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ABSTRACT
The role of the lin-22 gene in patterning the C. elegans lateral ectoderm
Lisa A. Wrischnik

This thesis describes the analysis of lin-22, a gene which regulates both
neurogenesis and anterior-posterior patterning in Caenorhabditis elegans.
Mutations in lin-22 alter the fates of cells within the lateral ectoderm, a row of
cells stretching from the head into the tail on both the right and left sides of
the animal. In wild type males, the cells in the anterior adopt epidermal fates,
while the cells in the posterior generate neuronal structures. lin-22(+) acts to
inhibit both neurogenesis and cell proliferation in the anterior cells, and
mutations in lin-22 cause the anterior cells to behave like their posterior
counterparts and make neuronal structures instead of epidermis.

In an attempt to understand the molecular function of lin-22, the gene
was cloned. lin-22 is a basic helix-loop-helix protein that is homologous to
the hairy gene of Drosophila. hairy functions as both a pair-rule gene, acting
early to regulate metameric patterning of the Drosophila embryo, and as a
negative regulator of proneural genes in the adult peripheral nervous system.

lin-22 acts upstream of the C. elegans proneural gene lin-32, which
turns out to be homologous to the proneural genes of the Drosophila achaete-
scute complex. This illustrates the conservation of function between lin-22
and hairy. However, we have shown that lin-22 also regulates the Hox gene
mab-5, a gene that, like lin-22, is also required for the correct anteroposterior
patterning of the lateral ectoderm. In a lin-22 mutant, mab-5 expression
expands from the posterior into the anterior. This may reflect a unique
activity for a hairy-like gene in creating differences between anterior and
posterior body regions by regulating the domain of Hox gene expression.
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CHAPTER 1

Introduction



INTRODUCTION

Neurogenesis in Drosophila

The generation of the correct numbers and types of neurons in the
correct place is critical for the function and development of most organisms.
The study of neurogenesis will teach us about the specification of particular
cell fates in particular locations. In Drosophila, there is a well known cascade
of gene activity that ensures that neurons are made in the correct location
both embryonically and post-embryonically. The activities of the proneural
genes of the Achaete-scute complex (AS-C) define the general regions in
which neurons can be made in the embryonic CNS (the achaete, scute, and
lethal-of-scute genes) and adult PNS (achaete and scute) (Cubas, et al., 1991;
Martin, et al., 1991; Skeath and Carroll, 1991). All three genes are members of
the basic helix-loop-helix (PHLH) class of transcriptional regulators (Villares
and Cabrera, 1987). The HLH domains of these proteins are used in dimer
formation, whereas the basic region is required for DNA binding (Murre, et
al., 1989a). Members of this large group of proteins also includes the family of
myogenic determinants such as MyoD, myogenin, myf, members of the
Enhancer of split complex, and the proto-oncogene c-Myc (Murre, et al., 1989a;
Murre, et al., 1989b). HLH proteins appear to function primarily as
heterodimers with other HLH proteins within their family (Murre, et al.,
1989b).

The members of the Drosophila AS-C are expressed in and define the
cells of the proneural cluster (Cabrera, et al., 1987; Cubas, et al., 1991). Within
this cluster, a single cell will become a neuroblast. A lateral inhibitory signal,

involving the products of the Notch and Delta genes and members of the



Enhancer-of-split complex [E(spl)], among others, is responsible for singling
out this sensory organ precursor (for review see (Ghysen, et al., 1993)). Once
proneural gene expression is established, cells expressing the highest levels of
AS-C genes exhibit the greatest activity of the Delta protein, a transmembrane
signaling molecule. Delta protein then signals neighboring cells, activating
the Notch transmembrane receptor and leading to a decrease of AS-C
expression in those cells. Negative regulation of the AS-C genes requires the
function of an additional set of bHLH proteins, the members of the E(spl)
complex. This feedback loop continues until only a single cell, the future
neuroblast, expresses AS-C genes. At this point, genes such as deadpan and
asense (also encoding bHLH proteins) may act in the differentiation of this
neuroblast into the correct sensory structures (Bier, et al., 1992; Jan and Jan,

1993).

bHLH proteins are also important in the negative regulation of neurogenesis

One of the most important aspects of positioning neuroblasts is the
proper placement of proneural gene expression. Positional cues gleaned from
the embryonic patterning elements of the anterior-posterior and dorsal-
ventral axes are thought to play a role in regulating the expression of the
proteins of the AS-C (Martin, et al., 1991; Doe, 1992; Skeath, et al., 1992).
Negative regulation is also important postembryonically in defining the
domains of activity of these proteins. Two such negative regulators have
been studied; these are the products of the extramachrochaete (emc) and hairy
genes. emc is a helix-loop-helix protein that lacks the basic domain needed by

these proteins for DNA binding (Ellis, et al., 1990). emc inhibits scute



function by forming inactive heterodimers with the scute protein (Van, et al.,
1991), and its expression is thought to be complementary to the achaete-scute

pattern (Cubas and Modolell, 1992).

hairy acts as a negative regulator of the proneural gene achaete

A second negative regulator of proneural genes is the hairy gene, also a
member of the bHLH family of proteins (Ish, et al., 1985; Rushlow, et al., 1989).
It is this gene and its homologs that are most closely related to the lin-22 gene,
the focus of this thesis. hairy plays an important role in postembryonic
neuronal patterning by binding directly to the upstream region of achaete and
inhibiting its expression (Ohsako, et al., 1994; Van, et al., 1994). In the leg
imaginal disc loss of hairy function allows the domain of expression of
achaete to expand into the region formerly expressing hairy. This results in
the generation of ectopic neuroblasts (extra bristles) on the leg (Orenic, et al.,
1993). hairy also plays an important role in patterning neurogenesis in the
eye imaginal disc, where it acts in concert with emc to negatively regulate
progression of the morphogenetic furrow (Brown, et al., 1995). Here, hairy
may act to block photoreceptor differentiation by preventing progression of
the cell cycle, thus inhibiting a cell proliferation event required for later

differentiation.



hairy functions early in the metameric patterning of the Drosophila embryo

In addition to its role in repressing postembryonic neurogenesis, hairy
functions in the Drosophila embryo as a primary pair-rule gene (Howard and
Ingham, 1986; Hooper, et al., 1989), transmitting upstream positional
information (i.e.. from the gap genes) to other pair-rule genes and ultimately
to targets further downstream, such as the segment polarity and HOX genes.
The anterior-posterior (A-P) axis of the Drosophila embryo is initially
specified through the actions of the bicoid and nanos gene products (Struhl, et
al., 1989; Lehmann and Nusslein, 1991; Curtis, et al., 1995). These proteins act
in morphogenetic gradients to define the anterior and posterior poles,
respectively, of the embryo. These protein gradients establish the expression
patterns of the various gap genes, so called because removal of their function
leads to large gaps in the A-P segmentation pattern (Eldon and Pirrotta, 1991;
Kraut and Levine, 1991; Pankratz, et al., 1992; Struhl, et al., 1992). Examples of
gap genes include giant, knirps, hunchback, and Kruppel. Differences in the
concentrations of these gap gene products leads to the activation of the pair-
rule genes, including hairy, in seven stripes along the A-P axis, corresponding
to seven alternating two-segment units (Pankratz, et al., 1990). For example,
the presence of Kruppel activity is thought to be necessary for the activation
of particular hairy stripes. The pair-rule genes, in turn, help to pattern the
segment polarity genes, which are expressed in and establish the correct A-P
polarity of each segment of the embryo (Warrior and Levine, 1990; Benedyk,
et al., 1994; Mullen and DiNardo, 1995).

As a primary pair-rule gene, hairy functions to regulate the activities of

other pair-rule genes. For example, hairy is known to regulate such pair-rule



genes as even-skipped, runt, and fushi tarazu (Howard and Ingham, 1986;
Carroll, et al., 1988; Kellerman, et al., 1990). Ultimately, the combined
activities of the gap, pair-rule, and segment polarity genes regulate the
numerous homeotic genes (the Hox genes) responsible for patterning specific
body regions along the A-P axis (Jack and McGinnis, 1990). Hox genes are a
class of homeobox-containing transcriptional regulators that pattern the A-P
axis in virtually all animals examined (for review, see (McGinnis and
Krumlauf, 1992)). These genes are found in clusters, and are organized in the
genome in the same order in which their domains of expression are found
along the A-P axis. Although hairy is an important regulator of metameric
patterning, hairy is only indirectly responsible for the initial specification of
proneural gene expression through its actions on other pair-rule, segment

polarity, and Hox genes (Macias, et al., 1994).

Several homologs of hairy have been identified in other organisms

Homologs of hairy have now been identified in a number of
organisms, including Drosophila itself. The closest hairy homolog in
Drosophila is the deadpan (dpn) gene. dpn is a negative regulator of AS-C
genes, and is expressed in the embryo in a pair-rule pattern as well (although
its role in embryonic patterning is unknown (Bier, et al., 1992). Another hairy
homolog has been found in the short germ-band insect Tribolium, where it is
expressed in an embryonic pattern suggestive of an important role in
segmental A-P patterning (Sommer and Tautz, 1993). The role of hairy in
regulating neurogenesis in Tribolium is not yet known.

Several genes homologous to hairy and the E(spl) genes have also been

discovered in rats and mice. These vertebrate homologs are not expressed in



patterns that suggest conclusive roles for them in axial patterning (Ishibashi,
et al., 1993; Feder, et al., 1994; Takebayashi, et al., 1994). However, these
vertebrate homologs do appear to play a role in regulating neurogenesis. The
rat homolog HES-5 is specifically expressed in the nervous system (Akazawa,
et al., 1992) while rat and mouse HES-3 are found only in the cerebellar
Purkinje cell layer (Sakagami, et al., 1994). Even though it is expressed in a
multitude of tissue types, in vitro experiments with rat HES-1 suggest that it
can repress the NGF-induced neuronal differentiation of PC12 cells in tissue
culture (Feder, et al., 1993). In addition, overexpression of HES-1 in a portion
of the mouse brain results in the formation of fewer neurons and glial cells
(Ishibashi, et al., 1994). These data support the important role of hairy-like
genes in regulating vertebrate neurogenesis. This is not surprising, given
that numerous vertebrate homologs of the AS-C genes, targets of hairy
regulation, have been identified and implicated in vertebrate neurogenesis as

well (Franco, et al., 1993; Guillemot and Joyner, 1993; Guillemot, et al., 1993).

Mutations in the C. elegans gene lin-22 result in the formation of ectopic

neuroblasts

A single mutation in the C. elegans lin-22 gene was first identified and
characterized by W. Fixsen (Horvitz, et al., 1983; Fixsen, et al., 1985; Fixsen,
1985). The primary effect of this mutation is seen in the V cells, a row of 6
hypodermal blast cells that extend along both sides of the worm (see Fig 1-1).
These cells generate some of the most obvious anterior-posterior patterning
elements found in C. elegans ((Sulston and Horvitz, 1977; Sulston, 1983). The

anterior cells adopt epidermal fates and generate lateral alae, four parallel



ridges in the adult worm cuticle that extend from the head to the tail. The
posterior V cells of the male produce rays, sensory structures that are used in
male mating, and a single sensory structure called a postdeirid. In the
hermaphrodite, the postdeirid is the only posterior sensory structure
generated by the V cells. In a lin-22 mutant, the anterior V cells that would
normally make epidermal structures adopt the neuronal fates of the posterior
V cells (Fig. 1-2). This leads to the formation of ectopic postdeirids in the
anterior of the hermaphrodites and ectopic postdeirids and sensory rays in the
male.

Thus, lin-22 mutant animals display a phenotype remarkably similar to
that of negative regulators of proneural genes: the formation of ectopic
neuroblasts. The only other evidence that lin-22 was involved in
neurogenesis was that lin-22 was shown to act genetically upstream of the
gene lin-32 (Kenyon and Hedgecock, pers. comm.; Zhao and Emmons, pers.
comm.), which is required for the formation of the V cell-derived neuroblasts
(Zhao and Emmons, 1995). Formally, the lin-22 phenotype can be classified as
an anterior-to-posterior homeotic transformation, since anterior cells are
adopting posterior cell fates. It was this aspect of the phenotype that led to the
proposal that lin-22 was a new homeotic gene (Horvitz, et al., 1983).

This interpretation of the lin-22 phenotype was supported by the work
of Kenyon (1986) and Costa et al. (1988) on the C. elegans gene mab-5.
Mutations in mab-5 cause numerous cell types of the posterior body region to
adopt the fates of their anterior counterparts. In particular, the mab-5
mutation results in the posterior cells V5 and V6 adopting the anterior V cell
fates and generating epidermal cells instead of sensory rays in the male
(Kenyon, 1986). Therefore, mab-5 and lin-22 promote opposite cell fates

among the V cells. Kenyon (1986) also saw that increasing levels of mab-5



activity in a lin-22 mutant background let to an increase in sensory ray
production, but that this effect was not seen in lin-22(+) animals. This further
suggested that lin-22(+) activity was antagonistic to mab-5 function.
Subsequently, mab-5 was found to be homologous to the Antennapedia gene
of Drosophila, a member of the Hox family of A-P patterning genes (Costa, et
al., 1988). Because of its phenotype and its relationship to mab-5, it was

thought that lin-22 could be another Hox patterning gene.

Cell signaling is required to specify the correct pattern of V cell fates

A series of experiments involving the laser ablation of cells in the C.
elegans lateral ectoderm suggested that both the formation of the V5
postdeirid and the generation of alae by the V cells depend on signals sent
from neighboring cells (Sulston and White, 1980; Waring and Kenyon, 1990).
Thus, cell signals play an important role in influencing the neuronal vs.
epidermal fate decisions of the V cells. However, the relationship between
these signals and lin-22 activity, which regulates the same cell fate decisions,
was unclear, and it was proposed that perhaps signals could regulate the
activity of genes such as lin-22 and mab-5, which play a role in patterning the
V cells (Waring and Kenyon, 1990). Chapter 2 is a further analysis of the role
of cell signals in promoting postdeirid formation, and we see that postdeirid-
inducing signals are present among the anterior V cells and not just found
locally next to the V5 cell. These signals are unaffected by a lin-22 mutation,
and are actually required for the generation of ectopic postdeirids by the
anterior V cells. These observations support the idea that lin-22 does not

affect the signaling mechanism itself, but that lin-22(+) normally functions in



the cells anterior to V5 to prevent them, directly or indirectly, from

responding to postdeirid-inducing signals.

lin-22, a bHLH protein with homology to the Drosophila gene hairy, regulates

both neurogenesis and A-P patterning

Because of the interesting phenotype of the lin-22 mutation and the
fascinating relationship between lin-22 and mab-5, I decided to pursue a more
extensive analysis of this gene. Chapters 2 and 4 contain further genetic
analysis of the original and two additional lin-22 alleles. Chapter 3 addresses
the key question of lin-22 function: what protein product does the lin-22 gene
encode? The role of lin-22 as a regulator of worm proneural genes is
supported by the discovery that lin-22 encodes a bHLH protein that is most
similar to the hairy gene of Drosophila and its homologs in other organisms.
Further evidence for this role for lin-22 comes from the recent cloning of the
lin-32 gene, which was found to be a C. elegans AS-C homolog (Zhao and
Emmons, 1995).

Although lin-22 is not a Hox gene, Chapter 3 shows that lin-22
nonetheless is an important regulator of Hox gene function. An analysis of
the Mab-5 protein expression pattern in a lin-22 mutant shows that loss of
lin-22 function allows Mab-5 expression to expand into the V cells of the
anterior. Certain pair-rule genes are thought to be direct regulators of HOX
gene function, but this has not been seen for the hairy gene of Drosophila
(Macias, et al., 1994). Hox gene regulation has not even been suggested for the

members of the E(spl) complex. The potential regulation of both a proneural
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gene and a Hox gene by lin-22 in the C. elegans lateral epidermis may reflect a
novel activity for a hairy-like bHLH protein if lin-22 directly regulates mab-5.

Data in Chapters 3 and 4 also address such issues as the role of lin-22 in
regulating cell proliferation and the effects of lin-22 activity on the remaining
C. elegans Hox genes. Thus, the continuing study of lin-22 has lead to new

insights about the role of bHLH proteins in neuronal and axial patterning.
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Figure 1-1. The lineages and adult structures generated by the C. elegans

lateral ectoderm.

a. View of the six V cells on the left side of the lateral ectoderm of C. elegans
at hatching. There are six V cells along the right side as well.

b. V cell lineages in a wild type male (Sulston and Horvitz, 1977). The
vertical axis represents time and the horizontal axis represents the direction
of cell division, with anterior to the left. Circles indicate cells that will fuse
with hyp7, a large epidermal syncytium. The stages at which the various
divisions occur are indicated. The anterior cells V1-V4 generate cuticular
ridges called alae. The most posterior cell, V6, makes five sensory rays. The
V5 cell is unique in generating a second neuronal structure called a
postdeirid, as well as alae from an anterior lineage and a single ray from a
posterior lineage. The actual ray precursor lineage is replaced by an arrow.

¢. Drawing of an adult male C. elegans. The alae extend from the head to the
fan of the tail, while the six V rays are located in the fan itself. The postdeirid

is located in the posterior of the animal.
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Figure 1-2. The V cell lineages and the adult phenotype of the wild type male

compared to those of a lin-22 mutant male.

a. The V cell lineages of a wild type male are shown above the canonical V
cell lineages of a lin-22 male (Fixsen, 1985; for actual lin-22 lineages see Figure
3-1). In the V5 lineage of a lin-22 male, the anterior branch that would
normally generate alae now makes a ray instead. In addition, the anterior V
cells V1-V4 adopt this altered V5 cell fate and make ectopic postdeirids and
rays in the anterior.

b. Drawings of the adult phenotype of lin-22 compared to wild type. The
generation of ectopic postdeirids and rays in the anterior of a lin-22 male

results in the concomitant loss of epidermal alae.
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CHAPTER 2

The role of lin-22 in signaling among the cells of the C. elegans lateral

ectoderm
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CHAPTER 2

is derived from the (1992) Development paper entitled

Cell Signals Allow the Expression of a Pre-existent Neural Pattern in

C. elegans

by

David A. Waring, Lisa Wrischnik and Cynthia Kenyon

1. Analysis of thepal-1 and pal-1; lin-22 phenotypes, and all ablation
experiments, were carried out by D. Waring

2. Isolation of lin-22(mu2) and lin-22(mu5) by C. Kenyon

3. Genetic analysis of the three lin-22 alleles carried out by L. Wrischnik
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Abstract

In C. elegans, a simple pattern develops within a row of epidermal precursor
cells, V1-V6. One cell, V5, gives rise to a neuroblast called the postdeirid
neuroblast, while the other V cells produce epidermal cells instead. Here we
show that in order for V5 to produce the postdeirid it must be in close or
direct contact with neighboring V cells. Signaling between V cells induces the
formation of the neuroblast. However, which of the V cells makes
postdeirids is not determined by the signals but rather by the action of the
homeotic lin-22 and pal-1 genes. These genes prevent V cells in specific body
regions from responding to intercellular signals and producing postdeirids.
This is a clear example of cell signals playing a permissive rather than an

instructive role in neuroblast induction.
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Introduction

A major question in the fields of cell signaling and development is
what roles intercellular signals play in pattern formation. In some instances,
the position of a signal determines where a structure is formed. For example,
in C. elegans the position of a signaling cell in the gonad determines which
epidermal cells initiate vulval development (Kimble, 1981). In Xenopus, the
position of the organizer, which itself is induced by signals from nearby cells,
determines the future positions of structures along the dorso-ventral and
antero-posterior axes (reviewed in Gerhart et al, 1989). Previously we
described a case in which cell signals play a different role in pattern
formation. In the development of a pattern of sensory rays and epidermal
structures (called alae) in C. elegans, cell-cell signals induce epidermal
structures. However, the signals themselves are not targeted to specific
precursor cells. Instead, only certain precursor cells have the potential to
respond to the signals (Waring and Kenyon, 1990; Waring and Kenyon, 1991).

The same precursor cells that ultimately generate the ray/alae pattern,
the V cells, give rise to another neural pattern earlier in development. This
is a simple pattern consisting of a single neuroblast, the postdeirid, within a
row of epidermal cells (see Figure 1A) (Sulston and Horvitz, 1977). Laser
ablation experiments have shown that some type of cell-extrinsic signal is
required for V5 to make a postdeirid neuroblast instead of behaving like the
other V cells and producing only epidermal cells (Sulston and White, 1980).
However, the signaling events required for the postdeirid and the ray/alae
patterns are distinguishable, since ablation of precursor cells at certain stages
affects one pattern but not the other. Two genes involved in ray pattern

formation, the homeobox-containing gene pal-1 (Waring and Kenyon, 1990;
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Waring and Kenyon, 1991) and the gene lin-22 (Horvitz et al., 1983) also affect
postdeirid formation.

Here we use genetics and laser microsurgery to investigate the roles of
cell-extrinsic signals and the genes lin-22 and pal-1 in postdeirid pattern
formation. The results indicate that in order to make a postdeirid, a V cell
must be in close or direct contact with each of its V cell neighbors, which
raises the possibility that it must lie within an intact epithelium. We find
that the genes lin-22 and pal-1 prevent cells other than V5 from being
signaled by their neighbors to produce postdeirids. In these mutants,
additional V cells produce postdeirids in a signal-dependent fashion. Mosaic
analysis and laser microsurgery indicate that pal-1 and probably also lin-22
function within individual V cells to prevent them from responding to
postdeirid-inducing signals. Thus, postdeirid pattern formation requires both
cell signals to induce the neuroblast and also pattern formation genes to
create a prepattern of cells that are competent to respond to the signals.

The postdeirid and ray/alae pattern formation systems differ from one
another in many ways. For example, the gene lin-22 has opposite effects on
cell signals in the two cases. Nevertheless, there is a fundamental similarity
between them: in both, patterns arise through a mechanism that creates
intrinsic differences in the ability of cells to respond to intercellular signals.
This basic strategy can thus be used to produce very different patterns of

neurons even within the same tissue.
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Materials and Methods

General Procedures and Strains

Methods for routine culturing and genetic analysis were described in
Brenner (1974). All experiments were performed at 20°C. The complete
genotype of the pal-1; lin-22 mutant strain was unc-79(e1068) pal-1(e2091); lin-
22(mu2); him-5(e1490)

Observation of Postdeirids

Late L2 or early L3 animals were examined for the presence of
postdeirids (wild-type and ectopic). Postdeirids were recognized by their cell
morphology and position relative to other cells. By examining animals at
this stage, it is possible to determine which cells were derived from each V
cell and the type of lineage that had taken place (postdeirid, seam cell, or
hybrid lineage). In the case of hybrid lineages, it was sometimes not possible
to be sure of the origin of all cells, but it was always clear that some type of
hybrid lineage had occurred (see Figure 2-1G). Sodium azide (2mM) was used

in many cases to anesthetize the animals while they were being examined.
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Isolation of lin-22 mutations

The lin-22(mu2) and lin-22(mu5) alleles were isolated by screening for
males that had undergone the alae-to-ray transformation characteristic of
n372 animals (Kenyon, 1986). F2 male progeny from EMS mutagenized him-
5(e1490) animals were examined under a dissecting microscope using oblique
illumination for the absence of adult alae, and then examined with Nomarski
optics for the presence of ectopic ray papillae and ray cell groups. (The him-5
mutation increases the frequency of male self-progeny). From 5402 F2 male
progeny of EMS-mutagenized animals, two independently isolated males
were found that displayed an alae-to-ray transformation. One of these males
produced progeny when crossed to unc-17(e245) hermaphrodites.
Complementation tests indicated that this animal contained a new lin-22
mutation, mu2. The second new lin-22 allele, mu5, was isolated in a
complementation screen by mating mutagenized him-5(e1490) males with
lin-22(n372) unc-17(e245) hermaphrodites and examining 4267 F1 non-Unc
cross progeny for the alae-to-ray transformation. In this screen, a single
animal with this phenotype was identified. The new mutation was recovered
by outcrossing and shown to be a lin-22 allele by complementation tests with
n372. In C. elegans, the frequency with which null (or severe reduction-of-
function) alleles arise in most genes following standard EMS mutagenesis
protocols is thought to be approximately 1/2000 haploid genomes. Because of
the small sample size, the lin-22 mutation frequency cannot be determined
accurately from these data; however, the results indicate that these alleles do

not correspond to rare, highly specific alterations in protein sequence.
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Genetic Analysis of lin-22

lin-22; him-5(e1490) animals were examined using Nomarski optics for
the presence of a postdeirid among the descendents of each V cell. A
dominance test was carried out in which heterozygous lin-22/+ animals were
generated for each allele by crossing lin-22; him-5(e1490) males to unc-17(e245)
dpy-13(e184) and dpy-17(e164); him-5(e1490) hermaphrodites. Cross progeny
were then scored for postdeirid formation. In these crosses, the wild-type
copy of lin-22 was always derived from the mother. To test whether there is a
maternal effect of lin-22, we generated n372/+ animals in which the mutant
lin-22 allele came from the mother. These n372/+ heterozygotes were
produced by crossing him-5(e1490) males to lin-22(n372) unc-17(e245) osm-
3(p802); e1490 hermaphrodites (the osm-3 mutation affects dye uptake in head
and tail neurons), lin-22(n372) unc-17(e245) osm-3(p802) dpy-13(e184); e1490
hermaphrodites, and lin-22(n372) unc-33(e204), e1490 hermaphrodites. Cross
progeny were then examined for postdeirids. When the mutant 7372 allele
was provided by the mother, ectopic postdeirid lineages were generated in
4/122 animals (3%) as compared to the 11/250 (4%) animals that made extra
postdeirids when the n372 allele was provided by the father, indicating that
there is no maternal effect on postdeirid production.

lin-22 Gene Dosage Analysis: Animals of the genotype n372/n372/+
were generated by crossing single males of the genotype mDp1(lin-22+); n372
€245 p802; 1490 to n372 e245 p802 e184; 1490 hermaphrodites. non-Unc F1
cross progeny, which should carry the duplication mDp1, were scored for
postdeirids. The mDp1; n372 e245 p802; 1490 strain is itself n372/n372/+;
however, we did not want to examine this strain directly because non-Unc

n372/+ recombinants are easily generated and could bias the results of a
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dosage analysis. To insure that the original male actually carried the free
duplication and not a recombinant chromosome, all hermaphrodite F1 cross
progeny examined for postdeirids were subsequently allowed to self-fertilize.
The F2 progeny of these hermaphrodites were scored for the presence of wild
type, Unc and Unc Dpy phenotypes. This confirmed the presence of mDp1

and both of the n372 mutant chromosomes.

RESULTS

Background

The V cells are a particular type of stem cell called seam cells that
divide during each of the four postembryonic larval stages, L1-L4. Each
division generates one seam cell and a second cell that becomes either
another seam cell, a neuroblast, or a cell that fuses with a large epidermal
syncytium that covers much of the animal. The cell V5.pa (the anterior
daughter of the posterior daughter of V5), which is generated during L2,
becomes the postdeirid neuroblast. This cell goes on to generate the
postdeirid sensillum [consisting of a neuron (PDE) and two support cells] and
an additional sensory neuron (PVD) (Sulston and Horvitz, 1977; Way and
Chalfie, 1988) For the purposes of this paper we will refer to the group of four
cells as a postdeirid. The lineages generated by V cells in wild-type

hermaphrodites are shown in Figure 1A.
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The lin-22+ gene prevents V1-V4 cells from producing postdeirids

In the wild type, only one V cell, V5, produces a postdeirid. The lin-
22(n372) mutation, identified by Fixsen and Horvitz (Horvitz et al., 1983;
Fixsen, 1985), causes V cells anterior to V5 to generate postdeirids (Figure 2-
1B). Therefore lin-22 is a candidate for a gene that regulates postdeirid
pattern formation. The n372 allele is semidominant; n372/+ animals
produce ectopic postdeirid lineages at a frequency of about 4%. Either a gain-
of-function mutation in lin-22 or a haplo-insufficient, loss-of-function
mufation could produce a semidominant phenotype. In order to infer the
wild-type function of this gene, we have therefore isolated additional lin-22
mutations and asked whether these are gain- or loss-of function mutations by
altering gene dosage.

We have isolated two additional lin-22 alleles, mu2 and mub5 (see
Methods). Each of these mutations causes V2-V4, and to a lesser extent V1, to
generate a postdeirid. (The postdeirid is always produced by a Vn.pa cell). V6
has never been observed to produce a postdeirid. The frequency with which
each V cell generates a postdeirid in homozygous lin-22 mutants and in
heterozygous lin-22/+ animals is shown in Table 2-1. Unlike n372, both mu2
and mub are fully recessive.

Are these lin-22 mutations loss-of-function or gain-of-function
mutations? To learn whether the n372 semidominant phenotype is the
result of a loss- or gain-of-function mutation we have altered gene dosage
using the duplication mDp1, which carries a copy of the wild-type lin-22 gene
(see Methods). As shown in Table 2-1, adding a wild-type lin-22 gene copy to
n372/n372 homozygotes reduces the severity of the mutant phenotype seen

in n372/n372 homozygotes. This means that these lin-22 mutations do not

34



elevate wild-type gene activity. In that case, adding a wild-type lin-22 copy
should have increased, not decreased, the frequency of ectopic postdeirids.
The data are most simply explained by postulating that the n372 allele reduces
or eliminates lin-22 gene function. mu2 and mu5 are fully recessive, so it is
likely that these alleles also result in decreased lin-22 activity. Thus these data
argue strongly that the wild-type role of lin-22 is to prevent V1, V2, V3, and

V4 from making postdeirids.
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Synopsis of Key Results:

The remainder of the experiments in the paper were carried out by

David A. Waring and summarized as follows.

The pal-1 protein functions cell-autonomously to prevent V6 from making a

postdeirid

So far no single mutation has been identified that is sufficient to cause
V6 to generate a postdeirid. However, in double mutants that carry both a
lin-22 mutation as well as a reduction-of-function mutation in the gene pal-1,
V6 generates a postdeirid (Waring and Kenyon, 1990). Thus both pal-1 and
lin-22 function to prevent V6 from making a postdeirid.

pal-1 genetic mosaics were generated in the presence of the lin-22
mutation and pal-1 was shown to act cell autonomously in the V6 lineage to

prevent V6 from making a postdeirid.

The ectopic postdeirids that form in lin-22 and pal-1; lin-22 mutants require

cell-extrinsic signals

Cell-extrinsic signals are known to be required in order for V5 to
produce a postdeirid. When V5's posterior neighbor V6 is ablated, V5 fails to
form a postdeirid. In addition, when V5's anterior neighbors are ablated, V5
fails to form a postdeirid (Sulston and White, 1980). To determine whether

ectopic postdeirids in V1-V4 and V6 require cell-extrinsic signals, postdeirid
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formation in lin-22 and in pal-1; lin-22 mutants was examined following
ablation of specific V cells. It was found that the signals were still present and
necessary to generate ectopic postdeirids in both pal-1 and lin-22 mutants.
This means that the wild type function of both lin-22 and pal-1 is somehow to

block signal-dependent postdeirid formation in cells other than V5.
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Synopsis of Discussion
What role do neighboring cells play in postdeirid formation?

The experiments described here indicate that postdeirid production
requires some type of signal from neighboring V cells. In experiments in
which all but three V cells are killed, the central cell produces a postdeirid.
Thus the normal neighbors of a V cell are sufficient to induce postdeirid
formation.

The role played by the presence of neighboring V cells is not at all clear.
The data suggest that in order to form a postdeirid, a V cell must be in close or
direct contact with V cells on both sides of itself. Why are neighbors on both
sides required? It could be that the the level of an intercellular signal
produced by only one neighbor is insufficient to induce postdeirid formation,
and therefore that close neighbors on each side are required. Alternatively, it
is possible that a V cell receives different types of signals from its anterior and
posterior neighbors.

It is also possible that disruption of the epithilium per se somehow
changes the development of these cells. For example a V cell may simply
have to be part of an intact epithelium in order to produce a postdeirid
neuroblast. The Drosophila Notch protein, which affects the determination
of many cell types, also affects cell-cell adhesion (Fehon et al. , 1990).

One feature of this signaling system that sets it apart from certain
others is that a V cell sends postdeirid-inducing signals to its neighbor
whether or not it produces a postdeirid neuroblast itself. This differs from the
phenomenon of lateral inhibition, in which a cell entering a specific pathway

of differentiation signals its neighbor to adopt a fate different from its own. In

38



cases of lateral inhibition, a cell's ability to signal its neighbor is correlated

with its own developmental fate.

pal-1 and lin-22 prevent cells other than V5 from producing postdeirids in

response to intercellular signals

The gene dosage analysis of lin-22 mutations described here, together
with previous analysis of pal-1 (Waring and Kenyon, 1990) indicates that
these lin-22 and pal-1 mutations decrease the level of gene product, and
therefore that in the wild type, both genes prevent V cells other than V5 from
producing postdeirids. These two genes function in distinct spatial domains.
lin-22 functions in V1-V4 and, at least in a pal-1 mutant, in V6, whereas pal-1
functions only in V6.

It is clear that both pal-1 and lin-22 can function to inhibit postdeirid
formation. How do they accomplish this? One possible model, that
mutations in these genes allow signal-independent postdeirid formation, has
been ruled out since signaling still takes place in both mutants. pal-1 is a
homeodomain protein, which could affect cell fate by acting on the signaling
pathway directly. For example, it could repress a gene required for signal
transduction, or compete with a signal-dependent transcriptional regulator
for binding to a target gene. Alternatively, it could bypass the signaling
pathway altogether and directly initiate an alternative cell fate.

The results of this study indicate that together lin-22 and pal-1 create a
postdeirid prepattern within the lateral epidermis (Figure 2-2). The V cells
and their daughters appear morphologically similar to one another.

However, because of lin-22 and pal-1, they have different developmental
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potentials: only V5 is competent to be induced by extracellular signals to
produce a postdeirid. As long as neighboring V cells are present, V5 will
express its potential and produce a postdeirid neuroblast. It is not known
how lin-22 and pal-1 activities are targeted to their respective domains of
function, and how V5 is able to escape their effects. Whatever mechanism
localizes lin-22 and pal-1 ultimately determines the spatial properties of the

postdeirid neuroblast pattern.

Similar but distinct regulatory strategies are used in postdeirid and ray pattern

formation

The postdeirid pattern is generated during the L2 stage. During the L3
stage in males, certain descendants of the V cells generate another pattern of
neurons and epidermal structures called the ray/alae pattern. Rays, which are
mating sensilla, are made in posterior body regions by V5 and V6. Alae,
which are epidermal structures, are made in anterior body regions by anterior
V cells. Intercellular signaling between V cells (or their descendants) is also
required for ray pattern formation. Intercellular signals cause certain V cells
to produce alae lineages instead of ray lineages. Previously we showed that
the gene pal-1 allows V6 to produce rays by preventing V6 from responding to
alae-inducing signals from its neighbor T (Waring and Kenyon, 1991).

Because both the postdeirid and the ray/alae patterning systems
involve communication between V cells, the following question arises: does
a single signal-transduction event initiate one subprogram that generates
both the postdeirid and ray patterns? This seems unlikely since the ablation

of V cells themselves affects both patterns, while ablation of the daughters of
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the V cells does not affect postdeirid patterning but does affect the ray decision
(Fixsen et al., 1985). Thus, although the same type of signaling mechanisms
may well operate in both patterning systems, the developmental decisions
required for postdeirid and ray patterning are made independently of one
another.

There are several differences between the postdeirid and ray pattern
formation systems. One striking difference is that the regulatory relationship
between lin-22 and cell signals is opposite in the two cases. In postdeirid
patterning, lin-22, like pal-1, prevents V cells from responding to signals from
their neighbors. However, in ray/alae pattern formation, lin-22 activity
instead promotes the effects of intercellular signals by initiating the signal-
dependent pathway, alae lineages. This suggests that cell signals function
independently of genes such as lin-22, which appear to create intrinsic
differences between the V cells.

In spite of the differences between postdeirid and ray pattern
formation, the experiments presented here indicate that there is a
fundamental similarity in the role that cell signals play in the two processes.
In both, intercellular signals are required to specify one pattern element;
however, the signals themselves do not provide positional information.
Instead a spatial pattern forms because cells differ intrinsically in their ability
to respond to intercellular signals. This finding is significant because it
indicates that this general patterning strategy--creating a specific arrangement
of precursor cells which differ in their ability to respond to intercellular
signals-can generate very different types of patterns within a single tissue.

Recent studies on the role of growth factors in Xenopus pattern
formation indicate that inductive signals may play a permissive rather than

instructive role in axial patterning in vertebrates. Dorsal and ventral regions
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of the ectoderm respond differently to the factor activin in culture, indicating
that intercellular signals probably play a permissive role in allowing the
expression of a predetermined pattern in this organism as well (Sokol and
Melton, 1991). It may be that the strategy of using intercellular signals to

trigger expression of a prepattern is actually widespread in development.
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Figure 2-1. The lineages of V1-V6 in wild type, lin-22, and pal-1; lin-22

mutants.

A-C. The lineages of V1-V6 in wild-type and mutant hermaphrodites. In the
standard C. elegans lineage convention anterior daughters of a cell division
are drawn to the left and posterior daughters to the right. Symbols: "O"= cell
that joins the hypodermal syncytium, & = Adult seam cell, "X"= cell death.
Archetypal lineages of lin-22 (Horvitz et al., 1983) and pal-1; lin-22 animals
are shown, along with the wild type lineage for reference (Sulston and
Horvitz, 1977). As shown in Table 2-1 and discussed in the text, individual
V(1-4).pa cells in any given animal may generate a postdeirid, a hybrid
lineage, or a seam cell.

D. Nomarski photomicrograph of the lateral epidermis of a lin-22%: him-
5(e1490) late L2 animal. The focal plane is sub-epidermal, so that the
postdeirid cells are in focus.

E. Photomicrograph of a lin-22(mu2); him-5(e1490) animal.

F. The wild-type L2 lineage of V5.p, showing the production of the postdeirid.
The fates of the postdeirid cells are shown. PDE and PVD are neurons, PDEso
and PDEsh are the postdeirid support cells (socket and sheath).

G. A typical "hybrid" Vn.pa lineage. This lineage is from a V4 cell in a pal-
1(e2091); lin-22(mu2); him-5(e1490) animal. In this example (which is by far
the most common) the V4.pa cell generated a postdeirid (as judged by lineage
and cell morphology) and a seam cell which was smaller than the V.pp-
derived seam cell. The cells of the postdeirid in the hybrid lineages exhibited
the typical compact nuclei seen in wild type postdeirid; however, without EM
studies we can not be certain of the fates of the individual cells. Other hybrid

lineages have been observed that yield, for example, two neuron-like cells
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and an extra seam cell or four cells that are neither seam cells or neuron-like

cells, but appear to be epidermal in character.
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Figure 2-1
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Figure 2-2. Genetic model for establishment of the postdeirid pattern.

In the model, lin-22 and pal-1 activity have the effect of preventing
intercellular signals between V cells from inducing postdeirids. The products
of these genes could block postdeirid induction by acting directly on
components of the signal transduction pathway, or they could bypass the
effects of signal transduction and act directly on downstream genes. T
generates a lineage distinct from any of the V cell lineages, which does not

include a postdeirid.
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Table 2-1. Postdeirid production in lin-22 mutants.

The first number in each column represents the percentage of V cells that
produced either a hybrid or complete postdeirid. In lin-22 animals, Vn.pa
cells sometimes generate "hybrid" lineages that display elements of both the
wild-type V5.pa and wild-type (V1-V4).pa lineages (Fixsen, 1985). The
percentage of V cells that produced hybrid lineages is given in parentheses.
n: number of animals examined. The frequency of postdeirids in n372/372/+
animals is much lower than in n372/n372 animals, indicating the n372
mutation does not elevate gene activity. However, the postdeirid frequency
in n372/n372/+ animals is slightly higher than in n372/+ animals. This
could result from some property of the duplication (for example, duplication
loss, reduced levels of lin-22* gene expression from the duplication, or
dosage effects of genes other than lin-22), or it could reflect a slight dominant-
negative effect of the n372 mutation. ("*" indicates data generated by D.

Waring).
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Table 2-1

Percent Postdeirid Production in lin-22 Mutants

\"A! V2 V3 V4 V5 V6 n
+ 0 0 0 0 100 0 105
21 75 84 90 100 0 110
musS (5) (1 (25) (15)
39 94 91 95 100 0 100
mu2 (5) (6) (17) (19)
n372 40 88 90 95 100 0 102
(7) (10) (17) (15)
0 0 0 0 100 0 168
muS/+
0 0 0 0 100 0 209
mu2/+
0 0.5 1 2 99.7 0 377
n372/+ (0.3) (0.3) (0.5)
n372/n372/+ 0 4 3 12 98 0 114
(0.9) (0.9) (9)
mu2/mul/+ 0 0.9 0 0 99.1 0 106
(0.9)
+/+/+ 0 0 0 0 100 0 97
pal-I s mu2 * 28 56 72 75 100 70 102
(3) (7 (18) (19) (15)
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CHAPTER 3

Conserved and unique activities of a hairy homolog generate pattern in the

C. elegans peripheral nervous system

prepared for publication by

Lisa A. Wrischnik and Cynthia J. Kenyon
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Abstract

The primary pair-rule gene hairy plays an important role in establishing
metameric pattern in a Drosophila embryo (Carroll, et al., 1988; Lawrence and
Johnston, 1989). hairy also acts postembryonically to help pattern the
peripheral nervous system (PNS) by directly regulating the proneural gene
achaete (Skeath and Carroll, 1991; Orenic, et al., 1993; Ohsako, et al., 1994; Van,
et al., 1994). Here we define the function of a C. elegans hairy homolog, the
lin-22 gene. Like hairy, lin-22 patterns the C. elegans PNS by regulating the
worm achaete-scute homolog lin-32 (Zhao and Emmons, 1995), suggesting
that this regulatory relationship has been conserved during evolution.
However, unlike hairy, lin-22plays an additional role in C. elegans as a
regulator of Hox gene expression and function in creating anterior vs.

posterior differences in body pattern.
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Results and Discussion

The lateral ectoderm of C. elegans consists of a single row of cells, V1-
V6, that extends from the head to the tail of the animal. These cells generate
either epidermis or neuronal sense organs in a position-specific manner
along the anterior-posterior (A-P) axis. Two different sense organs are
generated by cells in the posterior (Figure 3-1): the V5 cell makes a structure
called a postdeirid and, in males, V5 and V6 generate sensory structures called
rays, used in male mating. The formation of these sensory rays is preceded by
an extra round of cell proliferation which takes place only in the posterior
cells of the male and not in the hermaphrodite (Sulston and Horvitz, 1977).

In lin-22 mutant animals, extra neuronal structures are generated in
place of epidermis (Horvitz, et al., 1983; Fixsen, 1985). Hermaphrodites
produce ectopic postdeirids in the anterior, whereas males make both ectopic
postdeirids and ectopic sensory rays (Figure 3-1). We followed the cell
lineages and found that the anterior cells in males also undergo the extra
round of cell division normally found only in the posterior cells. The lin-22
phenotype therefore resembles a transformation of the anterior cells into a
posterior V5-like fate. We say "V5-like" because V5 itself has a slight change
of fate in a lin-22 mutant male, and makes two sensory rays instead of
generating just one ray and an epidermal cell.

We cloned the lin-22 gene to better understand its molecular function
in patterning neuroblast production in the V cells . The lin-22 gene encodes a
basic helix-loop-helix protein with striking homology to hairy and hairy-like
genes from Tribolium and Drosophila, as well as hairy and Enhancer of split
complex [E(spl)] homologs from vertebrates (Figure 3-2). The strongest lin-22

allele (n372) contains a missense mutation in a glutamate residue that is
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completely conserved in hairy, the E(spl) genes, and their homologs. A
missense mutation of this specific glu residue is found the k5 allele of
Drosophila (Wainwright and Ish, 1992). We do not yet know if lin-22
contains the universally conserved trp-arg-pro-trp tetrapeptide found at the
carboxy-terminus of all hairy- and E(spl)-like proteins. This motif has been
shown to be required for the direct interaction of hairy protein with the
product of the groucho gene (Paroush, et al., 1994).

Given that lin-22 appears to encode a hairy homolog, what potential
targets of lin-22 activity can explain its role in worm development? The C.
elegans gene lin-32 has recently been shown to be homologous to members of
the proneural AS-C genes of Drosophila (Zhao and Emmons, 1995) lin-32
activity promotes the formation of neuroblasts in the posterior V cells: in
lin-32 mutants, neither the postdeirid nor the male sensory rays are made,
and instead the neuroblasts that normally generate these structures adopt
epidermal fates (Figure 3-3). In animals with mutations in both the lin-22
and the lin-32 genes, no neuronal sensory structures are made and the lateral
ectoderm generates only epidermis (Figure 3-3). This indicates that the
formation of the ectopic sensory structures in a lin-22 mutant requires lin-32
activity, and that lin-22, like hairy and the E(spl) genes, acts, directly or
indirectly, as an upstream negative regulator of a nematode proneural gene,
lin-32.

Can all the effects of a lin-22 mutation be explained as a consequence of
deregulated lin-32 activity? Expression of the lin-32 gene using a heat-shock
promoter suggests that lin-32 activity is sufficient to induce sensory structures
in the lateral ectoderm of both wild type and lin-32 mutant animals (Zhao
and Emmons, 1995). Misexpression of lin-32 in a lin-22 mutant could

therefore account for the production of the ectopic sensory structures seen in
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a lin-22 mutant. This misregulation may explain the entire extra-postdeirid
phenotype of a lin-22 hermaphrodite, but it cannot account for the
observation that lin-22; lin-32 double mutant males still undergo the ectopic
round of cell proliferation caused by the loss of lin-22 function. In addition,
while the loss of lin-32 activity causes the sensory ray neuroblasts to generate
epidermal cells, lin-32 does not affect the first step in ray development (the
division of the ray precursor parent cell into what would normally be the ray
neuroblast and its epidermal sister cell). In lin-22; lin-32 double mutant
males this first step in sensory ray formation still occurs in ectopic positions
in the anterior of the worm (Fig. 3-3).

What remaining targets of lin-22 repression could explain these
remaining ectopic events seen in the lin-22; lin-32 male? One good candidate
is the gene mab-5. mab-5 is the C. elegans homolog of the Antennapedia
gene, a Hox gene involved in patterning the anterior-posterior axis in
Drosophila. The role of mab-5, an Antennapedia homolog, is to specify the
correct fates of cells in the posterior body region of the worm, including V5
and V6 (Kenyon, 1986; Costa, et al., 1988). In particular, mab-5 is required for
both cell proliferation and sensory ray production in the posterior (Fig. 3-1c).
We wondered whether deregulation of mab-5 activity could explain the
transformation of the anterior cells V1-V4 into the posterior V5-like fate seen
in lin-22 mutants, so we examined the expression pattern of the mab-5
protein in a lin-22 background. We found that early in the V5 lineage the
mab-5 expression pattern was the same as that found in wild type. However,
in a lin-22 mutant V5 makes two sensory rays instead of one, and we saw this
reflected in extra mab-5 staining later in the V5 lineage (Figure 3-3). As for
the anterior cells V1-V4, the pattern of mab-5 expression is now identical to

that seen in the V5 cell in lin-22 mutants.
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This change in the mab-5 expression pattern shows that lin-22, a C.
elegans hairy homolog, establishes a difference between the anterior vs.
posterior body region by repressing Hox gene expression outside of its normal
domain of function. This activity has not been observed for hairy or E(spl)
genes. hairy can affect Hox gene activity within specific segments, but this
appears to be due to the effects of hairy mutations on downstream pair-rule
and segment polarity genes known to be Hox regulators. For example, the
hairy mutation indirectly alters the expression of the Hox gene Abdominal-A
through its effects on fushi tarazu and engrailed (Macias, et al., 1994).
However, even in this example, the domain of Hox gene expression remains
intact and only the levels of Abd-A expressed within this domain are affected.

mab-5 is required for proliferation and sensory ray precursor formation
in V5 and V6, and mab-5 alone is sufficient to generate cell proliferation and
ray formation when expressed ectopically using a heat-shock promoter (S.
Salser, pers. comm.). Therefore, it might be expected that the production of
ectopic cell divisions and sensory rays could be dependent on mab-5 activity
as well. However, the proliferative divisions are generally unaffected by the
loss of mab-5 activity in a lin-22 mutant (Figure 3-1c), suggesting that ectopic
mab-5 expression is not wholly responsible for the extra cell divisions seen in
lin-22. However, mab-5 is required for the formation of many of the ectopic
sensory rays seen in lin-22 males, since the loss of mab-5 activity leads to the
generation of far fewer rays by the lateral ectodermal cells (Figure 1c; Kenyon,
1986).

As ectopic activity of the Hox gene mab-5 can account for most of the
rays produced in a lin-22 background, we decided to see whether other Hox
gene activities might be responsible for the residual rays seen in mab-5; lin-22

males. These genes, lin-39 and egl-5, are expressed in the lateral ectoderm and
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can both affect sensory ray production. Mutations in egl-5 result in the loss of
one of the V6 sensory rays and affect the identities of the remaining ones
(Chisholm, 1991; Chow and Emmons, 1994). lin-39 mutations affect only cells
of the central body region, and do not normally affect the sensory rays (Clark,
et al., 1993). However, ectopic expression of lin-39 can lead to the occasional
formation of a sensory ray in males (Hunter and Kenyon, Nature in press).

We found that the residual ray production seen in a mab-5; lin-22
male is due in part to the activities of both lin-39 and egl-5. The removal of
either gene activity leads to a reduction in sensory rays, but only within that
gene's normal domain of function (data not shown). However, the protein
expression pattern of lin-39 appears unaffected by a mutation in lin-22 (data
not shown). This suggests that while mutations in lin-22 may not cause an
obvious change in the level or pattern of lin-39 (and possibly egl-5)
expression, the activity of this gene is nonetheless affected by loss of lin-22
function. Perhaps the loss of lin-22 affects a threshold for neuronal-versus-
epidermal fate decisions, such that levels of lin-39 and egl-5 activity that
would not normally be neural-promoting can now function to make ectopic
neurons. A small number of rays are still generated randomly along the A-P
axis in lin-22 mutant animals containing all the known Hox mutations.
These rays could result from the activity of the final C. elegans Hox gene, a
labial homolog for which there is as yet no known mutation. Alternatively,
these rays could be the products of elevated lin-32 activity.

We have shown that a C. elegans gene with homology to the hairy
gene of Drosophila regulates neuroblast formation, A-P patterning, and cell
proliferation in the lateral ectoderm. Two of the potential targets of lin-22
activity have been identified. In the neurogenesis pathway lin-32, an achaete-

scute homolog, acts downstream of lin-22 to facilitate sense organ formation.
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In A-P patterning, the Hox gene mab-5 appears to be repressed by lin-22.
Finally, lin-22 activity negatively regulates an additional unidentified gene
function that permits or promotes cell proliferation. Loss of either mab-5 or
lin-39 activity, or both (data not shown), does not completely remove the L3
proliferative divisions seen in lin-22 males (although the frequency is
somewhat reduced). The Hox genes may again be substituting for each other
in a promiscuous manner at this step in development in a lin-22 mutant.
However, it may be that lin-22 acts on an unidentified target gene to regulate
cell proliferation in the anterior lateral ectoderm. This activity is interesting
in light of the recent observation that hairy, acting with extramacrochaete (an
inhibitor of the proneural gene scute (Van, et al., 1991)), appear to act together
to block cell-cycle progression and proliferation in the Drosophila eye
imaginal disc (Brown, et al., 1995). Taken together, these findings argue that
the C. elegans PNS is patterned using a combination of conserved and,
potentially, unique regulatory relationships between a hairy homolog and its

targets.
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Figure 3-1. Comparison of V cell fates in wild type, lin-22, mab-5, and lin-32

mutant animals.

a. V cell lineages in wild type and lin-22(n372) hermaphrodites. Anterior is
to the left. Divisions at the first (L1), second (L2), third (L3), and fourth (L4)
larval stages are shown. O = epidermal cell fate. D= epidermal tail seam
cell fate. "X" = cell death. The formation of a sensory ray in the adult is
indicated by {, while epidermal alae is shown as =. The postdeirid cells are
shown bracketed. "?" = unfinished lineage. Unmarked V cell daughters fuse
with hyp7, an epidermal syncytium. In the wild type hermaphrodite all the V
cells divide to generate epidermal alae; however, the V5.pa cell also makes a
neuronal structure called a postdeirid (consisting of 2 neurons and 2 support
cells) during L2. In lin-22 animals, two of the anterior V cells can also be seen
generating postdeirids during the L2 stage. Ectopic postdeirids can be
generated by V1-V4, but the frequency of postdeirid formation by V1 is only
6%, as compared to 79-91% for V2-V4. Interestingly, the V4.pa branch of this
lineage divided an extra time in the L3 stage and later produced a single
sensory ray during L4. This extra L3 division and the generation of sensory
rays normally occur only in the male posterior body region, and these
structures are found ectopically in lin-22 males (see below). This phenotype
was not seen in animals lineaged previously (Fixsen, 1985). |

b. V cell lineages in wild type and lin-22 males. In wild type males V1-V4
adopt the same epidermal fates seen in the hermaphrodite. The male V5 cell
also produces a postdeirid in L2. Unlike hermaphrodites, however, wild type
males generate additional sensory rays from V5 and V6 during L4. The
generation of these rays is preceded by an extra cell division during the L3

stage. Males mutant for lin-22 generate ectopic postdeirids in V2-V4 at the
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same frequency as hermaphrodites, but the frequency of postdeirid
production by V1 is significantly higher (43%). In addition, the anterior V
cells undergo an extra round of cell division in L3, and can also generate
ectopic sensory rays. Polarity reversals often occur during the L3 proliferative
and L4 ray precursor cell divisions, but only in anterior V1-V4 cells (polarity
reversals were seen in 46% of these divisions in a sample of 6 animals
lineaged). These reversals appear to occur in the ray neuroblast divisions as
well.

c. V cell lineages in wild type, mab-5, and mab-5; lin-22 males (Kenyon, 1986).
Loss of mab-5 function leads to the loss of the L3 proliferative divisions in V5
and V6 and blocks the formation of sensory rays. Loss of mab-5 function in a
lin-22 mutant, however, does not lead to the complete loss of the L3
proliferative divisions in any of the V cell lineages.

METHODS. Lineages were carried out at 20°C as described in (Sulston and
Horvitz, 1977). All strains scored were mutant for him-5(e1490), which
increases the number of male progeny. The lin-22 allele used was n372. lin-
22 male #1 is a composite lineage of V1-V4 from one male and V5-V6 from a
second male. The mab-5(e1239) and mab-5; lin-22 lineages were from Kenyon
(1986), but an additional 12 animals were scored for the presence of L3

proliferative divisions in the V cells.
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Figure 3-2. lin-22, a basic helix-loop-helix protein, is homologous to the hairy

gene of Drosophila

a. The known lin-22 cDNA sequence. The DNA sequence is listed on top of
the predicted protein sequence. Boxed DNA contains the SL1 splice leader
sequence. Arrows denote splice junctions. The conserved basic helix-loop-
helix domain is underlined. That this gene encodes lin-22 has been
demonstrated by identifying the DNA lesion in the n372 allele. n372 contains
a missense mutation that alters a conserved glutamate residue to a lysine
residue in the basic region of the protein (marked with an "*"). Interestingly,
a mutation of this identical glutamate to a lysine is also found in the strongest
allele (4282) of lin-32 (Zhao and Emmons, 1995).

b. Comparison of predicted lin-22 protein with closely related sequences. lin-
22 is displayed on top followed by the top four homologous proteins
(excluding mouse HES-1) as predicted using BLAST: Tribolium hairy
(Sommer and Tautz, 1993), the human hairy-like protein (Feder, et al., 1994),
HES-1 protein from rat (Sasai, et al., 1992), and deadpan, (Bier, et al., 1992).
Also included are the sequences of hairy and the E(spl) m7 transcript from
Drosophila (Klambt, et al., 1989; Rushlow, et al., 1989). The basic helix-loop-
helix domains are indicated above the sequences and conserved amino acids
are boxed. The glutamate residue altered in the n372 allele is marked with an
"*" below the E(spl) m7 sequence. This glutamate is 100% conserved among
all other members of this family, and in fact the h5 allele of hairy changes this
glutamate to a valine (Wainwright and Ish, 1992). The actual C-terminus of
the cDNA has not yet been identified. All of the DNA C-terminal to the
second helix contained on the 15 kb rescuing genomic fragment (3.5 kb in all)

has been sequenced and does not contain the canonical trp-arg-pro-trp
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sequence found in virtually all other hairy and E(spl) homologs. A potential
coding sequence containing trp-lys-ile-trp-val-trp has been identified, and
may serve as the C-terminus of lin-22. This is interesting because in
Drosophila two pro-to-leu mutations found in this C-terminal tetrapeptide
cause loss of hairy function.

METHODS. A Tcl1 transposon genetically linked to the lin-22 gene was
identified and cloned (Costa, et al., 1988). The genomic DNA flanking this Tc1
was subcloned and used to identify 8 Yeast Artificial Chromosomes (YACs)
generated by the C. elegans genome center in St. Louis. These 8 YACs were
gel isolated, purified and injected independently into the germline of lin-22
hermaphrodites, along with the dominant cotransformation marker rol-6
(Mello, et al., 1991). Marker rescue was only seen after two generations in
animals containing stable arrays (lines) of the injected DNA, and rescue was
observed for only a single YAC, Y68HS, at a frequency of 14-25% transformed
lines. The entire YAC (240 kb) was used as a radiolabeled probe against an
unamplified C. elegans genomic lambda library after being hybridized for two
hours with unlabeled total genomic DNA to "remove" labeled repetitive
DNA (Church and Gilbert, 1984; Sambrook, et al., 1989; Frazer, et al., 1992). 28
clones were identified, put into 6 pools, and injected into lin-22
hermaphrodites. A single clone containing 15 kb of genomic DNA was found
to rescue the lin-22 phenotype. Lambda subclones were sequenced
(Sequenase, USB) and a region homologous to members of the hairy family of
helix-loop-helix proteins was identified. Using primers to the bHLH domain,
we confirmed that this gene was lin-22 by PCR-sequencing reverse-transcribed
total RNA from wild type and the three lin-22 mutant alleles (Superscript II;
dsDNA cycle sequencing system, GIBCO BRL). The structure and sequence of

the lin-22 cDNA was confirmed with the genomic DNA sequence.
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Figure 3-3. Efects of the lin-32 mutation on wild type and lin-22 males.

O = epidermal cell fate. A = epidermal tail seam cell fate. "5:'1' = the
postdeirid lineage. [l = a ray neuroblast lineage (,-E.:ﬁ ). "X" =cell death. L3

proliferative divisions are shown as bold lines. Mutations in lin-32 prevent
the formation of larval neuroblasts (Zhao and Emmons, 1995). As a
consequence, in lin-32 mutants the V5 postdeirid is not generated, nor are the
V5 and V6 sensory rays, and epidermal cells are made instead. However, the
extra L3 proliferative divisions seen in V5.ppp and the V6 descendants still
occur in a lin-32 mutant. In addition, although the ray neuroblast adopts an
epidermal fate, its parent, the ray precursor cell, still divides to generate what
would have been the ray "neuroblast” and its sister, the tail seam cell (Zhao
and Emmons, 1995). Males with mutations in both lin-22 and lin-32 still fail
to generate either postdeirid or ray neuroblasts, but the extra L3 proliferative
divisions and the generation of ectopic ray precursors (as is seen by the
formation of ectopic tail seam cells, albeit without the associated ray
neuroblast) still occurs in the anterior V cells.

METHODS. C. K. lineaged(n=3)lin-32(e1926) males for the L3 proliferative
divisions and (n=12) males for the ray precursor cell fate, and also lineaged
(n=2) n372; 1926 males for both. n372; e1926 (n=61) was scored for postdeirid
production in L2 as described in (Waring, et al., 1992). L3 proliferative
divisions were specifically lineaged for 4282 (n=3) and n372; u282 (n=2). The
formation and location of tail seam cells was analyzed during L4 lethargus for
both 4282 (n=14) and n372; u282 (n=7). Tail seam cells can be identified by the

formation of characteristic syncytial tail seam bags (Sulston, et al., 1980).
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Figure 3-4. Mab-5 protein expression in wild type and lin-22 males.

a-b. anti-Mab-5 antibody staining in the anterior (a) and posterior (b) of a
wild-type male during the beginning of the L3 stage (approx. 25 hours post-
hatching at 20°C). No anterior staining is present. In contrast, all the V6
daughters express Mab-5. Only the two posterior daughters of V5 (V5.ppppa
and V5. ppppp) that will make a sensory ray are found to express Mab-5 in the
V5 cell. The location of the Vn.pap and Vn.ppp daughters are indicated by
the lineage drawings.

c-d. Mab-5 protein expression ina lin-22(-) male. All the daughters of V6
stain as in wild type, but now the daughter cells from both branches of the V5
lineage express Mab-5 (d). Interestingly, the expression in the anterior branch
is consistently weaker than that seen in the posterior branch. In addition,
Mab-5 expression is now seen in the anterior V cell descendants of V1 and V2
(c), and V4 (d). Expression in the anterior cells mimics the pattern seen in V5,
with anterior the anterior daughters staining more weakly.

e-f. Schematic of Mab-5 expression seen in V1-V6 in wild type (e) and lin-22
(f) males. Time post-hatching is given at the right. The wild type pattern is
that seen by S. Salser (pers. comm.). In lin-22, the V6 pattern of expression is
identical to that seen in wild type. Early V5 staining is also identical: initially
mab-5 is not expressed during the first larval stage (= 0-16 h post hatching) but
subsequently comes on during the second larval stage (L2; 16-25 h post
hatching). This staining persists throughout the L2 stage until just before the
proliferative L3 division (at = 27-28 h). Staining appears after the first L3
division in only the posterior daughter, but then comes on in both branches
after the next division. This identical pattern of expression is displayed by the

anterior V cells (including the H2 cell of the head region) in a lin-22 mutant.
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The numbers of lin-22 animals examined at each stage was 2 8 for the
following time points: 4-6h, 8-10h, 15-17h, 19-21h, 21-23h, and 25+ hours. The
pattern of mab-5 expression appears to be identical for lin-22 hermaphrodites
and males through the L2 stage. After the L3 divisions, the number of
hermaphrodites expressing ectopic mab-5 drops to only 11/25 as opposed to
25/27 in males. Generally, if a hermaphrodite had anterior staining, it was
weak and seen in fewer cell than found in the male.

METHODS. Animals were staged and stained for mab-5 expression using a
polyclonal antibody following the protocol of S. Salser, pers. comm. Animals
were scored using fluorescence microscopy at 100x magnification, and those
with unambiguous morphology and obvious staining were scored. Animals
from timepoints with weak or nonexistent anterior staining (i.e.. 21-23 h or
later hermaphrodites) were first selected on the basis of good morphology and
clear V6 staining. DAPI staining was used to locate and identify the nuclei of
V cell daughters. L3 males and hermaphrodites were distinguished on the
basis of their tail morphology and the number of cells in the tail as assessed

using DAPL
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CHAPTER 4

Further genetic and molecular characterization of lin-22 function
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Summary of Genetic Data

Additional analysis and comparison of the three lin-22 alleles

Figures 4-1 through 4-3 display early larval lineages of lateral
ectodermal cells in lin-22(n372) mutant animals. The effects of the lin-22
mutation are first seen during the second larval stage (L2), when the cells V1-
V4 adopt the V5 cell fate and generate postdeirids in both hermaphrodites
and males. During the L3, the anterior V cells of the male also undergo the
posterior-specific proliferative division that occurs at this time. Interestingly,
we discovered that the H2 cell of the head ectoderm, the cell just anterior to
V1, was also affected in a lin-22 mutant. In the wild type, the H2 cell simply
undergoes a single division during the L2 stage. However, in lin-22 mutants
H2 adopted a V cell fate, and was seen to undergo a second round of cell
division at the beginning of L2. H2 never appeared to generate an ectopic
postdeirid during L2, but the H2 daughters in males were capable of
undergoing the L3 proliferative division (and of making sensory rays). lin-22
was previously thought to only affect the V cells (Fixsen, 1985), but now we
know its domain of activity extends more anteriorly.

Figure 4-3 indicates the extent to which polarity reversals could be
found in the ectopic L3 divisions seen in the lin-22(-) male V cell lineages. In
the initial characterization of lin-22, occasional polarity reversals were
mentioned but not described (Fixsen, 1985). We find that these reversals
occur with a frequency of 39% for the L3 divisions shown in Figure 4-3. An
analysis of the L3 proliferative and ray precursor divisions (to make a tail
seam and a ray neuroblast cell; see Figure 3-1b) from all animals lineaged

show that up to 46% of these divisions exhibit a polarity reversal. Reversals
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also can occur in the ray neuroblast lineage itself (Figure 3-1b). Polarity
reversals can occur in the V5 and V6 lineages after ablation of neighboring
cells (Sulston and White, 1980), so mutations in lin-22 appear to cause the
same effects as removing cell signaling. More evidence for the importance of
signals in regulating cell polarity comes from the analysis of lin-44 and lin-17.
These two mutants cause cellular polarity reversals (Sternberg and Horvitz,

1988; Herman and Horvitz, 1994) and are homologs of wingless (lin-44; M.

Herman, pers. comm.) and frizzled (lin-17; Sawa and Horvitz, pers. comm.).

\}

These two genes are implicated in cell signaling in Drosophila (Krasnow and
Adler, 1994; Park, et al., 1994a; Park, et al., 1994b; Siegfried, et al., 1994; Vincent
and Lawrence, 1994).

Figure 4-4 examines the differences in alae production by the three
lin-22 alleles at 20°C. Failure to produce alae in a lin-22 male is a reflection of

the extent to which the V cells have adopted ectopic neuronal fates: the

-t

greater the anterior-to-posterior transformation, the fewer the number of

LI LIDIA

-

epidermal seam cells made, which results in the loss of alae. Figure 4-4

U

suggests that the alleles 7372 and mu2 are phenotypically very similar.
However, it is clear that mu5 generates much more alae than either mu2 or
n372, and could therefore be a weaker allele of lin-22. This is also supported
by the observation that mu5 males appear to mate more efficiently than
either mu2 or n372.

All three alleles of lin-22 were tested for temperature-sensitivity of alae
production (Figure 4-5). The data shows that for all three alleles, alae
production was greatly reduced at 25°C relative to 16°C or 20°C (which
appeared similar to one another). This could indicate that all three alleles of
lin-22 produce a temperature sensitive gene product. However, the

temperature sensitivity of ray production was also observed for the pal-
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1(e2091) mutation (D. Waring, pers.comm.), so it appears that the process of
sensory ray formation itself may be inherently temperature sensitive.

To further examine the potential temperature-sensitive nature of the
lin-22 alleles, we analyzed the effects of temperature on the formation of
ectopic postdeirids in lin-22(n372) (Figure 4-6). There was a subtle increase in
the number of postdeirids formed at higher temperatures, consistent with

either the lin-22 gene products being temperature-sensitive or with a general

temperature-sensitivity for neuronal production.

Nl

Ectopic postdeirid production by the V cells in lin-22(-) is not uniform,
and V1 generates postdeirids at a much lower frequency than V2-V4 (Fixsen,
1985; Waring, et al., 1992). However, when examined more fully (Figure 4-7),
we found that the production of postdeirids by V1 is strongly dependent on

the sex of the animal. Hermaphrodites were found to seldom generate

I LIDI\R

postdeirids from V1 (6%), while males made V1 postdeirids over 40% of the

time. In both cases V2-V4 made postdeirids at a roughly equal frequency of / :,
)
79-91% for hermaphrodites and 76-94% for males. e’

:v

lin-22 mutations do not have dramatic, if any, affects on the fates of the
Q cells and their descendants. However, when analyzing a strain containing 3
copies of the lin-22 gene (using the free duplication mDp1), we saw that 19%
of the left sides had Q cells anterior to their wild type positions (Figure 4-8).
Since mab-5 regulates the position of the QL daughters (Kenyon, 1986; Salser
and Kenyon, 1992), and since lin-22 appears to regulate mab-5, it is likely that
this Q cell phenotype is due to extra copies of lin-22 inhibiting mab-5 activity
in the QL cells.
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Effects of the Hox genes on the lin-22(n372) postdeirid and sensory ray
phenotypes

Mutations in the Hox gene mab-5 lead to a V cell phenotype that is
roughly opposite to that seen in lin-22 mutants: the posterior V cells fail to
undergo their L3 proliferative divisions, and adopt epidermal, instead of
neuronal, cell fates. Based on the phenotypes, it might be expected that one
gene would be found to be genetically epistatic to the other in the formation
of sensory rays vs. alae. The mab-5; lin-22 double mutant was first analyzed
by Kenyon (1986), who showed that no clear epistasis exists between the two
mutations: the generation of rays was reduced, particularly in the anterior,
but not eliminated or unaffected in the double mutant (see Figure 4-9).
Kenyon (1986) altered the dosage of mab-5 in a lin-22 mutant background and
found that as the number of copies of mab-5 increased, the number of rays
generated also increased (see also Figure 4-10). I found that when the copy
number of lin-22 is decreased in a mab-5 mutant background, the number of
rays generated also increases. This data supports the original mab-5 dosage
data (Kenyon, 1986), and further suggests that the mab-5 and lin-22 genes are
functionally antagonistic and might act to negatively regulate each other.

The ectopic rays produced in the mab-5; lin-22 double mutant are in
part due to the activities of the remaining Hox genes lin-39 and egl-5 (Figure
4-11 and 4-12). lin-39 is a Deformed/Sex-combs-reduced homolog that affects
the fates of cells in the central body region (Clark, et al., 1993; Wang, et al.,
1993). egl-5 is homologous to Abdominal-B, and affects the fates of numerous
cells in the tail region (Chisholm, 1991). The removal of either gene activity
from the mab-5; lin-22 double mutant leads to the reduction of rays from the

particular body region in which these genes normally function: loss of lin-39
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leads to fewer rays made in the central body region, while loss of egl-5
removes rays from the tail. However, removing the activities of all three
Hox genes from a lin-22 male does not abolish ray formation. In fact, it
appears from the graph that rays are made at a fairly high frequency in the
triple Hox mutant. Unfortunately, all we can really say from this data is that
the Hox genes lin-39, mab-5, and egl-5 are not strictly required for ray

formation. The actual numbers are likely to be biased due to the general

inviability of the strain.

NI

Because Hox gene activity appears important for the generation of
ectopic rays in lin-22 mutants, I examined the effects of the Hox mutations on
lin-22 postdeirid production (Figure 4-13). Mutations in mab-5, lin-39, and
egl-5 have no effect on the generation of wild type postdeirids, and mab-5 and

egl-5 do not affect the ectopic postdeirids made in lin-22(-). Therefore, it was

I LIDIA

surprising to find that a mutation in lin-39 does affect postdeirid production

in lin-22. As seen in Figure 4-13 loss of lin-39 function results in the drastic / .-_—,
)
reduction of postdeirids generated by V2-V4 in both hermaphrodites and o’

:»

males. Because of the difference in postdeirid production between V1 and
V2-V4 in males and hermaphrodites, we see that the lin-39 mutation
effectively causes V2-V4 to adopt the V1 cell fate, and make postdeirids at the
V1 frequency. This transformation is also seen in lin-39 mab-5; lin-22 as well.
While lin-39 is expressed in V2-V5, there was no V cell phenotype associated
with mutations in lin-39. Thus, this is the first example of an effect of lin-39
on V cell development, and suggests that lin-39 is playing a role in making
the V cells of the central body region (V1-V5) different from the most anterior
cell, V1.
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Effects of the Hox genes on the ectopic L3 proliferative divisions in

lin-22(n372)

In wild type animals, mab-5 activity is required for the generation of
rays, and for the L3 proliferative divisions that precede them, in both V5 and
V6. Since mab-5 expression is expanded in a lin-22 mutant, and this ectopic
activity affects the number of ectopic rays made, we wondered to what extent
the mab-5 mutation affects the ectopic lin-22 L3 proliferative divisions. There
was only limited lineage data from a mab-5; lin-22 males (Kenyon, 1986), so
we extended this analysis and confirmed that mab-5(+) activity is not strictly
required for these L3 divisions in lin-22 (Figure 4-14).

Because of the observation that both lin-39 and egl-5 acquire novel ray
promoting activity in the mab-5; lin-22 double mutant (Figure 4-12), we
lineaged lin-39; lin-22 and lin-39 mab-5; lin-22 animals in order to assess
whether lin-39 was partly or fully responsible for the ectopic L3 proliferative
divisions seen in lin-22 and mab-5; lin-22 mutant animals. Analysis of the
lin-39; lin-22 double mutant shows that lin-39(+) activity is also not required
for these L3 divisions (Figure 4-15). When both mab-5 and lin-39 activities
are removed from a lin-22 male, the number of L3 proliferative divisions
appears reduced, but is clearly not eliminated (Figure 4-16). Mutations in
egl-5 have no effect on these L3 divisions in the wild type, and it was not
examined. These data suggest that the known Hox genes are not responsible

for the ectopic L3 divisions in lin-22 mutant males.
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Analysis of the lin-32 mutation and its effects on lin-22

An extensive analysis of lin-32(e1926) and lin-22(n372); lin-32(e1926)
was carried out by Kenyon (Figure 3-3). This allele of lin-32 blocked the
formation of ectopic postdeirids, but affected neither the L3 proliferative
divisions or the formation of ray precursor cells seen in lin-22 males.

However, this is not the strongest known lin-32 allele (Zhao and Emmons,

1995). Figure 4-17 is an analysis of the effects of the strongest lin-32 allele,

NI

u282, on the wild type V5 and V6 L3 proliferative divisions. Loss of lin-32
function does not interfere with the normal doubling divisions generated by
Vé.pap, V6.ppp, or V5.ppp. However, it was seen that the V5.pa branch of the
lineage that would have generated the postdeirid did not undergo an L3
proliferative division in a ¥282 mutant (this is also true for the 3 e1926

animals analyzed as well). So what happens to the ectopic L3 division in a

- e

lin-22; lin-32 double mutant? Lineaging this division shows that all the

-

Lol LIDRA

Vn.pap and Vn.ppp cells, including the V5.pap branch, undergo the L3

\

proliferative divisions in lin-22; lin-32 males (Figure 4-18). L3 lineages of
lin-22 males with mutations in both lin-32 and mab-5 indicate that the L3
proliferative divisions still occur in this background as well (Figure 4-19).

Ectopic L3 proliferative divisions occur in lin-22 mutant males even in
the absence of: 1) mab-5, 2) lin-39, 3) mab-5 and lin-39, 4) lin-32, and 5) mab-5
and lin-32. Taken together, these data intimate the existence of an additional
gene activity that is regulated by lin-22(+) to block L3 proliferative divisions
in the anterior V cells.

Finally, Figure 4-20 outlines the strategy for mosaic analysis of the
lin-22 gene. This strategy was never successful, probably because the free

duplication mDp1 was lost from the soma at a very low frequency.
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Summary of Antibody Staining Data

In addition to an analysis of the Mab-5 expression pattern in lin-22
animals during the L3 stage (Figure 3-4), the L2 stage was also intensively
examined. Figure 4-21 shows the L2 staining pattern of mab-5 in a lin-22
mutant at 15-17 hours post-hatching. The ectopic staining of mab-5 can be
seen in the posterior daughter(s) of V1.p, V2.p, and V4.p, as well as in H2.p.
Table 4-1 outlines the mab-5 expression pattern at various timepoints from
early L1 until the L3 proliferative divisions. The results indicate that the
ectopic staining is found in a pattern identical to that seen for mab-5
expression in the wild type V5 cell (S. Salser pers. comm.).

Because a mutation in lin-22 alters the protein expression pattern of
the Hox gene mab-5, I decided to examine the expression pattern of lin-39 in a
lin-22 mutant. An analysis of lin-39 RNA (Table 4-2) and protein (Table 4-3)
expression in lin-22 shows that lin-22 mutations do not cause the expansion
of the lin-39 domain of expression, not even at a time (15-17 hours) in which
lin-22 clearly alters mab-5 expression. (The levels of lin-39 transcript
appeared to be slightly elevated in the lin-22 mutant, but since there can be a
significant amount of slide to slide variation in the staining protocol, this
experiment needs to be repeated before it is believed).

In an attempt to distinguish between the formation of postdeirid vs.
ray neurons in various lin-22 mutants, I modified a protocol in which the
nucleotide analog 5'-bromo-2'deoxyuridine (BrdU) could be used to
selectively label the nuclei of cells born after the L3 proliferative divisions

(Figure 4-22). The standard staining protocol for MH27 (Francis and
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Waterston, 1991) was then used to visualize the seam cell outlines in
conjunction with the BrdU-labeled nuclei. This protocol was perfected but

never utilized.

lin-22 Cloning Data

This is the complete strategy of the cloning of lin-22, encompassing

N1

Figures 4-22 to 4-24, and Table 4-4. Strain maintenance and construction
carried out according to S. Brenner (Brenner, 1974). Southern hybridization
analysis and the maintenance and screening of A libraries was carried using

standard techniques (Church and Gilbert, 1984; Feinberg and Vogelstein, 1984;

LIDI\R

Sambrook, et al., 1989). Transformations were carried out according to (Mello,

et al., 1991). YAC preparation and maintenance was carried out according to )

(Burmeister, et al., 1991; Gaensler, et al., 1991) and the use of cold DNA to / :’
)

"swamp" out repetitive sequence was a modification of Frazer (Frazer, 1993). e

:!

1. The lin-22 mutation mapped genetically to the left arm of chromosome IV
between the genes lin-1 on the left and unc-33 on the right, a span of
approximately 8 genetic map units. At the time unc-33 was cloned, but lin-1
was not, and the next DNA contig was associated with the gene daf-1, many

map units to the left of lin-1.

2. We attempted to clone lin-22 by first isolating a physically linked
polymorphism, in this case a Tc1 transposable element (Figure 4-23;(Costa, et
al., 1988; Ruvkun, et al., 1989)). The strategy was to cross a strain containing

lin-1 and unc-33 mutations, which only contains about 30 Tc1 elements, to a
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different C. elegans strain containing upwards of 300 Tc1 elements, and then
selectively maintain only those extra Tc1 elements contained within the
region between lin-1 and unc-33. lin-1(e1275) unc-33(e204) were crossed to
him-5(e1490) males and the F1 males (e1275 €204/ +) were crossed to N62 and
TR403 hermaphrodites. The hermaphrodite progeny from this cross were
cloned out and their e1275 204/ N62 male progeny were identified and
mated to lin-1(e1275) lin-22(n372) unc-33(e204) hermaphrodites in single male
matings. The resultant e1275 n372 e204/N62 male cross progeny were
backcrossed to e1275 n372 €204 in single male matings, making sure that no
recombination had occurred between lin-1 and unc-33. This process was
repeated for a total of eight backcrosses.

The TR403 derived congenic strain, 3C7, was made by Elly Tanaka, but
was subsequently found to contain no extra transposable elements from this
region. Three resulting congenic strains were generated from N62 (C3, P3,
and N22) that contained variable numbers of extra Tcl elements potentially
in the lin-1 to unc-33 vicinity based on Southern blot analysis of Xbal digested
congenic DNA probed with 32P-labeled Tc1 DNA. Thirty-one recombinants
were generated between lin-1 lin-22 unc-33 and the three congenic strains.
These recombinants were made homozygous and DNA was prepared from
them. Southern blot analysis identified a single Tcl element that appeared to
be closely linked to lin-22. An additional 17 recombinants were later
generated between lin-1 lin-22 unc-33 and congenic strain C3, which
contained only 2 extra Tcl elements from this region. This showed
unequivocally that this Tc1 (called Tc1 Band#4) was approximately 0.25
genetic map units to the left of lin-22 (Figure 4-23).
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3. The Xbal DNA fragment containing this Tc1 Band #4 and the flanking
genomic DNA was cloned into pIBI31 (IBI). Several attempts to use this
genomic DNA to isolate clones from a genomic lambda library were
unsuccessful. From this fragment a 450 bp subclone of genomic DNA was
isolated that was free of repetitive DNA. When this fragment was used to
probe a polytene YAC blot containing the entire known C. elegans genome,

no positives were identified.

4. The 450 bp subclone was then sent to the lab of Bob Waterston at
Washington University at St. Louis. Bob Waterston is in charge of one of the
C. elegans genome centers, and it is here that all the C. elegans YAC clones are
generated. The center had generated many "orphan” YACs that were not
affiliated with any particular chromosome, so they were very interested in
using my DNA to help identify YACs from this region of chromosome IV
(which would of course help me to get DNA from the lin-22 region. DNA
from the 450 bp subclone was sent to St. Louis along with DNA sequence of
the subclone that would allow them to make PCR primers. Using the 450 bp
lin-22-linked DNA as a probe, Bart Lutterbach in the Waterston lab identified
eight YACs and one cosmid from this region. He then confirmed the result

using PCR with the primers against the 450 bp subclone.

5. The eight YACs were prepared in agarose blocks as per (Burmeister, et al.,
1991; Frazer, 1993) and run on Pulse-field electrophoresis gels (PFGE). The
bands containing the YACs were identified by Southern analysis using the
PYAC4 vector as probe. Subsequently, PFGE gels were run for each YAC, and
the YAC bands were cut out of the gel. The gel slices were treated overnight

with agarase (NEB protocol), placed on ice 5 minutes, spun 5 minutes in
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Eppendorf microfuge to pellet undissolved agarose, phenol/CHCI3 extracted
twice, and then precipitated with 1/10 volume 3M NaOAc + 2.5 volumes
EtOH. DNA was also made from the single cosmid from the region, KO8D11.

6. DNA from all eight YACs + K08D11 were independently microinjected
into the gonads of lin-22 hermaphrodites at an approximate concentration of
3-10 ng/ulL, along with pRF4 (a rol-6 dominant coinjection marker) at a
concentration of 50 ng/uL. No rescue of the lin-22 phenotype was ever seen
in the F1 generation, so established lines able to transmit the injected DNA to
their progeny had to be generated for each YAC tested (see Table 4-4). A single
YAC (Y68H6) was found to rescue the lin-22 phenotype.

7. Y68H6 was used as a probe against an unamplified C. elegans genomic
library and found to hybridize to hundreds of clones, indicating the presence
of repetitive DNA. Y68H6 was then used to probe the unamplified library
using cold genomic DNA to "swamp out" the repetitive DNA contained in
the YAC (see Frazer, 1993 ). The protocol involves mixing radiolabeled YAC
probe with 10-20 (up to 80) ug of sheared total worm DNA and pYAC4 vector
DNA. This mix is boiled together for 5' and allowed to cool for 2 hours at
650C before being used. In theory, this helps remove radiolabeled repetitive
DNA from the pool of probe. Using this technique 41 positives were
identified, and DNA was made from 28 clones. These clones were hybridized
to one another to look for overlap and subsequently placed into pools of 4-6

based on the overlap data (see Table 4-4).

8. Two pools of 1 clones were found to rescue the lin-22 alae defect. Only a

single 15kb clone, 110, was capable of completely rescuing the lin-22
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phenotype alone (see Table 4-4). Lambda DNA from this clone was subcloned
into into =6kb (RV6) and =9 kb (8.5#6) fragments, neither of which was able to
rescue the lin-22 phenotype (Figure 4-24). The plasmids could only be
maintained intact using SURE cells (Stratagene; cells particularly suitable for
growing DNA with odd repeat sequences). A number of restriction fragments
from this 1 clone were also generated and used in rescuing attempts. Only a
single 12 kb fragment showed rescuing activity (Figure 4-24). 106 clones from
the Martin 1-2kb cDNA library were screened with the 15 kb A10 insert. A
single positive was identified, and which hybridized to the righthand 3 kb
Spel-Xhol fragment of lambda 10. When sequenced, this cDNA did not
contain any large open reading frames, so it is unclear if any of this sequence
is part of an actual gene. (It is most likely that this sequence contains some
repetitive DNA that is found in this region of A10, as the sequence never

matched any of the genomic sequence from this region).

9. We started to sequence the genomic DNA in an attempt to discover an
open reading frame that could encode the lin-22 gene. Clone 8.5#6 was
subcloned into 3 smaller fragments in pBluescript KS- : 8.5L, 8.5C, and 8.5R
(Figure 4-24). Sequencing primers homologous to pBluescript were used to
generate the initial sequence, and subsequently a Millipore Cyclone Plus
Oligonucleotide Synthesizer was used to make primers to sequence walk.

The obtained genomic DNA and the primers used are listed in Figure 4-25.
We started sequencing all three of these subclones until the rescue data
indicated that the 8.5C region was important. It was within this clone that the
bHLH homology was discovered. The large = 1.5 kb intron contained between

helix 1 and helix 2 was not sequenced because of strong sequence stops. All
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the available genomic sequence 3' to helix 2 was subsequently sequenced in

an attempt to locate the C-terminus of the gene (Figure 4-25e-i).

10. We used RT-PCR in an attempt to identify the lin-22 cDNA. Total RNA
from a him-5(e1490) strain was reverse transcribed using an oligo dT primer.
Using a primer homologous to the C. elegans SL1 splice leader sequence and a
second primer that hybridized to helix 2 of the basic helix-loop-helix domain,
a total of 40 rounds of PCR were carried out (hot start at 94°C and then each
round at 1' 94°C, 1' 55°C, and 3' 72°C ) on the reverse transcribed RNA to
generate the 5' end of the lin-22 sequence. This was followed by an additional
30 rounds of PCR on the product using a nested internal primer. The
identical strategy was followed using oligo dT and a primer homologous to
helix 1 to identify the 3' end of the gene. This strategy worked extremely well
for identifying a putative 5' end; however, I could never conclusively locate
the actual 3' end of the gene. In one instance the use of the helix 1+ oligo dT
primers led to the identification of real cDNA sequence (containing helix 2),
but it was prematurely terminated because the oligo dT primer had
hybridized to an A-rich region of what appeared to be coding sequence (see
the region labeled SHR in Figure 4-25e). A second set of nested primers was
built in this region, and these primers were again used with oligo dT in PCR
reactions to find the 3' end. Again, a band was generated in which the oligo
dT had hybridized to another A-rich stretch that was in frame with the last
sequence generated. This sequence may be part of the lin-22 gene, but since
there was no intron between the primers, it is unclear if this sequence is really
cDNA or is due to genomic contamination. I made yet another primer
homologous to the end of this sequence (Figure 4-24e), but could never get a

PCR band using this primer in conjunction with oligo dT. It is possible that
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these sites of spurious dT hybridization arose in the reverse transcription
reaction, so I tried a number of methods to eliminate this potential problem,
such as lowering the concentration of oligo dT, and raising the temperature.

However, neither of these attempts were successful.

11. This basic HLH gene was shown to be lin-22 because RT-PCR of the three
lin-22 mutants led to the identification of a mutation in glutamate-30 of the
cDNA sequence of the n372 allele. The presence of this mutation was

confirmed by PCR sequence analysis of this portion of n372 genomic DNA.

12. Over 4 million clones from 3 different cDNA libraries were screened
using the PCR-derived lin-22 cDNA as probe, and no positives were
identified. This lin-22 cDNA sequence was also used to probe a Northern blot
of worm RNA made by S. Shivakumar. A single band was identified in a
lane containing 2 ug of polyA+ RNA after exposure for 2 weeks using 2 32P-

enhancing screens. The size of the band was = 400-450 bp.
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Figure 4-1. LI-L2 lineages of the lateral ectoderm of lin-22(n372);
him-5(e1490) animals.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. Dashed lines indicate
that a particular cell or branch of a lineage was not observed. Cell deaths are
indicated by "X". Complete and partial postdeirid lineages are indicated by a
bracket. The wild type lineage for both males and hermaphrodites is shown
above the mutant lineages for reference. The L1 lineages of H1-V6 are not
obviously altered by a mutation in lin-22. However, during the L2 stage the
anterior V cells V1-V4 adopt the fate of the V5 cell and divide to generate
ectopic postdeirids (or the beginning of the postdeirid lineage). In addition to
transforming V1-V4 into a V5-like fate, the lin-22 mutation can also cause the
posterior branch of H2 to adopt the V cell fate (at a frequency of 2/6) and
undergo a doubling division during the L2 stage. However, H2 was not
observed to generate a postdeirid (0/6 animals).

METHODS. Lineages were carried out at 20°C as per Sulston and Horvitz
(1977).
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Figure 4-2. L2 larval lineages of cells of the lateral ectoderm in lin-22(n372);
him-5(e1490) males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. Dashed lines indicate
that a particular cell or branch of a lineage was not observed. A "?" indicates
that the fate of the particular cells indicated was not observed. IEILI =
postdeirid lineage. Cell deaths = "X". The "L" or "R" designation following
the number of each animal indicates that either the left (L) or right (R) side of

the animal was lineaged. The L1 lineages were not observed for these

animals, but the pattern was inferred by the number and types of cells present.

These data again indicate the ability of V1-V4 to adopt a V5 fate in the lin-22
mutant and to generate postdeirid neuroblasts from the Vn.pa branches of
their lineages. A fraction of the V(1-4).pa cells also reiterate the Vn.p lineage
to produce a postdeirid neuroblast and an additional seam cell as well (see the
V3.pa lineage from male #3CR). The majority of ectopic postdeirid lineages
appear to be wild type (sister cells adopt the same fate in only the V3
postdeirid from male #2CL).

METHODS. Lineages were carried out at 20°C according to Sulston and
Horvitz (1977).
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Figure 4-3. L3 lineages of the lateral ectodermal cells in lin-22(n372);
him-5(e1490) males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. Lines of equal length
following a division ( ) indicate that the fates of the daughters were still
unknown when the lineage was terminated. The approximate stage of the
animal is shown to the right of each set of lineages. Cell deaths are marked
with "X". Dashed lines indicate parts of the lineage that were not directly
observed, but were inferred from the presence of the correct type and number
of cells present when the lineage was initiated. I",F'i = postdeirid lineage. The
presence of "L" or "R" following the number of an animal indicates which
side of the animal was lineaged. The L3 proliferative division is indicated in
BOLD lines. The polarity of the granddaughters of the L3 proliferative
division is indicated with an arrow (in which an arrow pointing to the right
indicates that the posterior daughter was the seam cell). These data show that
the majority of the anterior V cells adopt the L3 fate of the V5 daughters and
undergo an extra proliferative division at this time. #1AL illustrates that H2
is also capable of adopting the V5 fate and undergoing an extra L3 division. In
addition, the extra seam cells produced from reiterations of the Vn.p cell in
#2BR fail to undergo the extra L3 division. However, the V4.pappp cell
appears to have adopted a ray precursor cell fate. The division of the anterior
V4.papppa cell is indicative of this fate. S. Salser has seen that the L3
proliferative division generally precedes and promotes ray precursor
formation. However, ray precursors can be generated without this extra

division. These lineages also indicate that the ectopic proliferative divisions
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seen in the anterior V cells contain polarity reversals at a high frequency
(12/31 scorable L3 divisions).

METHODS. Lineages carried out at 20°C according to Sulston and Horvitz
(1977).
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Figure 4-3, cont.
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Figure 4-4. Comparison of alae production in the three lin-22 alleles.

The figure shows the percentage of alae formed in a particular body region,
relative to a value of 100% for wild type, graphed against its location along the
anterior-posterior axis. The cartoon worm shows (from anterior to posterior):
the two pharynx bulbs, the BDU neuron, the anterior bend of the gonad, the
ALM neuron, the posterior bend of the gonad, and the tail fan. The number
of animals scored was n=35 for mu5, n=38 for mu2, and n=37 for n372. The
production of alae is indicative of the formation of epidermal seam cells from
the V cell lineages, while the loss of alae reflects the transformation of seam
cells into neuronal ray precursor cells seen in lin-22 mutants. The results of
the comparison suggest that mu2 and n372 males generated similar amounts
of alae, whereas mu5 makes significantly more alae, especially noticeable in
the central body region.

METHODS. Males in L4 lethargus were placed onto 2% agarose pads. The
total length of the male and the length and location of each patch of alae was
recorded using a reticle under 100x Nomarski optics. All data were then
normalized to a single standard length. Wild type male contains virtually
100% alae from the posterior bulb of the pharynx to the start of the tail fan.

All alleles were analyzed at 20°C.
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Figure 4-5. Temperature sensitivity of alae production in the three alleles of

lin-22.

The figure shows the percentage of alae formed in a particular body region
graphed against its location along the anterior-posterior axis. The production
of alae is indicative of the formation of epidermal seam cells from the V cell
lineages, while the loss of alae reflects the transformation of seam cells into
neuronal ray precursor cells seen in lin-22 mutants. The cartoon worm
shows (from anterior to posterior): the two pharynx bulbs, the BDU neuron,
the anterior bend of the gonad, the ALM neuron, the posterior bend of the
gonad, and the tail fan. Wild type males make alae at a frequency of =100%
from the posterior pharynx bulb to the tail fan.

a. Effects of temperature on alae formation in mu5. The number of animals
scored was : n=37 at 16°C, n=35 at 20°C, and n=39 at 25°C.

b. Effects of temperature on alae formation in mu2. The number of animals
scored was : n=40 at 16°C, n=38 at 20°C, and n=40 at 25°C.

c. Effects of temperature on alae formation in n372. The number of animals
scored was : n=39 at 16°C, n=37 at 20°C, and n=34 at 25°C.

Analysis of alae production in (a), (b), and (c) indicates that the formation of
alae appears to be temperature sensitive for all three alleles, with alae
production being favored at lower temperatures while production of
neuronal structures is favored at higher temperatures. This is likely to not be
the result of a temperature sensitivity in the lin-22 mutants proteins because
similar effects of temperature on ray formation has been seen in other genetic
backgrounds. The reasons for why higher temperatures favor neuronal

production by the V cells is presently unknown.
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METHODS. Males in L4 lethargus were placed onto 2% agarose pads. The
total length of the male and the length and location of each patch of alae was
recorded using a reticle under 100x Nomarski optics. All data were then
normalized to a single standard length. The wild type male contains virtually

100% alae from the posterior bulb of the pharynx to the start of the tail fan.

113



a. mub

Figure 4-5

100

80 1

60-\-

4071

20 -+~

T 0-
2
s
k=
§
B
Q
=3
o
o
et
Q.
)
=
<
(=]

S 1007

801

60#.

404

204

0.

16°C

25°C

Location along anterior-posterior axis

114



b. mu2

% alae production in mu2

100 7
80 1

40 1
20 1

o

100 1
80 1

a1
20 1

(=)

:

80 1

40 A

20

Figure 4-5

20°C

25°C

Location along anterior-posterior axis

115



Figure 4-5

¢. n3/72

100--@@ - : D, l\]

80 T

16°C
40 T

20 1

100 T

80T
20°C
40 1
20 1

——— +

% alae production in n372

100 T
80+

25°C
40 -
20 - |
0 .-‘-%...‘II‘I)._M_._‘_F;_‘_‘__H_H_;_.{__}._‘_‘_H

Location along anterior-posterior axis

116



Figure 4-6. Effects of temperature on postdeirid production in lin-22(n372); \
him-5(e1490)animals.

The graph shows the percentage of postdeirid production by each V cell in lin- .
22(n372) mutant animals at three different temperatures. The legend
indicates how each temperature is represented. Generation of postdeirids in

the n372 allele of lin-22 was examined in late L2/early L3 animals at 15°C,

20°C, and 25°C. The number of animals scored at each temperature is given ::
in the legend. There are only slight differences in postdeirid formation by the ot
different V cells at the three temperatures. >
METHODS. Postdeirid production by the V cells was identified and scored as 5 -
per Waring et al. (1992). o
.}
™
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)
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Figure 4-7. Postdeirid production in lin-22 is dependent on the sex of the -

animal.

The graph shows the percentage of postdeirid production by each V cell in lin- o
22(n372) hermaphrodites (a) and males (b). The legend indicates how each sex

is represented and lists the number of animals scored. Postdeirid formation ﬁ
by V2-V5 is virtually identical in both males (76-94%) and hermaphrodites
(79-91%). However, a statistically significant difference exists in the frequency ::
of postdeirids made by the V1 lineage: males generated V1 postdeirids at a - :
h

frequency of 43%, while the hermaphrodite frequency was only 6%. p—
METHODS. Postdeirid production by the V cells was scored in late L2/early 5 =
L3 males and hermaphrodites as per Waring et al. (1992). p
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Figure 4-8. Three wild type copies of the lin-22 gene cause the QL descendants

to migrate towards to anterior.

The figure shows the left side of C. elegans during late L2, with anterior to the
left. The V cell daughters are shown, with the Vn.a cells identified. @ = the
wild type QL descendants SDQ and PVM, shown in their proper position next
to the V5 postdeirid. O = the wild type QR descendants. They are shown
here, between V1 and V2, to illustrate the distance that the Q descendants
migrate on the right side of the animal. @ = QL descendants SDQ and PVM
scored in lin-22 +/+/+ animals. The approximate locations of each QL
descendant is shown. In animals with three wild type copies of lin-22, the QL
descendants were misplaced anteriorly in 9/47 animals scored (19%). Control
animals of the genotype

lin-22(-)/lin-22(-)/+ do not show this phenotype. The mab-5 gene is necessary
and sufficient to direct the keep the QL cells in the posterior (Salser and
Kenyon, 1992). lin-22 can inhibit mab-5 activity in the V cells, so it is possible
that overexpression of lin-22 repress mab-5 function in the Q cells as well.
This phenomenon was never seen in 2 strains carrying extrachromosomal
arrays of the lin-22-rescuing clone 110. No obvious effects were seen in the
QR descendants.

METHODS. 101 animals of the genotype unc-17(e245) dpy-13(e184); him-
5(e1490); mDp1 were scored for the position of QL and QR at 20°C. Asa
control, 111 animals of the genotype lin-22(mu2) unc-17(e245) dpy-13(e184);

him-5(e1490); mDp1 were scored, and no Q cell defects were observed.
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Figure 4-9. mab-5 mutations decrease the number of ectopic rays generated in

a lin-22 mutant male.

Mutations in lin-22 lead to the generation of ectopic sensory rays in the
anterior of the male, resulting in the concomitant loss of alae-producing
epidermal cells. The locations of patches of alae are shown relative to the
cellular and anatomical markers used to help score their location along the
anterior-posterior axis. Alae were scored from approximately the posterior
pharynx bulb to the tail fan, using such markers as: the end of the second
pharynx bulb, the BDU cell, the anterior bend of the gonad, the ALM cell, the
posterior bend of the gonad, and the beginning of the tail fan. Arrowheads
represent males with no alae. The loss of mab-5 activity in a lin-22
background greatly decreases the formation of ectopic sensory rays, especially
in the anterior of the animal, and leads to an increase in alae production.
This was first observed by Kenyon (1986).

METHODS. The presence and location of alae was scored in lin-22(n372)
(n=37), mab-5(e1239); lin-22(n372) (n=37), and wild type (n=23) males at 20°C
according to the methods in Figure 4-4 and Figure 4-5. All strains contain the
mutation him-5(e1490). No sensory rays are produced in mab-5 mutant

animals, and alae extends into the fan of the tail (n=50).
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Figure 4-10. Genetic dosage analysis of mab-5 and lin-22.

Schematic showing the phenotypes of animals bearing various copy numbers
of the mab-5 and lin-22 genes (see also Kenyon, 1986). Genotype is listed at
the right with the copy number of each gene shown at the left. Drawings of
male worms of the indicated genotype illustrate the phenotype: bold lines
indicate the V-derived rays, the triple lines represent cuticular alae, and the
four cells of each individual postdeirid are indicated. The wild type male
contains alae from the head to the fan and makes six sensory V rays in the
tail. In lin 22 mutants the six V rays are still found in the tail, but addtional
rays are generated ectopically in the anterior at the expense of alae.
Hemizygosity for mab-5 leads to an increase in the amount of alae
(particularly in the anterior) in a lin-22 mutant, while two mutant copies of
mab-5 results in even more alae production. In males mutant for just mab-5
none of the six V rays are produced and the male makes alae into the tail.
26% of mab-5; lin-22 /+ males generate a single V ray, and 2% of these males
make two rays. (This was only observed at 25°C, where the production of
neuronal structures appears to be favored). Loss of both copies of lin-22
further increases the average number of V rays in the tail to 1.4 (n=37), with a
range of one to four. Thus, these two genes appear to function
antagonistically to one another to promote either neuronal (mab-5) or
epidermal (lin-22) cell fates in the V cell lineages.

METHODS. Strain construction and maintenance were performed according
to Brenner (1974). The mab-5 allele used was e1239, and the lin-22 allele
examined was n372. All strains were him-5(e1490). The following are

controls for the generation of single ectopic tail rays at 25°C: 1239; 1490 =
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Figure 4-11. lin-39 and egl-5 activities play a role in generating the ectopic

sensory rays seen in mab-5; lin-22 mutants.

The locations of patches of alae are shown relative to the cellular and
anatomical markers used to help score their location along the anterior-
posterior axis (as in Figure 4-9). Alae were scored from the posterior pharynx
bulb to the tail fan, using such markers as: the end of the second pharynx
bulb, the BDU cell, the anterior bend of the gonad, the ALM cell, the posterior
bend of the gonad, and the beginning of the tail fan. When either lin-39 or
egl-5 activity is removed from the mab-5; lin-22 double mutant, the
formation of ectopic sensory rays is reduced, primarily in those regions in
which the particular gene is known to function in the wild type.

METHODS. Late L4 and adult males of each genotype were scored for gaps in
alae production along the A-P axis. The location and extent of each gap was
estimated by its position relative to numerous body structures and cells along
the A-P axis (the end of the pharynx, the BDU cell, the anterior end of the
gonad, the ALM cell, the dorsal to ventral bend in the gonad, the start of the

fan, and the T rays). All animals grown at 20°C.

128

\

LW/ 1\ )

M\JVI

e

r)



Figure 4-11

\)

== _-—— Ej'h -
| _———| -
mab-5; lin-22 =l ot
=== -
— [
= j
lin-39 mab-5; = = - —
lin-22 — )
-
:p s
>
mab-5 egl-5; = =t

lin-22

— -
- — ———

- —

—

—

——

——

——

e —a—

— e e—

lin-39 mab-5 egl-5; ——
lin-22 = _

129



Figure 4-12. Analysis of the ray-promoting activities of the C. elegans Hox

genes in lin-22 mutant males.

This figure is a graph version of the data presented in Figures 4-9 and 4-11.
The y-axis indicates the position of the various body regions scored (indicated
by their relative position to the cartoon worm shown above). The graph at
the right, shown with stippled boxes, is the average number of V-derived rays
generated in the tail (the x-axis scale is from 0 to 6, 6 being the maximum
number of V rays made in the wild type). The graph at the left, shown with
solid boxes, gives the average percentage of a region that contained no
cuticular alae. Gaps in the alae reflect a transformation of an epidermal
lineage into a neuronal lineage. When this takes place, the cells of the lateral
epidermis (which generate alae) are replaced by sensory rays and tail seam
cells, resulting in gaps in the alae. Loss of mab-5 function does not eliminate
production of sensory rays in a lin-22 mutant. Removing the activities of the
Hox genes lin-39 (central body region) or egl-5 (tail) results in decreased ray
production in their respective domains of activity. A strain carrying
mutations in mab-5 lin-39 egl-5 and lin-22 was constructed. Animals of this
genotype are stunted, slow growing, and often inviable. However, males
which survive are capable of making rays randomly along the A-P axis at a
frequency of 18-31% (n=46). Due to male inviability it is unclear how these
numbers are biased.

METHODS. Late L4 and adult males of each genotype were scored for gaps in
alae production along the A-P axis. The location and extent of each gap was
estimated by its position relative to numerous body structures and cells along
the A-P axis (the end of the pharynx, the BDU cell, the anterior end of the

gonad, the ALM cell, the dorsal to ventral bend in the gonad, the start of the
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fan, and the T rays). For each animal, the size of an alae gap was estimated as
the % of a particular body region. Given the crudeness of the estimation, the
numbers generated are not to be taken as exact. The graph shows the average
gap size generated in each body region for a particular mutant strain. The
following alleles were used in making the strains: lin-39(n1760), mab-5(e1239),
egl-5(n945), and lin-22(n372). All strains contained the mutation him-5
(e1490) to increase the number of males generated. The number of animals
scored for each strain were as follows: wild type (n=23), lin-22 (n=37), mab-5;

lin-22 (n=37), lin-39 mab-5; lin-22 (n=36), and mab-5 egl-5; lin-22 (n=26).
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Figure 4-13. Effects of mutations in the Hox genes mab-5 and lin-39 on

postdeirid production in lin-22.

The graphs show the percentage of postdeirid production by each V cell for
four different genotypes in both hermaphrodites (a) and males (b). The
legend indicates how each genotype is represented. In both males and
hermaphrodites, mutations in mab-5 had no statistically significant effect on
ectopic postdeirid formation in lin-22. However, the addition of the lin-39
mutation to either lin-22 alone or to mab-5; lin-22 resulted in lowering the
levels of postdeirid production in V2-V4 to that of V1 in both
hermaphrodites and males. Although mutations in lin-39 do not normally
affect the V cells, these data suggest a role for lin-39 in patterning the V cells.
lin-39 expression is seen in V2-V5 (Wang et al., 1993; J. Maloof, pers. comm.),
so perhaps lin-39 functions in these cells to prevent them from adopting a V1
cell fate.

METHODS. Postdeirid production by the V cells was scored as in Waring et
al. (1992). The following strains were tested: lin-22(n372), mab-5(e1239); lin-
22(n372), 1in-39(n1760); lin-22(n372), and lin-39(n1760) mab-5(e1239); lin-
22(n372). All the strains contained the male-generating mutation him-
5(e1490)and were grown at 20°C. Animals mutant for lin-39 were obtained by
cutting open gravid hermaphrodites as in Figure 4-15. Postdeirid suppression

was also seen for the mu26 allele of lin-39 (n=50).
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Figure 4-14. Ectopic L3 proliferative divisions still occur in animals mutant

for both mab-5 and lin-22.

Representations of the canonical V cell lineages in animals of the genotype
mab-5(e1239); lin-22(n372); him-5(e1490). The vertical axis represents time
and the horizontal axis represents the direction of cell division, with anterior
to the left. The approximate stage of the animal is shown to the right of each
set of lineages. The larval stages L1-L3 are indicated at the left of the lineages.
The L3 proliferative divisions are marked in BOLD. The data is a summary of
n=11 males and indicates that all V cells are capable of generating L3
proliferative divisions. In mab-5 mutant males, the extra L3 divisions do not
occur in V5 or V6, indicating that mab-5 activity is normally required to
induce these divisions in the posterior body region (see Figure 3-1c).
However, mab-5 is not required for the proliferative division in lin-22
mutants: the extra L3 divisions can still occur in anterior V cells and also in
V5 and V6 in a mab-5; lin-22 double mutant [see also a complete mab-5; lin-22
lineage in Kenyon (1986)].

METHODS. mab-5(e1239); lin-22(n372); him-5(e1490) were staged using a
Nitex filter according to Sulston and Hodgkin (1988). The animals were
grown for 26-28 hours at 20°C (just after the time at which the L3 divisions are
occurring) and the V cell daughters were scored using Nomarski optics as per

Sulston and Horvitz (1977).
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Figure 4-15. Loss of lin-39 activity does not prevent L3 doubling divisions in

lin-22 males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. Lineages indicated by
dashed lines were not directly observed. "R" = the formation of a ray cell
group from that branch of the lineage. The actual ray lineages were not
observed, but the formation of the ray was scored. Larval stages are shown at
the right. L3 proliferative divisions are shown in BOLD. lin-39; lin-22 males
were lineaged in order to analyze the effects of lin-39 on the ectopic L3
proliferative divisions seen in lin-22. The data show that loss of lin-39
activity does not prevent the occurrence of normal or ectopic L3
proliferations.

METHODS. Gravid lin-39(n1760); lin-22(n372); him-5(e1490) hermaphrodites
were placed in M9 + 0.001% Trition X-100 in a depression-well slide and cut
open using a scalpel. Eggs were transferred to a seeded plate and allowed to
develop 24-36 hours. Late L2 larval stage animals were placed on 2% agarose
pads under 22mm coverslips sealed with either wax or vaseline and lineaged
under Nomarski optics as per Sulston and Horvitz (1977). Ray cell groups
were identified on the basis of their characteristic morphology of three

neurons and a nearby tail seam cell.
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Figure 4-16. Loss of both lin-39 and mab-5 function decreases but does not

eliminate the ectopic L3 proliferative divisions seen in lin-22 males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. The V cell lineages of
this triple mutant were often abnormal enough to prevent an unambiguous
determination of the L1-L2 lineages preceding the observed L3 lineages. As a
consequence, only a small number of V cell lineages per animal could be
determined. The presence of "L" or "R" following the number of an animal
indicates which side of the animal was lineaged. Lineages for #3L and #4R
were followed to adulthood. The presence of ray cell groups was confirmed
(although the cell deaths of the ray lineage were not observed) and the
production of a ray by a particular lineage is indicated. The larval stages are
indicated to the left of the lineages. The L3 proliferative division is marked
in BOLD. The data suggest that the loss of both lin-39 and mab-5 decreases the
frequency with which the L3 proliferative division takes place in the anterior
V cells, but does not eliminate it. It is also clear that ray precursor cells do not
strictly require the L3 proliferative division in order to make sensory rays.
METHODS. Gravid hermaphrodites of the genotype lin-39(n1760) mab-
5(e1239); 1in-22(n372); him-5(e1490) were placed in M9 + 0.001% triton X-100
in a depression-well slide and cut open using a scalpel. The eggs were
collected and allowed to grow into gravid hermaphrodites. Eggs were
collected from these hermaphrodites as above and allowed to develop for 24
hours at 20°C. Late L2/early L3 males were placed on agarose pads sealed with

wax and lineaged according to Sulston and Horvitz (1977).
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Figure 4-17. Effects of the strongest lin-32 allele, 4282, on the L3 proliferative

divisions of V5 and V6 in wild type males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. 'ry' ' = the postdeirid

lineage. rq:l:" = a ray neuroblast lineage. The L3 proliferative division is in

bold lines. In an analysis of n=3 males, the normal V6 and V5.ppp L3
proliferative divisions are unaffected by loss of lin-32 activity. However, the
V5.pa branch of the lineage that would normally generate the V5 postdeirid
fails to undergo the L3 doubling division in a lin-32 mutant (indicated with
an arrow). This is different from the anterior V cells of lin-22 mutants, which
fail to generate postdeirids. In those lineages, the anterior branch still
undergoes the extra L3 division (see Figure 3-1b).

METHODS. Newly hatched him-5(e1490); lin-32(u282) animals were staged
using a Nitex filter (Sulston and Hodgkin, 1988) and allowed to develop for 25
hours at 20°C. Animals were then mounted on agarose pads and lineaged
through the L3 divisions using Nomarski microscopy (Sulston and Horvitz,
1977). V cell patterns were determined based on the morphology, number,

and location of specific V cell daughters.
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Figure 4-18. Effects of the strongest lin-32 allele, 4282, on the L3 proliferative

divisions of the V cells in lin-22 mutant males.

The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The approximate stage of
the animal is shown to the right of each set of lineages. ’EF‘ = the postdeirid

lineage. r':,-:l:"l = a ray neuroblast lineage. The L3 proliferative division is in

bold. The results show that lin-32 has no effect on the ectopic L3 proliferative
divisions seen in a lin-22 mutant. Interestingly, the V5.pa branch of the
lineage that does not have an extra L3 division in lin-32 now proliferates as a
consequence of lin-22 activity. This confirms what was seen for lin-32 (e1926)
(Figure 3-3).

METHODS. Newly hatched lin-22(n372); him-5(e1490); lin-32(4282) animals
were staged using a 13um Nitex filter (Sulston and Hodgkin, 1988) and
allowed to develop for 25 hours at 20°C. Animals were then mounted on
agarose pads and analyzed using Nomarski microscopy (Sulston and Horvitz,
1977). V cell patterns were determined based on the morphology, number,
and location of specific V cell daughters. The L3 doubling was specifically

lineaged in a total of two animals.
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Figure 4-18
wild type male
V1 V2 V3 V4 i% V6
lin-22(n372); him-5(e1490); lin-32(u282)
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Figure 4-19. Lineages of mab-5; lin-22; him-5; lin-32 males.

a-c. The vertical axis represents time and the horizontal axis represents the
direction of cell division, with anterior to the left. The time of each cell
division is given to the left of each set of lineages. The wild type lineages of
V1-V4 and V5 are shown to the right of each mutant lineage for reference,
with the time of the first L3 division aligned to the first L3 division occurring
in the mutants. The wild type cell divisions are shown occurring at their
correct developmental time after hatching, with the times indicated to the
left. In all cases the cell divisions in the mutant males were delayed as
compared to wild type.

a. Lineage of the cells V1, V2, and V3 from the left side of male #1L. The
lineage was started at approximately 8 pm and all subsequent divisions
occurred at or before the times indicated to the left. The lineage was
discontinued at 11 am, but the worm was placed at 8°C overnight and viewed
the following day. The animal had clearly undergone further rounds of
division, suggesting that this male had experienced delayed development
during lineaging, and only the V3.pa branch of the lineage unambiguously
underwent the L3 proliferative division.

b. Lineage of V1-V3 from male #3R. Lineage was initiated at approximately
8 pm and continued for 19.5 hours, a which point the lineage was terminated.
The lineage suggests that, although delayed, the L3 proliferative division
nonetheless can occur in both the anterior and posterior branches of the V
cells when both mab-5 and lin-32 function is removed from lin-22 mutants.
c. Lineages of V1-V3 from male #4R. Lineage was started at approx. 8 pm and
continued for 17 hours. This animal was also placed at 8°C overnight and

viewed the following day. The lineage of this animal again suggests that at
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least some V cell daughters are capable of undergoing the L3 proliferative
division in the triple mutant. Further rounds of division had also clearly
occurred once the animal was removed from the slide, although the exact cell
asignments could not be made.

METHODS. Males of the genotype mab-5(e1239); lin-22(n372); him-5(e1490);
lin-32(u282) were placed on 2% agarose pads under 22 mm coverslips and
sealed in with vaseline. Animals were grown and lineaged at 20°C. Animals

were lineaged under Nomarski optics as per Sultston and Horvitz (1977).
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Figure 4-20. Mosaic analysis of the lin-22 gene.

In an effort to locate the site of action of the lin-22 gene, mosaic analysis
was attempted utilizing the free duplication mDp1, a large duplication of the
left arm of chromosome IV. Mosaic analysis was carried out using the
methods of Herman (1984) and utilizing the potentially cell-autonomous
marker osm-3(p802). osm-3 affects the sensory amphid cells of the head (ADF,
ADL, ASH, ASI, ASJ, ASK, and AWB) and the sensory phasmid cells of the

tail, of which there is a set on both the right and left sides of the animal.
Normally these cells extend processes into the environment which allow
them to take up fluorescent dyes such as fluorescein isothiocyanate (FITC)

and Dil (Hedgecock et al., 1985). Mutations in several genes, including osm-3,

— e — - ——

block the ability of these cells to take up dye. Many appear to be due to
changes in structural genes needed for the correct formation of the external
processes. osm-1 was found to act cell autonomously (Herman). We

attempted to use osm-3 in a similar fashion as a cell autonomous marker,

et A YA ]

although we did not know if it acted in a cell autonomous manner.

Control L2 and L3 him-5(e1490) animals were stained with either FITC
or Dil and found to stain reliably in ADF, ADL, ASH, ASI, AS]J, and ASK for
FITC, while only staining well in ADL, ASH, ASJ, and ASK (and weakly in
ASI and AWB) for Dil. The amphid staining pattern was then examined in
both Unc and non-Unc animals from the following strain: lin-22(mu2) unc-
17(e245) osm-3(p820); him-5(e1490); mDpl. The strategy was to look at
amphid staining for patterns that would suggest that the free duplication was
lost somatically in a particular branch of the lineage that included the V cells
(the cells we wished to analyze for lin-22 activity) For example, somatic loss

of mDp1 in AB.a would lead to no amphid staining in ADF, ADL, ASJ, ASK
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or AWB on the left side, but would still allow staining in ASI and ASK on the
left and in all the amphid cells of the right. If we saw this staining pattern we
would predict that V1, V2, V4, and V6 on both the right and left sides would
also have lost mDp1 and should be mutant for lin-22 while the V3 and V5
cells would be wild type. The figure shows the early C. elegans lineage with
the relevant amphid neurons circled and the V cells boxed. This illustrates
the various combinations of amphid staining and V cell phenotype that

would be linked depending on where mDp1 was lost in the lineage.

A total of 3857 animals were stained with fluorescent dyes and
examined for alterations in the amphid staining pattern. No interpretable '
patterns were ever observed suggesting that either the osm-3 gene does not

act cell autonomously, or that the somatic loss rate of mDp1 was negligible

— i — - -

and the spurious patterns seen were simply due to background staining
problems. Evidence against the first explanation comes from the recent
cloning of osm-3, which turns out to be a kinesin gene that is expressed

within the amphid neurons (Shakir et al., 1993; Tabish et al., 1995). Further

. A A |

support for this second explanation comes from the observation that mDp1
has a germ-line loss frequency of only 35-40%. The germ-line loss frequency
has been seen to reflect the somatic loss rate, and 35-40% compares
unfavorably to the duplication loss frequencies seen in successful mosaic
analyses, which range from >60-90% [see Herman (1984) and Hunter and

Wood (1990)].
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Figure 4-21. Anti-Mab-5 antibody staining during L2 in wild type and lin-22

mutant animals.

a-b. a-Mab-5 staining in the anterior (a) and posterior (b) of a wild type
animal. The location of the Vn.p daughters are indicated by the lineage
drawings. In both the wild type male and the hermaphrodite all four
daughters of V6.p express Mab-5, whereas only the posterior two daughters of
V5.pp express Mab-5 (b and Salser and Kenyon, 1995). None of the anterior
V1-V4 cells show any Mab-5 expression (a). The two strongly staining cells
near the V5.pa daughters are the two left Q descendents.

c-d. Mab-5 expression in the anterior (c) and posterior (d) of a lin-22 animal.
As in wild type, all four V6 daughters and the two V5.pp daughters express
Mab-5 protein (d). However, in lin-22(-) the daughters of V1-V4.pp also
express Mab-5 protein (c-d). This indicates that lin-22(+) normally functions
to prevent mab-5 expression in the anterior V cells. Salser and Kenyon (1995)
have shown that mab-5 expression must be off in V5.pa in order to allow the
postdeirid to form, and this pattern is conserved in V5 and the anterior cells
in a lin-22 mutant.

METHODS. him-5(e1490) and lin-22(n372); him-5(e1490) animals were staged
and stained at 15-17 hours post hatching (20°C) with anti-Mab-5 antibody and
DAPI according to S. Salser (pers. comm). V cell nuclei were located and

identified using the nuclear stain DAPL
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Table 4-1. Summary of V cell descendants staining with a-Mab-5 antibody at

specific times up to the L3 proliferative division in lin-22 mutants.

Time post-hatching is listed on the left, along with the actual V cell
descendants scored, and the number of animals with staining in the
daughters of a particular V cell are listed on the right. This pattern of
expression in V1-V5 mimics the wild type pattern for V5 as seen by S. Salser
(pers. comm.; see also Chapter 3 for further analysis). him-5 controls showed
no staining in any anterior V cell descendants at any timepoint (15-17hours,
n=19; 25+hours, n=22; all others n>10).

METHODS. him-5(e1490) and lin-22(n372); him-5(e1490) animals were staged
and stained with a polyclonal antibody to Mab-5 according to S. Salser (pers.
comm.). Animals from timepoints with weak or nonexistent anterior
staining were first selected on the basis on good morphology and clear V6

staining.
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Table 4-1

mab-5 staining in V cells

11
el V1 V2 V3 V4 V5 V6

a6 U, . 0/12  0/12 0/12 o/12 0/12 12/12
o0
S 810 veavep 0o/8 0/8 0/8 0/8 0/8  8/8
|9
E Vi Vi
% 1517 vemevews | 10/11  8/11  2/11 111 5/11  8/11
@] Vn.ppa, Vn.ppp
Qy
@
8 19-21 Voppa Vnppp 6/9 7/9 4/9 4/9 6/9 8/9
<

21-23  Vnppa Vnppp 0/8 0/8 0/8 1/8 1/8 8/8

156



X

bX L
R Camnmre. LY



Table 4-2. The lin-39: lacZ L1 expression pattern does not dramatically change

in a lin-22 mutant.

Wild type and lin-22 mutant animals containing a lin-39: lacZ fusion array
were analyzed during L1 for differences in the RNA expression pattern. The
frequency of V cell staining increased slightly in the lin-22 mutant, but the
domain of the expression pattern remained unchanged. The differences seen
could be due to variation in fixing slides or to the effects of differences
between the lin-22 and wild type cuticle.

METHODS. mulS5 (n=18) and n372; mulS5 (n=22) L1 rollers (mulIS5 contains
the lin-39:lacZ fusion array with the rol-6 dominant coinjection marker;
Wang et al., 1993) and were fixed and stained for £8-galactosidase activity
according to Fire (1992). Only animals with strong P cell staining were scored
for V cell staining. Strains were him-5(e1490). Staining frequencies for the V

and P cells in mulS5 are consistent with those seen in Wang et al. (1993).
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Table 4-2

% lin-39;lacZ Staining in each cell type

P3/4 P5/6 P7/8 Vi V2 V3 V4 V5 Vé

\4

mulS5 22 89 100 0 0 6 0 0 0
lin-22;

’ 5 95 100 0 0 23 5 14 0
mulS5
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Table 4-3. The lin-39 protein expression pattern does not dramatically change

in a lin-22 mutant.

The cells indicated were scored at the three different timepoints listed. Only
V2-V5 stain with the anti-lin-39 antibody in wild type animals (J. Maloof pers.
comm.). Table 4-3 lists the number of animals with ectopic staining in V1 or
H2. An ™" indicates the occurrence of weak staining in V1 which was never
seen to be as intense as that found in V2-V5. This occurred in both wild type

and lin-22 animals. Mutations in lin-22 do not appear to alter the lin-39

domain of expression. The levels of staining appeared identical for both wild
type and lin-22.
METHODS. him-5(e1490) and lin-22(n372); him-5(e1490) animals were staged

according to Figure 4-20 and stained with purified anti-lin-39 polyclonal

-

antibodies according to J. Maloof (pers. comm.). \
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Table 4-3

hours post-hatching
4-6 8-10 15-17
Vn.pa, Vn.pp
Vna, Vnp Vn.a, Vn,p Vn.paa, Vn.pap
Vn.paa, Vn.ppp
wild type 1/18* 0/>80 0/11
lin-22 1/14* 1/14* 1/15*
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Figure 4-22. Utilizing bromodeoxyuridine to selectively label ray vs.

postdeirid cell groups.

a. Male at 38-40 hours post-hatching stained with an antibody to BrdU and to
MH27, a cell adhesion molecule (Francis and Waterston, 1991). The animal
was fed BrdU-labeled bacteria starting at =25 hours after hatching. In the
figure, only the V cells daughters that arise after this time are staining
brightly. Co-staining with MH27 also allows the cell outlines to be observed.
b. Same male stained with DAPI. Most of the V cell daughters are out of the
plane of focus in order to better see the postdeirid cell nuclei, labeled and
marked with a bracket. These neuronal cells, which arise during the L2, are

not labeled with BrdU.

BrdU Staining Protocol
(adapted from MH27 protocol; Austin and Kenyon, 1994)

Labeling

1. Grow X2913 bacteria (E. coli strain mutant for thymidylate synthetase;
LIGHT SENSITIVE so grow in the dark) at 37°C in 1L minimal media

supplemented with 25 uM thymidine (or thymine) + 475 uM BrdU (this conc.

ratio was found by Steve Salser to be a good balance between incorporation

and growth)

2. Spin down cells and resuspend in 1/10 volume minimal media/thy/BrdU

(can just use growth media; store at 4°C)
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3. Grow worms to desired stage and then transfer to plates containing a dry
lawn of X2913+BrdU. Cover plates with foil and grow for desired length of
time (up to 17 hr. has worked)

Fixation

4. Harvest worms in M9 or H20 + triton X-100 (approx. 1uL/200mL) and

rinse 2x in cold 10.8% sucrose in H2O + triton

5. Put worms on polylysine-coated slides (pre-labeled with PAP pen) in drop
of 10.8% sucrose /H20+triton

6. Place coverslip over worms and aspirate off liquid until worms flatten

slightly

7. Freeze slides on dry ice (> 5 minutes) and pop coverslips with razor blade.

(Pop coverslips before storage at -700C, as well)

8. -20°C methanol 7 min

9. -20°C acetone 7 min

Rehydration/DNA Hydrolysis

10. EtOH/H20 series 100%/90%/60%/30% (2.5 min each at RT {room temp})

162

AN

- jame

?






11. Rinse with PBS/Tw 2x (1 min 1st wash, 5 min 2nd; can leave at this step

awhile longer)

12. Add 100 uL 2M HClI to worms and incubate in humidified chamber 40

min at RT

13. Rinse 2x 5min in PBS/Tw

Primary Antibody

14. Add 100 uL of 1% BSA /5% goat serum/PBS/TW to each slide and block 30
min RT

15. Dilute BrdU Ab 1/10 and MH27 Ab 1/500 together in 1% BSA /5% goat

serum/PBS. Add 20 uL to each slide and place coverslip on worms. Incubate

1 hr at 37°C

16. Rinse 3x 20 min in PBS/Tw at RT

Secondary

17. Reblock 1% BSA/5% goat serum/ PBS 5 min RT

18. Dilute goat anti-mouse IgG rhodamine conjugate 1/100 in 1% BSA /5%
goat serum/PBS. Add 20 uL to slides, coverslip, and incubate 1 hr at 370C

19. Rinse 3x 20 min in PBS/Tw
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Reagents

10X PBS
87.66g NaCl
11.94g Na2HPO4 or 22.49g Na2HPO4 +
2.5g NaH2PO4
adjust pH to 7.4
add tween20 to 0.2%
H20to 1L

Minimal Media Prep

For 1 liter
250 mL 4x salts

250 mL 12% casamino acids (final conc. 3%)
5 mL 40% glucose
5 mL ea amino acid stock

490 mL H20

4x salts:
28g K2HPO4-3H20 (21.75 w/0 H20)
8g KH2PO4
2g Na-citrate
0.4g MgSO4
4g (NH4)2/s04
to 1L w/ H20
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12% casamino acids:
30g casamino acids in a total vol of 250 mL w/ H20

-filter sterilize

amino acid stock:
5mg/mL stocks of proline, arginine, methionine, leucine,

histidine, and threonine

When thymine is required add 20 mL of 2.5 mg/mL thymine (or thymidine)
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Figure 4-23. Isolation of a Tc1 transposon as a linked RFLP to the lin-22 gene.

The strategy was to cross a strain which only contains about 30 Tc1 elements
to a different C. elegans strain containing upwards of 300 Tc1 elements, and
then selectively maintaining only those extra Tc1 elements contained within
the region between lin-1, lin-22, and unc-33 by careful backcrossing. The
figure shows the position of each gene with the arrows indicating the location
of the various recombination events that were used to map the Tc1 (indicated
as a stippled box). The number of animals of each class of recombinant is
shown next to the arrow indicating the recombination event. The
approximate genetic distance (in map units) between the three genes is shown
above the map. The data indicate that this Tc1 mapped to approximately
0.25mu to the left of the lin-22 gene.

METHODS. lin-1(e1275) unc-33(e204) were crossed to him-5(e1490) males and
the F1 males (e1275 204/ +) were crossed to N62 and TR403 hermaphrodites.
Hermaphrodite cross progeny were cloned out and their 1275 €204/ N62
male progeny were identified and mated to lin-1(e1275) lin-22(n372) unc-
33(e204) hermaphrodites in single male matings. The resultant e1275 n372
e204/N62 male cross progeny were backcrossed to e1275 n372 €204 in single
male matings, making sure that no recombination had occurred between
lin-1 and unc-33. This process was repeated for a total of eight backcrosses.
Presence of the Tcl was determined by Southern analysis of recombinant

DNA (Sambrook et al., 1989; Church and Gilbert, 1984).
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Figure 4-23

1.5 mu 3 mu
lin-1 lin-22 unc-33
: : ! N2
14 6 4 4 15
l |
Neé2
ﬂ Tcl ' !
+ + +

169

[



g =n'



Table 4-4. The rescuing activities of the various YACs and 1 clones examined

during the cloning of the lin-22 gene.

Since lin-22 rescue was never seen in the F1 progeny of injected animals,
rescue was assayed on the basis of the number of stable roller-transmitting
lines that rescued the lin-22 alae defect. DNA flanking the TcI most closely
linked to lin-22 was used to identify 8 separate Yeast Artificial Chromosomes
(YAC), one of which rescued the lin-22 phenotype. This YAC was used to
identify 28 genomic lambda clones from an unamplified library (in 12001;
Stratagene), which were pooled together and injected. Two pools of 1 clones
rescued the lin-22 alae phenotype. When the individual 1 clones were
microinjected, only a single clone (110) was capable of rescuing the lin-22
phenotype. An "™" indicates that these clones displayed an odd, partial rescue
phenotype, in which rescue was most prominent after the animals had been
allowed to starve for 1-2 months on their plates. By Southern analysis these
clones (24 and 25, which are identical, and 38) did not have much, if any,
homology with the 110 clone. A band from clones 24/25 and 38 was seen to
hybridize very weakly to lambda 10 sequence, but this was not repeatable.
These clones could perhaps represent other bHLH proteins with a weak ability
to rescue lin-22.

METHODS. Microinjection of DNA was carried out according to the protocol

of Mello et al. (1991) using 50-100 ng/ul of pRF4 as a coinjection marker.
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YAC DNA

A POOLS

A CLONES

Table 4-4

Y94HS6 (370 kb)
Y55C10 (325 kb)
Y54G2 (295 kb)
Y68HS6 (225 kb)
Y50B4 (225 kb)
Y43D2 (125 kb)
Y77B2 (125 kb)
Y87E10 (125 kb)

5/19
6/8/9/22/23/30
21/24/25/38
27/32/35/36/40
4/10/16/31

21
24/25
38

10
16
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0/9
0/7
0/5
2/3
0/5
0/3
0/5
0/5

0/6
0/2
2/2
0/1
2/4

0/1
0/2*
0/2*
0/4
4/4
0/2
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Figure 4-24. A restriction map of the lin-22 rescuing lambda clone, its

subclones, and various DNA fragments that were tested for rescue.

Dashed lines mark off the clone into 3 kb intervals. The "RV6" fragment was
subcloned into the Smal site of pIBI31 (IBI). The "8.5#6" fragment was cloned
into the Sall and Smal sites of pT7/T3a-18 vector (Pharmacia). The 8.5#6
subclones were all into pBluescript KS- (Stratagene). All fragments were gel
isolated and purified before being injected. Aside from the entire 15kb
lambda clone, only the 12kb Xho-Spe fragment was capable of rescuing the
lin-22 alae defect. This suggested that the region between Eagl and Spel
contained information important for rescuing activity. This region was later
shown to contain helix2 of the lin-22 bHLH gene.

METHODS. Standard cloning procedures were utilized (Sambrook et al.,
1989). Plasmids were grown in SURE cells (Stratagene) to prevent the

likelihood of deletions.
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Figure 4-24
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Figure 4-25. Genomic DNA from the lambda 10 subclones 8.5L, 8.5C, and
8.5R.

All sequences are 5' to 3' and progress from the left to the right of the lambda
10 clone. Primers used for sequencing are indicated above their DNA
sequence. Oligonucleotides used in the PCR of lin-22 coding sequence are
indicated as well. The first sequences generated from each clone were
obtained using primers that hybridize to vector sequence, such as the T3
promoter primer. The primers used are indicated at one end of the sequence.
Only a single strand was sequenced, so errors will undoubtedly be found. The
sequence corresponding to the coding region was confirmed by sequencing
several RT-PCR products and PCR-amplified genomic DNA.

a. Sequence from the left side of the 8.5L clone (orientation the same as in
Figure 4-23. The small underlined sequence is the Kpnl site, so the sequence
5' to this was actually obtained from 8.5#6. The initial sequence was
generated from the plasmid using the m13 reverse primer in the vector
polylinker. All other primers listed were made and used to continue
sequencing.

b. Sequence from the right side of 8.5L. The initial sequence was generated
from the plasmid using the T7 promoter primer. All other primers listed
were made and used to continue sequencing.

c-d. Sequence from the left side of 8.5C. Sequencing primers are labeled
starting with a "C". The primers used to generate helix 2 of the cDNA were
H1 and Hloffset. Hlseq was used to sequence the PCR product generated
from H1 and Hloff. The primers "genamp" and C2.2 were used to PCR this

region from the genomic DNA of n372, and "genseq" was used to sequence

174

y "

r )






v.)

the resulting fragment. Coding sequence is underlined. The initial sequence
was generated from the plasmid using a T3 promoter primer.

e. Sequence from the right side of 8.5C. Sequencing primers begin with "C".
This sequence contains the H2 and H2offset primers that were used to get the
5" end of the cDNA. H2rev and the various SHR primers were used
unsuccessfully in an attempt to find the C-terminus. Confirmed coding
sequence is underlined. The dashed line indicates sequence that may or may
not be coding, but was identified in a PCR screen of RT-RNA using pre-
SHR/SHR and oligo dT.

f-i. the complete sequence of 8.5 R. Sequencing primers begin with "R". The

protein sequence (WKIWVW) which represents the best candidate for a 3'
"WRPW" motif yet identified is shown underneath its corresponding

nucleotides. The primers UTR2.1 and UTR2.2 were used both to PCR screen

L]

oligo dT reverse transcribed RNA and to prime an RT reaction. Neither

experiment produced a lin-22 product.
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Figure 4-25

a. 8.5L (left end)

m13rev

—— ACTGACTGAT

GACCTCCCGC

GAATTTTGAT

CATATGTTTT

rev4.1

AGCAAGGTGT

ATTTTTTGAT

ATTAGTTTTC

TTTTATATTT

rev4.2

GACACTAATC

AGTGCCCGCC

GTATACGCTT

GGAAATTCAT

TTTAATATTT

GTTTTCAAAA

ACGTATGTAT

TAAAGGTGGT

AAAACACCGA

CTCAAAAAAT

AACTAATTTT

TATAAAAAAA

>
ATTTCCTAAT

GACCTAAAAT

CTTTAAATCA

GATCGTATTC

CTTATACGTC

TCTTTTGTTG

ACTGTCTTTT

TATATACATA

AATTTTAATT

TTAAATTTAG

ATAGTCGAAA

GAAACTTCTT

TAGTTAAAAT

CCGTCTAGTT

rev4.3

CTTTTGGCGC

TTGGGTGGTC

TATTGCATTG

TTTAATTTTT

TACATATGTG

TTTAGAACTT

TATTTTTAAA

TTTTTGCTCT

GAAACTTCTC

TTGGAATTTG

TTAACTTGTA

GTTAGTTTCC

TGAGCCGGCA

AGCCACTGGT

750

TATCTTTTTT

176

TT

CACCCGTCTC

TTCAGGAGGG

AGGTATTATT

CCAAAAACTT

CATTTTTGTT

GCAATCAAAA

ATCAACCTTT

ATCAGACTCA

AGCCAGTGGC

ATACCAAAAT

ATAAAATTTA

60

CTTTTTGGAA

120

TACGGTACCT
L]

180

TTCATGGTGT

240

TGGCTCCGCG

300

TGAGCAAACG

360

TGGAAAAATA

420

TTTCTTTGAA

480

AAATTGTCTG

540

GTTATAGGAG

600

TGGAACTGGA

660

TAGAAGGTGA

720

ACTAATTTTA
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Figure 4-25

b. 8.5L (right end)

GCATCTATTT

TTCAAAAAGG

GCAAATTGGC

CTTCTCTCTA

GGTAGAGAAA

A

TGTAAAGTAA

CACAGGTTCC

AAACCGGCAA

TCGATTTTTC

GAGAATCGAT

L3.2

GCGAATTCCA

AGTGTTTCCG

AAAAACAAAA

CCTCCAAAGT

AAGATCTTGG

GAAACAAGTC

TTCGAAATAT

TCATTTACAA

ACGCCTGCCT

L3.1

TACTAGGCCT

GGGCGGACTT

TAAGCTTAAG

AAGCCTAATC

TTTCTCACCA

AAATTTCAAA

GATTTGCCCT

ACGCGCCTAC

TGGGCTTAGG

TGGAGAATGT

CCTAATCCTA

AAGATAATAA

ATCGTGCGCG

TTTGATTGAC

ATAATACCTA

GAGGCATACT

CTATTCTTTG

TGAAAATATC

TCTTATATAA

ATATTTGCCG

TTCATGTCAA

AGGAGTACTG

TCGCGTGTCT

AACAGAAACT

TGATACTCAA

CAGATCAAGC

GACTTGTTGC

CAGTTTTTTT

AGCCTAAGCC

AAGTAAAAAA

177

GTTTTTCTGA

CAAGCCTAAA

760

AACGCGATTC

TACGGAAAAC

AATCCCTCTG

CCCACCTCCT

CCGTCCTTTT

TAGTTTCTCA

TTACCCCCAC

TTAAGTTTTA

ATTTTGCCGT

CAAACAGTTG

TTTTTTCGAG

ATTATTTCAG

CTAAAAGTAA

17

60

GGGAAAAAAT

120

AAAAATTCCG

180

GATTCAAATG

240

TCATAAGTTC

ATTCTTCATT

360

TTTTTCCTCT

420

TTGGGTTTCT

480

GCATTCACAA

540

TCAACTAGGC

600

CATTTTTCAT

660

GGGTTCAGCC

GCCTAAACCT

TGCAG

14

T






Figure 4-25

c. 8.5C (left end)

T3
3  CTGCAGAAAT

GTTAGTCTAA

TTTTTCGTTC

TCCTCTCTTT

AAGCTAGGCC

GTTAATTAAA

AGAAAAACTA

GCTCTTTTTT

TACAATTATT

TGGAATCTCC

CTAACTTGCT

GCTTCAGCCT

TATTTTCCTT

CTCAGCCCAA

GTCAACTAGG

ATAGTTGGAA

CCAATTACAT

CAAAAAAGGT

AAACCTAAGC

TTTTGAATTT

GAAAAGCATA

TTAAGCCTAA

TTGAATTTTC

C2.1

GTCCTCCGCC

GCCCTGTTTG

TGGGATTTCT

ACCTAAGCCT

CCACCATCAA

ATTAAATTTG

AGTTTTACTG

C2.2

AAGTCCAAGC

GCTTTCTAGG

AAAATTAAAA

TTCAATAACT

ATATTCATTC

ACAGAAATGA

ACTGTATCTA

CGTCATTCCT

>
ATACTTTTTT

GTGCTCCGAT

>
CTAAGATAAA

CAGGCAGTTG

GAGCTGAATA

TATTTGGTGA

TTTGACGTTA

ACTGAAATTG

60

TAAGCCTACG

120

GAGTGTCTCA

180

TTTTCTCTTT

240

GCCTAATCCT

300

TATGAGCCTA

360

ACATAAAGTC

420

TTCTATTTTT

480

CTAATATTAT

540

AATCCGATGG

AGATGCAAGA

AGATTGTGAG

TGTAATTTCA

AGAAAAACAA

CAGCTGTCCA

ACCTCTAATG

TAATTTTGAA

H1

TTGGTTTTTT

AATCGGCTTA

TCTGTAATTA

ATTTAATTTT

600

TTCAAACTTT

660

CAACATTTTC

Hioff —Hlseﬂ—r» 720
A

GAGAAGAAAC

GGAGAGCTCG AATAAACAAG TCACTGTCAC

o
AACTAAAACA

genseq

AATTTTGATT

CAAGATGAGC

780
enam|

ATAAGGTATC GATTTTTCTC AATTATTTAT

ACCTCCGAAA

AAACAAGTTT

ATAAAATTGA

178

840

TAATGGAGAT TTTCAAATTT TTAAAATTTT

L4

RN

£ 4

BN
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Figure 4-25

d. 8.5C (left end)

900

AAGACGAAAT TTTGGTAAAT TGTCAAGTTT TTAAAAAAGT GAACTTTTTT AGCATTGCTT

960

CAGATCAGGG GCCTCGCAAG TTCCGGAATT AAAAATTTCC GCCAAATTGT GGTTTTGCAC

980

TTCTTTTTGG AAATTTCAGA ATTTCAA

179
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Figure 4-25

e. 8.5C (right end)

60

<
GGCCAAACTC GGAAATTGTC CGCCGCCGTG AAAACAACAT ACCCCTCGGA AAATTTTCAA

C13 120

AGTTCTAAAA AGTGGTTTTT TTCTAAAACG GACGACCGGA TGTCCGGTTG CACAGCTCTT

180

ATATACTTAG TAGTGTAAAA TTAGTAGAAA CGTTTTATTC CGTAGGCAGG TTTGAATGAG

240

AAAAATAACA TTTTTTAAGT AGCGCGAGAG ATGAGAATTC GCGAATAACG TGCAATTGGC

C1.2 300

<€
AGGTTGTAAA AAAATCAATA ATAGCCTCCG CCTCTATTTG GGCTTCTTTT GGGTATTCCA

360

e

TTTTTTATTC TTATTAATTA ATGATGTATC AATTCTATTT CAGAATTCCA TCCAACATTC
H2rev

H2off I < H2 H2revoff 420

CAAATGGGAA AAAGCTGATA TTCTCGAAAT GGCTGTCGAA TACCTCCAAC AACTCCGTAG

preSHR >4 80

TGCTCAACCA TGCTCCTTAT CACCTTCAAC ATCATCCATT TCAACTCCAC CAACTCCAAA

540
SHR < Cl.1

AGAAGAAATT CGAAATATTA AAGTACCTCT TAATCCAATA GCTTCATTTC TGAACCCAAT

600

GATGCAGCAA TACGTGGCAT ATCAGCAGCT GGCTCAGTTA TCAATGTACA CTCAATTATT

660

TAATAATCCC GCTGGAGTAC CACTGAGAGC AGATGCAGGG GTAACTGCTC AGTCACCAGA

SHR2 720

GCTGGCAGAA AAGTTAAAAA TTGAGGATCG AAGTAGAGTG TAGAATTTGG AATTGTTGTC

760

T7
AAGAGCCACC AGTTTTGATG TGAAATTGAT AATCTACTAG T -

180

L4
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f. 8.5R

15 ACTAGTTAGC

GATGATTTTT

CTGGGGAAAA

AAATTTTTCA

AAGTTATTCA

TAGACGAAAT

Figure 4-25

CACCTAAGGT CTATAAAATA GCTTCAGAGG

R7.1
GAAGTAACGG TGAATTCTGT AAGCTTTTTT

ATTTTATCAA AAAAAAAAAA AATGTCAATT

AATTTTTTTT AGATCAACGC GTTAAAAAAA

CAATTTTTTA TCTCTAAAAA CTTTTAATAT

R7.2
CTGTTAATTT TTGGGTAACA AAACTAGAAA

TTTTTTCCAA

AAACAACTGG

GAAAAGCCTA

AAAAAATAGT

TGGAATCAAT

ATTTCGCTTT

R7.4 3

AGCCTAATCC

TCTAAGCCTA

TTTTTGCAGT TTTTCAATCC AAAAAATTTC

ATTTTGCAGA ATTACTTGTT CTGCAACATC

GTCCTTAGCT TAAGCCTAAG CCTAAGCCTG

TGAGGGGCAT TTTGAAAACA CCTTAAGCTC

R7.3 >
TTGAAACTTC AGACTTAAGC TTCTTGGTGG

GATCGGCCAA CGGGAACCCT TTCAAAAATG

TACGCCAAAG CTTGGGCTGT AAGCAAGTTA

R7.5 >
AGCCTAAGCA TAAGCCTAAA CCAAAGCCTG

181

60

CAGGGTTTCG GCCTAGTTTT

120

TTTGTTTCGA ACAAAAAATC

180

TTTTGAATTT GAAATTTTTC

240

CTTGCGATGA CTTTAATCAA

300

TCTGTGAAAA CTTTTGGCTT

360

TTACCAAAAA ATCTCCAAGG

TGAAATTTAA TAAAAGTCAT

480

TTACTTGTTC TGAAACAAGT

540

AACGCCAAAC TTTAAAATTT

600

CATAACTCGG CGAGTTTTGA

660

CCTATACGAC TCTGTGTAAA

720

AAAAAAACGT TATAAACCTA

780

AGCCTACGCC AAAGCCGGAG

840

AGCCCAAGCA TAAACCTAAA







Figure 4-25

g. 85R

CCGAAGCCTG AGCCTAAGCT

TTTAATGTTA TTCTTTATTT

R7.6
CACTTCAATT CTTAAATGGT

TCCAAAAACT ATGTTCTCTT

GGTTTTTCAG ATATGATCTT

ATGTATTTAT CACTTTAAAA

TAAACTTCCA

TTTTCGCCCC

CGTTTTATTT

TTTCAAATAA

CTGTTTTTCT

ATAAAGAAAG

R7.7

CATTCTGGTG

TCAAAACTCC

TCAGTTTCTC

AAAAACTTCA

TTGTTTTTCG

TGTACCCGAA

AATTACAATT AAAAGAGCAC

GCGAATTAAG AAAAAAAAAA

TTAAAACTAG AGTCTTTTTC

TCGATTGGTC CGAACCCAGA

AGGGGAAATT

TCAAAAATCA

AAAAATATTT

CAGTTCGGAA

R7.8

>
TAATGTACAA
CCCGTATTTA
TCGAAAAAAT

GGGTAAAGCC

TGGAGTGGCC AGGAGGTCTA

TCTCAATCAG GGATTGGGCA

CGAGTACGGA TGAGGAGAGG

GTTTTTGAAA AAATAAAAAA

AACGGTAGGT

TCGTCTTCGG

CCGCCTTCGC

TATTTAATTT

182

>
ACTAGCTGGA

AAGAGGTCGG

AGAGATTGTC

TTTTTCAGCC

GCTCTTGTCC

GGTAGATCAT

CCTGCTACCC

CTGCTTGGCA

AACACATTTA

CACAATTGGT

GCTGGAGATT

TAATTATGAA

TGAGCATTCG

ATGAAGACCT

AGAATGGGTG

GGCCTGGATA

AAATTAATTT

900

TACCTTCCTC

960

ATTCTCTAGT

1020

ATGCTTTATT

1080

ATATTTTTGT

1140

AATTGAAAAA

1200

ATTCAACCGT

1260

CTAAAAACTA

1320

CTTAAATGTC

1380

CTCCACAGAA

1440

GGCGGTCTAG

1500

CCGATTGTTG

1560

TAGCAGCCGA

1620

AAAAAAAATT

1680

TTTAACTTTT

f
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h. 8.5R

TCAAAACTTT

TAAAACTGAT

ACGTGGTGTC

AGAGTTCTCA

AATTTCCTAA

TATTTATTTC

AGTTTAATGA

CTTTTTTTTT

TTTTTTCGAA

AAAAAATTTT

TCAAAACTCA

ACACAGTACT

GAGCGCCCGA

Figure 4-25

GTCCCAGTGG TATTTTTTTA

TTCAGGTATT ATTTCAGTCT

AGAATGTCCC ATTTCGTTGT

ACTTTTTTTG AATGGTTAAG

TTTTTTGTAG ATCAAACCGT

AAATTCTTGT TCTAAATTAT

AAATTTATCA ATATCCAATA

TGAACAAAAT GAAATATTCC

TTTGTTTTAC

1740

GGTTTTTTTT TAAATGAAAC

R8.6 1800

GAAAATTTTT

GATCTACAAA

AACGTGCTGA

TTTGGGACAA

TTTTAAATGA

AAATTGAACT

AAAACTTTCA

ATTTGATCTG AAAATTTTTT

TTTTCACAGT TTTTTTTCAC

CCAAACTAAC AAGATGTTCC

TTACATGACT ATCGTGAGCA

CAATCTTTAC GCTGAAAAAT

183

AAAAATTTTT

AGTTTTTTTC

CGAATCCATT

TTCAATTTTT

CCACCATTCT CAGCCAAACC

1860

AAAGGCGGGA TAAGAGATGA

1920

CGTCACATTT TTGGGGAAAA

1980

CCTGACACCA CGTGCCAAAC

re5 2040

TTATAAGGAT ATTTTCTTGA

2100

AACTTGAGGC TTTTGAATAT

2160

GCCAAAATAG TTTAAAATTT

2220

TTATTGGAAA AAAAATTTCG

2280

TCTGAAAGCC AAAAAACCCA

2340

AATGTTCTCT TCTTCTATAA

2400

GAATTGAGGC AGAAGAGCAC

RS.3 2460

TTAATTTCAT AAGATTTGAG

N
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i. 8.5R

CTTCTGATAC

Figure 4-25

CTGGTATCAT

UTR2.1

CTGGAAGATT TGGGTATGGT GACGTGGTGA
trplysile trpvaltrp OPA

UTR2.2

<<
CGCCCAGACT

TCCGCTGCGG

R8.2B

AAAATTGGAA

CTGATAGTTT

ATGTTGGTGA

AAAAAAACTG

I'TTTTTTTTG

TTGAATGACT

AAAATTGTTT

TTTGACTTTT

CAAAACCAAA

GAATTTTTTT

TTCGTAAAAA

TTTAAAATAT

TGATACTGAT

AAAGATTGTC

2520

GATCGGTGCT

2580

<
TTGGAGTTTC GTCGTCGTTT ACGATTTGGA

CTACGAATCT GAAAAATATT TGTAATTTTT

TAGATTGACA ACAAAAAATT GTTAGAAATT

TTTTGAAAAA TCCAATGTAA TTGCTTTCAA

ATTATTTTGG CGTTTTTTGC AAAAACAAAT

) R8.1
TTTTTTCAGC TTTCAAGAAA CGCCTCAAAC

AACGGAGATG

2640

TGAACTGTGA

2700

TTTTTTTGAA

2760

AACAGTAAAA

2820

TTCAGTCAAA

2880

TTAATTTTTT

2940

TTCATATTAT TTTGTGGACA ATTTATCAAT TTAAGGTTTT

2980

CCATAACGGT TTGATCCTCG AC

184
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DISCUSSION

As described in the introduction, several observations motivated us to
pursue an analysis of the lin-22 gene. First, the lin-22 mutant phenotype
indicated that this gene acts to block neurogenesis in the anterior cells of the
lateral ectoderm (Horvitz, et al., 1983; Fixsen, 1985). Second, genetic data
suggested that a mutually inhibitory relationship exists between lin-22 and
the posterior-specific Hox gene mab-5 (Kenyon, 1986). Finally, a study of
signaling between the cells of the lateral ectoderm had suggested that these
signaling events might regulate lin-22 activity (Fixsen, 1985; Waring and
Kenyon, 1990).

lin-22 is a homolog of the Drosophila gene hairy

We reasoned that the best way to find out how lin-22 functions was to
clone the gene. Cloning lin-22 was arduous, but we were rewarded with the
discovery that this gene encodes a basic helix-loop-helix protein with high
homology to the hairy gene of Drosophila and hairy homologs from other
organisms. Both hairy and the related E(spl) genes are negative regulators of
the proneural genes of the AS-C (for review see (Ghysen, et al., 1993)). In
fact, hairy has been shown to bind directly to the upstream regulatory region
of achaete (Ohsako, et al., 1994; Van, et al., 1994). By itself, this homology
suggests that lin-22 might act to directly regulate neurogenesis in the lateral
ectoderm. More support for this model comes from the cloning of lin-32.

This gene is required for the formation of both postdeirids and sensory rays
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by the lateral ectoderm, and it turns out to be a C. elegans homolog of the
AS-C genes (Zhao and Emmons, 1995).

So far, all hairy and E(spl) genes, as well as their identified homologs,
contain a trp-arg-pro-trp tetrapeptide at or just before their C-terminus
(Klambt, et al., 1989; Bier, et al., 1992; Knust, et al., 1992; Ishibashi, et al., 1993;
Takebayashi, et al., 1994). This is required for their interaction with the
transcriptional corepressor groucho (Paroush, et al., 1994). It is clear that this
exact motif does not exist in >3kb of genomic sequence C-terminal to helix 2
in lin-22. The closest match was a trp-lys-ile-trp-val-trp-OPA sequence. To
determine whether this sequence corresponded to the 3' end of lin-22, nested
primers were made to the "putative" 3' untranslated region following this
sequence. These primers were used in PCR screens of oligo dT-reverse
transcribed RNA to see if they were really part of the lin-22 coding sequence.
RNA was also directly reverse transcribed using the "3'UTR" primers.
Neither of these strategies was successful. This could imply that the actual
3'end of the gene is not on the 110 clone (entire genes are not always required
for transformation rescue, see (Hill and Sternberg, 1992)), or that lin-22
contains a unique 3' terminus. These questions will be resolved once the

actual 3' end is identified.

lin-22 could act through the C. elegans AS-C homolog lin-32

lin-22 is a member of a family of genes that functions to block
neurogenesis by inhibiting proneural gene function. This suggests that at
least some of the effects of lin-22 could simply be due to misregulation of

lin-32. This is probably the case in postdeirid production. However,
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examination of the lin-22; lin-32 double mutant phenotype suggests that
lin-22 does more than negatively regulate lin-32, because neither the L3
proliferative divisions nor the formation of ray precursor cells seen in the
lin-22 mutant is eliminated when lin-32 function is removed. One caveat to
this argument is the observation that the three known lin-32 alleles all
become stronger when placed in trans to a chromosomal deficiency,
implying that none of them are null, and the phenotypically strongest allele
is a missense mutation (Zhao and Emmons, 1995). Nevertheless, a lin-22;
lin-32 double mutant containing the strongest alleles of both genes suggests
that lin-22 does not act solely through the regulation of lin-32. This leads us
to the examination of the mab-5 gene, the other primary candidate for

regulation by lin-22.

lin-22 regulates the expression of the Hox gene mab-5

mab-5 is a Hox gene that specifies the fates of numerous cell types in
the posterior body region of C. elegans (Kenyon, 1986). Among other effects,
mutations in mab-5 lead to the loss of the L3 proliferative divisions in V5
and V6. In addition, these cells no longer make sensory rays and instead
adopt the epidermal seam cell fates of their anterior counterparts. This
phenotype is roughly the opposite of that seen in lin-22 mutants, so we were
gratified to see that the expression pattern of the mab-5 gene expands its
domain into the anterior in a lin-22 mutant, implying that the production of
ectopic L3 divisions and sensory rays were due to a misregulation of mab-5

activity in a lin-22 mutant.
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An interesting aspect of this ectopic mab-5 staining is that in the lin-22
mutant the anterior V cells express mab-5 in the same complicated pattern as
that seen in the V5 cell (S. Salser pers.comm.). S. Salser analyzed mab-5
protein expression in wild type and found that it is expressed in a fairly
straightforward fashion, generally on, in V6 and its daughters. However, the
pattern of mab-5 expression in V5 is quite complex: mab-5 staining is first off
in the L1, then comes on only in the posterior V5.pp branch of the lineage,
eventually shuts off in V5.ppp just before the L3 proliferative division, and
finally returns in the V5.pppp lineage that will generate the V5 ray. S. Salser
has shown that this expression pattern is required for the daughters of V5 to
adopt their correct fates. For example, mab-5 must be off early to allow
formation of the postdeirid, because early expression of mab-5 in this cell
blocks postdeirid formation. mab-5 must also come on in V5.ppp to promote
the L3 doubling division, and is later needed in V5.pppp to generate the
sensory ray.

In a lin-22 mutant the anterior cells H2-V4 all express mab-5 in a V5-
like pattern, but there is also a change within the V5 expression pattern itself.
In lin-22 mutants the V5.pppa branch of the lineage now expresses mab-5.
This observation helps explain the generation of an extra V5 sensory ray
from that anterior branch of the lineage. The novel mab-5 expression in this
V5.pppa branch is also adopted by the Vn.pppa branches of the anterior V
cells as well. One could imagine that lin-22 has.a simple and direct
regulatory relationship with mab-5 in the V5.pppa branch of the V5 lineage,
because this resembles a simple ON/OFF switch: lin-22(+) in on in V5.pppa,
mab-5 is repressed and alae is made; in a lin-22 mutant, where the activity of
lin-22(+) in V5.pppa is lost, mab-5 turns on and a ray is made. However,

recall that the anterior V1-V4 cells in a lin-22 mutant do not just turn on
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mab-5 and keep it on. Instead, these cells adopt the complicated V5
expression pattern. At first this suggests that mutations in lin-22 cause a
complete cellular transformation of the anterior V cells into a V5 cell,
complete with all the mab-5 regulatory machinery. However, it may be that
this machinery already exists in all the V cells, and all the lin-22 mutation
does is derepress mab-5.

Evidence for this latter hypothesis comes from the observation that
the expression of the lin-39 gene, which is normally expressed in V2-V5 (J.
Maloof, pers. comm.), does not expand into the anterior in a lin-22 mutant.
This might be expected if lin-22 mutations were causing a cellular
transformation of H2-V4 into V5. egl-5:lacZ expression is also seen in
V5.ppp, and is important for proper ray 1 migration into the tail fan (S.
Salser, pers. comm.; (Chow and Emmons, 1994). We do not yet know if egl-5
expression is found in the anterior V cells of a lin-22 mutant, but the direct

analysis of egl-5:lacZ expression in lin-22 will soon clear up this question.

In Drosophila, hairy does not appear to play a direct role in patterning the

Hox genes

It is somewhat surprising that lin-22 is required for the normal
expression of mab-5 because bHLH proteins with homology to hairy/E(spl)
have not previously been seen to regulate Hox genes. This could indicate a
novel activity for the lin-22 bHLH protein. As a pair-rule gene, hairy is
involved in setting up the metameric units of the fly embryo, and mutations
in this gene remove seven "stripes" of patterning information (Ish, et al.,

1985). This can lead to indirect effects on Hox gene expression. For example,
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hairy is important for patterning the pair-rule gene fushi tarazu (Howard
and Ingham, 1986; Ish and Pinchin, 1987; Lawrence and Johnston, 1989),
which is an important regulator of the Hox gene Ultrabithorax (Muller and
Bienz, 1992). In another example studied, hairy was seen to affect the
expression patterns of the genes fushi tarazu and engrailed, which then led
to a change in the levels of expression of the Hox gene Abdominal-A
without affecting its domain of expression (Macias, et al., 1994). This
observation has several implications for how we interpret the organization
of the worm body plan. If lin-22 affects the V cells as a "pair-rule” gene,
affecting mab-5 expression only within its domain of function, then we have
to say that all the cells of the lateral ectoderm are effectively a single segment.
If we take the opposite approach, and say that each V cell is in fact a
metameric unit, then this suggests that the lin-22 mutation has revealed a
previously unknown function for this the hairy class of bHLH genes in
patterning Hox gene expression.

Studies of the targets of bHLH proteins have uncovered canonical
binding sites for various families of bHLH proteins, raising the question of
whether there is evidence that lin-22 binds directly to the mab-5 and lin-32
promoters. Most bHLH proteins can bind to the E-box sequence (CANNTG),
with different families favoring specific versions of this sequence (such as
the preference of the myc class of bHLH proteins for CACCTG; (Ohsako, et al.,
1994)). Two recent papers have described a canonical sequence for hairy
binding: the favored sequence is CACGCG, with binding to CACGAG also
seen(Ohsako, et al., 1994; Van Doren, et al., 1994). These papers also show
that a CACGAG site =300 bp upstream of the start of achaete transcription is
important for the negative regulation of achaete by hairy. No CACGCG sites

have been seen upstream of the mab-5 gene, but a CACGAG site is found
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3917 bp upstream of the mab-5 transcription start. The mab-5 promoter is
also riddled with CANNTG sites, indicating the possibility that a bHLH
protein could bind upstream. Sequence information is not yet available for
the lin-32 promoter; however, recent data suggests that lin-32 expression is
altered in a lin-22 mutant (Zhao and Emmons, pers.comm.). I have recently
cloned the bHLH domain of the hairy protein into an expression vector and
soon it will be possible to test whether lin-22 actually binds upstream of these

genes.

lin-22 is likely to act through a third target gene that regulates the L3

proliferative divisions

At first glance, the molecular data suggests that ectopic mab-5 function
could be contributing to both the generation of the ectopic L3 proliferative
divisions and the sensory rays seen in the lin-22 mutant. However, taking
away mab-5 function does not entirely eliminate ray production in a lin-22
mutant, and has little or no effect on the generation of the lin-22 ectopic L3
doubling divisions. Therefore, lin-22 must regulate at least one other
activity in addition to lin-32 and mab-5. Since lin-22 clearly affects the
activity of one Hox gene, we wondered whether the residual rays (and
perhaps the L3 proliferative divisions) were due to the misregulation of the
remaining Hox genes, lin-39 and egl-5. We found that the activity of these
genes was responsible for some of the ectopic sensory rays seen in mab-5;
lin-22 males. However, since the expression pattern of lin-39 is unaffected in
a lin-22 mutant, it appears that the loss of lin-22 activity allows wild type

levels of lin-39 protein to promote neuronal development (perhaps by
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raising lin-32 levels). This is interesting because lin-39 mutations do not
affect either the L3 doubling divisions or ray formation. It is interesting to
note that when lin-39 is overexpressed using a heat-inducible promoter, it is
capable of making rays (Hunter and Kenyon, in press). These observations
might just illustrate the notion that there is a lack of specificity of Hox gene
function that can only be seen in certain artificial situations, like
overexpression or a lin-22 mutant background. We as yet do not know if
egl-5 expression is altered in a lin-22 mutant.

Neither the loss of mab-5 nor lin-39 appears to suppress the ectopic
lin-22 L3 proliferative divisions. However, the few interpretable V cell
lineages from the lin-39 mab-5; lin-22 triple mutant did show a decrease, but
not the elimination, of L3 doubling divisions. One possibility is that the
same promiscuity that allows lin-39 and egl-5 to promote ray formation in a
mab-5; lin-22 mutant is also allowing them to stimulate extra L3 divisions.
The Hox genes could be responsible for this division, but their role might be
masked by their ability to compensate for one another in a lin-22 mutant.
However, the L3 proliferative division could also be regulated by an entirely
unknown gene, itself subject to regulation by lin-22.

Using a heat shock-mab-5 construct, S. Salser has shown that the
occurrence of this L3 proliferative division greatly promotes the subsequent
formation of sensory rays. Therefore this proliferative division is tied to
neurogenesis. To ask whether the neurogenic gene lin-32 might be
responsible for the ectopic proliferations, we analyzed the effects of lin-32
mutations on the L3 doubling divisions. We found that both the wild type
and ectopic lin-22 doubling divisions were unaffected by a lin-32 mutant.

This extra L3 division took place in the mab-5; lin-22; lin-32 triple mutant as
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well. Thus, it seems likely that a gene other than lin-32 regulates these

divisions.

The role of hairy in cell proliferation in Drosophila

hairy has recently been shown to be important for inhibiting cell cycle
progression and differentiation in the region just anterior to the
morphogenetic furrow in the eye imaginal disc (Brown, et al., 1991; Brown,
et al., 1995). hairy, along with extramacrochaete, keeps these cells from
dividing and differentiating into neurons prematurely. This parallels the
role of lin-22(+) in blocking cell proliferation and preventing neurogenesis.
Ultimately, signaling molecules such as hedgehog(hh) and decapentaplegic
(dpp)promote neurogenesis in the morphogenetic furrow (Heberlein, et al.,
1993; Ma, et al., 1993), allowing progression of the furrow and the activation

of such proneural genes as atonal (Jarman, et al., 1994).

The role of cell signals and lin-22 function

Interestingly, one of the models to explain how hairy/emc act to keep
cells undifferentiated is that hairy and emc regulate (and inhibit) the
expression of genes that act to receive or interpret the dpp signal. This is
very reminiscent of our view of lin-22 function in blocking postdeirid
signaling in the V cells: lin-22 is expressed in a pre-pattern in the anterior
V1-V4 cells and prevents them from responding to cell signaling. A strange
observation from the fly eye data is that ectopic hh appears to induce both

atonal (an eye proneural gene) and hairy expression, necessary perhaps for
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the correct timing of the many developmental events involved in furrow
progression. Perhaps a hh or dpp homolog will be shown to be important
for V cell signaling events (and might have an as yet unknown effect on

lin-22 activity).

Does lin-22 play a role in C. elegans sex determination?

Aside from their role in neurogenesis, the bHLH genes of Drosophila
also play an important role in sex determination. The daughterless (da) gene
is a bHLH protein that forms heterodimers with members of the AS-C genes,
and it is these heterodimers which have proneural function. da is an
autosomal denominator in counting the X chromosome/autosome ratio
that determines sexual identity in flies (Caudy, et al., 1988a; Caudy, et al.,
1988b). The scute gene of the AS-C is a numerator in the counting of the
X/ A ratio (Erickson and Cline, 1991; Torres and Sanchez, 1991; Parkhurst, et
al., 1993). Overexpression of the hairy gene also disrupts sex determination,
but this is thought to be an indirect effect of ectopic hairy activity on the AS-
C genes (Parkhurst, et al., 1990). This brings up the question of whether
lin-22 could be part of an X/A counting mechanism is worms. Interestingly,
the lin-22 mutation causes the somatic Pn.p cells (the vulval precursor cells)
of the male to adopt hermaphrodite fates (Fixsen, 1985). There is also a high
level of spontaneous male degeneration after only two to three days in the
lin-22 strain. The X/A ratio ultimately regulates the activity of the gene tra-
1, which is required for proper hermaphrodite development (Hodgkin, 1987).
If the lin-22 Pn.p defect was due to a misregulation of tra-1 (through altering
the X/ A ratio), then the loss of tra-1 activity should suppress this phenotype,
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and male Pn.p cells should be made. Fixsen (1985) made the tra-1; lin-22
double using a tra-1 mutation (e1488) that turns normal hermaphrodites
into somatic males with hermaphrodite gonads. In this double mutant it
was found that the Pn.p cells still adopt the hermaphrodite fate seen in lin-22
mutants, so it is unlikely that lin-22(-) causes this transformation by
misregulating the tra-1 gene (since there is presumably no tra-1 activity in
the soma of these animals to misregulate). This question will be fully

answered when the tra-1(null); lin-22 double mutant is analyzed.

What are the likely regulators of lin-22 activity?

Finally, we have the question of what genes could be regulating lin-22
activity. The early dosage experiments between lin-22 and mab-5 suggested
that these two genes might be mutually inhibitory (see Figure 4-9); however,
given the number of other genes that influence ray formation in lin-22
mutants, the implication of these dosage studies is not entirely clear. The
analysis of lin-22 expression in mab-5 animals will be an important
experiment to answer this question.

Sequence produced by the C. elegans genome project has uncovered
the presence of a number of genes with homology to the gap and pair-rule
genes of Drosophila. Among these homologies are some known regulators
of hairy in flies, including the gap genes hunchback, Kruppel, and knirps,
and the pair-rule gene even-skipped (Howard and Ingham, 1986; Ish-
Horowitz and Pinchin, 1987; Hooper, et al., 1989) all of which regulate the
formation of particular hairy stripes in the embryo (Pankratz, et al., 1990;
Warrior and Levine, 1990; Riddihough and Ish, 1991). Perhaps these genes

play a role in the potential position-specific expression of lin-22 gene in the
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anterior V cells. I have generated antibodies against the bHLH domain of >
lin-22 and an analysis of lin-22 expression will soon tell us if lin-22 is indeed
localized to the anterior cells of the lateral ectoderm. Expression studies will
also be useful in such analyses as the effects of V cell ablations on lin-22
activity.

In conclusion, the cloning of the lin-22 gene has appeared to generate
as many possibilities for lin-22 function as it cleared up. However, we now
have a starting point, the hairy homology, from which we can interpret lin-

22 activity, and which will direct us in the course of future experiments.
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