabditis 
elegans.	Mol Cell Biol 2000, 20:4084-4093.
31. Parkinson J, Mitreva M, Hall N, Blaxter M, McCarter JP: 400000 nematode ESTs on the Net. 
Trends Parasitol 2003, 19:283-286.
32. Blaxter ML, De Ley P, Garey JR, Liu LX, Scheldeman P, Vierstraete A, Vanfleteren JR, Mackey 
LY, Dorris M, Frisse LM, et al: A molecular evolutionary framework for the phylum Nematoda.	Nature 
1998, 392:71-75.
33. Mitreva M, Blaxter ML, Bird DM, McCarter JP: Comparative genomics of nematodes. Trends 
Genet 2005, 21:573-581.
34. Emmons SW: Male Development. Wormbook. Edited by the C. elegans research community, 
vol. doi/10.1895/wormbook. 1.33.1; Wormbook; 2005.
35. Parkinson J, Mitreva M, Whitton C, Thomson M, Daub J, Martin J, Schmid R, Hall N, Barrell 
B, Waterston RH, et al: A transcriptomic analysis of the phylum Nematoda.	Nat Genet 2004, 36:1259-1267.
36. Stein LD, Bao Z, Blasiar D, Blumenthal T, Brent MR, Chen N, Chinwalla A, Clarke L, Clee C, 
Coghlan A, et al: The genome sequence of Caenorhabditis briggsae:	a	platform	for	comparative	genomics.	
PLoS Biol 2003, 1:E45.
37. Sulston JE, Hodgkin JA: Methods.	In	The nematode Caenorhabditis elegans.	Edited	by	B.	Wood.	
Cold Spring Harbor: Cold Spring Harbor Laboratory Press; 1988: 587-607.
38. Gengyo-Ando K, Mitani S: Characterization of mutations induced by ethyl methanesulfonate, 
UV, and trimethylpsoralen in the nematode Caenorhabditis elegans.	Biochem Biophys Res Commun 2000, 
269:64-69.
39. Shaner NC, Campbell RE, Steinbach PA, Giepmans BN, Palmer AE, Tsien RY: Improved 
monomeric red, orange and yellow fluorescent proteins derived from Discosoma sp. red fluorescent 
protein.	Nat Biotechnol 2004, 22:1567-1572.
40. Kamath RS, Fraser AG, Dong Y, Poulin G, Durbin R, Gotta M, Kanapin A, Le Bot N, Moreno 
S, Sohrmann M, et al: Systematic functional analysis of the Caenorhabditis elegans genome using RNAi. 
Nature 2003, 421:231-237.
41. Hirsh D, Vanderslice R: Temperature-sensitive developmental mutants of Caenorhabditis 
elegans.	Dev Biol 1976, 49:220-235.



6

Discussion





127Cell fate determination in the Caenorhabditis elegans epidermal lineages
Gwen Soete 2007

Discussion

The starting point for this work was to use the hypodermal seam of C. elegans	
as	a	model	system	to	study	cell	fate	determination.	Even	though	the	seam	is	
a relatively simple developmental system, the mechanisms that control cell 
fate determination in the seam lineages are connected in a highly complex 
regulatory network. This work has yielded novel insight into the links 
between the patterning mechanisms at work during the development of the 
C. elegans epidermal lineages. The study of these mechanisms in C. elegans	is	
relevant	because	it	may	ultimately	lead	to	a	better	understanding	of	the	role	
of evolutionarily conserved developmental regulators, such as the COMPASS 
complex, in human diseases such as cancer. 

The hypodermis is an important site for the control of developmental patterning

The cell lineage of C. elegans is invariant, and early work on cell fate specification 
in	this	nematode	emphasized	that	cell	fates	were	primarily	determined	by	
cell intrinsic or lineage-based mechanisms [1-3]. Subsequent work has shown 
that, whilst lineage-based mechanisms do play an important role in cell fate 
determination	in	C. elegans, cell-cell interactions and signalling molecules are also 
crucial	for developmental patterning in the worm, justifying the use of C. elegans	
as a model organism to study these processes reviewed in [4]. We have used the 
C. elegans	lateral	epidermis	as	a	system	to	uncover	more	of	the	factors	that	control	
cell fate determination. Our findings are summarized in Figure 1. The lateral 
seam cells V1-V6 can adopt either of two fates, a neuronal (postdeirid) fate or an 
epidermal (seam) fate [2]. In wild-type animals, only the V5 lineage adopts the 
neuronal fate and generates a postdeirid. We have identified a novel regulator of 
anterior seam cell fate, which encodes a conserved orthologue of the TrxG protein 
ASH-2, a component of the COMPASS methyltransferase complex ([5], reviewed 
in [6]). ash-2/COMPASS function is required in the hypodermal syncytium to 
promote the seam cell fate in the anterior V cell lineages. Loss of function of ash-
2 results in fate randomization in the V1-V4 cells, which results in the frequent 
adoption of the neuronal fate. The only other gene known to cause such a 
phenotype	is	the	transcriptional	repressor	lin-22 [7, 8]. LIN-22 activity is required 
to repress neuronal fate determinants in the V1-V4 lineages (Figure 1 B). 
	 Although	ash-2	and	lin-22 are both required for anterior seam cell fate, 
they	have	an	additional	redundant	function	in	vulval	development.	If	ash-2	and	
lin-22 function are both lost, ectopic vulval formation is induced in the Vulval 
Precursor Cells (VPCs). This phenotype is also observed in double mutant 
combinations between components of the synMuv A, B and C pathways [9-11]. 
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These genes encode transcriptional regulators that function in the hypodermis 
to inhibit LIN-3/Egf activation, which is the signal that activates ectopic vulval 
induction in the VPCs [12]. ash-2 is redundantly required with the synMuv B 
pathway genes to prevent ectopic vulval induction, and as such behaves like a 
synMuv A pathway gene. However, the ectopic vulva induction phenotype of 
ash-2 with synMuv B mutations or with lin-22	is	not	lin-3 dependant. This implies 
that	ash-2	has	additional	functions	in	vulval	development	that	are	not	solely	
dependent on the synMuv pathways (Figure 1 C).
 Our finding that the chromatin remodelling factors acting in the 
hypodermal	syncytium	play	a	major	role	in	controlling	the	development	of	
the lateral seam lineages is in agreement with recent work that showed that 
transcriptional regulation in the hypodermis is critical for vulval cell fate [12, 
13]. In both the seam and the vulval lineages, signals from the hypodermis and 
signalling between adjacent cells act to control Hox gene expression. However, 
the	factors	that	control	the	development	of	the	vulva	differ	from	the	ones	that	
pattern the lateral seam. For instance, ectopic vulval induction is dependent on 
lin-3/Egf signalling, whereas ectopic neuronal fate in the anterior seam lineages 
is not. Therefore, it is not only the identity of the limited number of factors 
involved in fate determination, but their unique combinatorial output which 
determines the outcome of fate decisions. The unifying theme in epidermal cell 
fate	determination	is	the	dependency	on	chromatin	remodelling	factors	that	act	
in the hypodermis. Thus, transcriptional processes that occur in this organ are 
crucial for the patterning of the adjacent epithelial structures. The elucidation of 
the molecular mechanisms at work in the hypodermis may shed more light on 
the interactions between lineage-based mechanisms and extrinsic factors that 
control	cell	fate.	

Applying developmental genetics to human oncogenesis.

A	large	number	of	genes	essential	for	the	development	of	multicellular	animals	
are	evolutionarily	conserved	between	metazoans	from	nematodes	to	mammals.	
This allows the use of “simple” and practical genetic model systems such as 
Drosophila	and	C. elegans	to	unravel	the	fundamental	mechanisms	underlying	
animal development [14-16]. Many of the genes that control development 
also play a role in human diseases such as cancer. Thus, a large proportion of 
genes	relevant	for	human	disease	have	counterparts	in	the	worm	and	in	the	
fly, allowing the use of these model organisms to further our understanding of 
the molecular basis of cancer. Examples of conserved developmental pathways 
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include the EGF, Wnt/β-catenin, TGF-beta/Smad and hedgehog pathways, all 
of which are subjects of intensive study in model organisms, and all of which 
are disrupted by mutation in human cancers [14]. Other examples of conserved 
developmental mechanisms are the pathways controlling apoptotis; cell cycle 
regulators; and genes of the Polycomb and Trithorax groups [16, 17]. Polycomb 
and Trithorax proteins are components of multimeric complexes that modify 
chromatin structure in different ways, thus rendering their targets either 
accessible or inaccessible to transcription. They are key regulators of Hox genes 
and	other	targets	that	play	important	roles	in	developmental	cell	fate	decisions.	
 Oncogenesis is often the direct result of mutations that cause aberrant 
gene expression of oncogenes and tumour suppressor genes, which ultimately 
leads to cellular dedifferentiation and transformation. However, changes 
in nucleotide sequence are not the only cause of changes in transcription 
leading to transformation. In recent years, epigenetics, the non-sequence based 
modifications in chromatin structure that control gene expression, has been 
found to play an important role in oncogenesis [18]. Thus, several Polycomb and 
Trithorax Group genes required to regulate the commitment of cells to patterns 
of differentiation by epigenetic modifications have been implicated in cancer 
[17]. The most studied example of deregulation of Trithorax group chromatin 
remodelling factors leading to cancer is the role of MLL in leukaemia [19]. The 
trithorax-related mixed lineage leukaemia (Mll) gene located on chromosome 
11 encodes a large nuclear protein homologous to Drosophila trithorax 
(trx). MLL is required for the proper maintenance of HOX gene expression 
during development and haematopoiesis. The yeast MLL homolog complex, 
Set1/COMPASS, and the MLL complex itself are histone methyltransferases 
capable of methylating the fourth lysine of histone H3, which is thought to be 
a transcription activating epigenetic mark [6]. Chromosomal translocations 
involving the MLL gene create fusion genes which exhibit gain of function of 
MLL and are associated with aggressive leukaemias [18, 19]. Human ASH2L1 and 
ASH2L2, the homolog of Drosophila Ash2 and C. elegans ASH-2, is also a part of 
the MLL complex and has as such been linked to leukaemic transformation [20]. 
In this work, we have begun to study the role of ash-2	in	C. elegans development.	
One of our findings is that there is a functional link between ash-2	and	the	
homolog of the Retinoblastoma (Rb) tumour suppressor lin-35/Rb in C. elegans.	
Taken together with the fact that human homologs of ASH-2 and COMPASS have 
been linked to oncogenesis, this strengthens the idea that the study of epigenetic 
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control by ASH-2 and the COMPASS complex as a whole in C. elegans may	shed	
new	light	on	the	mechanisms	that	control	cellular	transformation	in	human	
cancer.
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Figure 6.1: Major factors required for the development of the epidermal lineages in the C. 
elegans hermaphrodite. (A) Overview showing the relative position of the seam and Vulval 
Precursor Cells (VPCs) in the hermaphrodite. (B) Summary of major players in lateral seam 
development. lin-22 functions in the hypodermis and blocks activation of LIN-32 and LIN-39 
in the lateral seam, which prevents the neuronal postdeirid fate. Intercellular signals prevent 
mab-5 expression in the V5 lineage, and this enables the generation of the postdeirid fate. 
In the V6 lineage, PAL-1 induces mab-5 expression and this blocks the postdeirid fate. (C) 
Summary of major players in vulval development. LIN-3/Egf produced by the anchor cell 
induces the primary and secondary fates in the P5.p-P7.p VPCs via lin-39 and other effectors. 
The synMuv pathway genes block LIN-3 activation in the hypodermis, which prevents vulval 
induction in the P3.p, P4.p and P8.p VPCs, resulting in the tertiary fate. In addition, ash-2 
and lin-22 function in lin-3 independent pathways to block ectopic vulval induction.
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Samenvatting in het Nederlands
Ontwikkelingsgenetica en kanker

Een groot aantal genen die noodzakelijk zijn voor de embryonale ontwikkeling 
zijn	evolutionair	geconserveerd	in	alle	meercellige	dieren.	Dat	wil	zeggen	dat	
organismen die zo uiteenlopend van vorm zijn als een nematode worm, een 
fruitvlieg en een mens homologe genen bezitten die op gelijkaardige manieren 
met elkaar in verband staan. Door deze genetische netwerken in relatief 
eenvoudige modelorganismen te bestuderen kan men veel afleiden over de 
ontwikkeling van hogere dieren zoals de mens. De tak van de biologie die de 
functie van en de samenhang tussen de genen die de ontwikkeling van een 
bevruchte eicel tot een meercellig dier aansturen heet ontwikkelingsgenetica. 
 Kennis over de genetische mechanismen die de ontwikkeling van mensvan	mens	
en dier sturen is van medisch belang, omdat veel genen die belangrijk zijn voor 
patroonvorming en groei in het embryo ook een rol spelen bij het ontstaan van 
ziekten in de mens. Het meest bekende voorbeeld hiervan is het ontstaan van 
kanker. Een van de oorzaken van kanker kan zijn dat genen die de ontwikkeling 
van	embryonale	structuren	reguleren	ten	onrechte	worden	geactiveerd	in	
volwassen weefsels, wat uiteindelijk leidt tot ongebreidelde celgroei en 
woekering. Zoals eerder genoemd zijn veel van deze genen geconserveerd in alle 
meercellige dieren. Het kan daarom van groot nut zijn om de rol van een bepaald 
gen in de ontwikkeling van simpele modelsystemen zoals de nematode worm C. 
elegans te bestuderen, om zo uiteindelijk kennis te verkrijgen over de mogelijke 
rol van dit gen bij het ontstaan van kanker. 

De epidermis van C. elegans als modelsysteem voor het bestuderen van genetische 
netwerken.

Dit	proefschrift	beschrijft	de	opsporing	van	genen	in	C. elegans die belangrijk 
zijn voor de identiteitsbepaling van cellen. Hiervoor is een groep cellen die deel 
uitmaakt van de epidermis (de “huid”) van de worm gebruikt. Deze zes cellen, 
V1-V5 geheten,  kunnen slechts twee programma’s volgen; in het ene geval 
nemen	zij	een	epidermale	identiteit	aan	en	in	het	andere	geval	een	neuronale	
identiteit. In normale dieren nemen V1-V4 een epidermale identiteit aan en V5 
een neuronale identiteit. Er zijn twee tactieken toegepast om de regelaars die 
de cellulaire identiteit bepalen te vinden. In hoofdstuk twee staat een “forward 
genetic screen” beschreven; door random mutaties aan te brengen in het genoom 
van	C. elegans  hebben wij genen uitgeschakeld die nodig zijn voor de correcte 
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identiteit van de V cellen. In hoofdstuk drie staat een “reverse genetic screen” 
beschreven; door om beurten elk gen van het genoom uit te schakelen middels 
RNAi zijn we erin geslaagd om meerdere genen te identificeren die eveneens 
nodig	zijn	voor	de	correcte	identiteitsbepaling	van	de	V	cellen.
	 De	meeste	van	de	gevonden	genen	zijn	nodig	voor	de	vorming	van	een	
neuronale structuur door de V5 cel. Slechts een van de gevonden genen, ash-2, is 
nodig om te voorkomen dat V1-V4 onterecht een neuron vormen. Dit gen codeert 
voor een eiwit dat een onderdeel is van een complex dat het pakkingsmateriaal 
van het DNA modificeert om de expressie van andere genen te reguleren, een 
zogenaamd “chromatin remodeling” complex. ash-2	en	de	andere	componenten	
van dit complex spelen in mensen een rol bij het ontstaan van Mll (MixedMixed 
lineage leukemia), een agressieve vorm van leukemie. De functie van, een agressieve vorm van leukemie. De functie van ash-2	in	C. 
elegans is verder onderzocht en beschreven in hoofdstuk vier. ash-2 blijkt in een 
genetisch netwerk te functioneren met een aantal andere  chromatin remodeling 
componenten onder andere het Retinoblastoma gen, dat een belangrijke tumor 
suppressor is. Nog een verassende vinding is dat ash-2	en	de	andere	chromatin	
remodeling	factoren	niet	in	de	V	cellen	zelf	nodig	zijn	voor	bepaling	van	
cellulaire identiteit. Hun functie is wel nodig in het weefsel dat de V cellen 
omringt, het hypodermale syncytium. Dit is een grote cel die de worm bijna 
helemaal bedekt en die tijdens de larvale groei onstaat uit de fusie van meerdere 
epidermale cellen. In hoofdstuk vijf is de functie van een gen onderzocht dat 
eveneens een rol speelt in de hypodermis. Dit gen, lon-8 is belangrijk voor 
de	groei	van	de	worm	tijdens	de	larvale	stadia. De processen die zich in de	De	processen	die	zich	in	de	
hypodermis afspelen zijn dus van belang voor veel aspecten van de ontwikkeling 
van	C. elegans. Een interessante vervolgvraag is welke moleculen belangrijk zijn 
voor	de	communicatie	tussen	de	verschillende	epidermale	weefsels	in	de	worm.	
Hierdoor kunnen we ook meer te weten komen over intercellulaire communicatie 
in het algemeen. Het werk dat hier beschreven is toont wederom het nut van C. 
elegans als modelsysteem voor genetisch onderzoek. Het zal bijzonder interessant 
zijn	om	te	bepalen	of	de	nieuwe	genetische	interacties	die	hier	beschreven	
worden	geconserveerd	zijn	in	hogere	dieren.
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