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Abstract
Genes that Control Cell Migration and Cell Polarity in C. elegans

What directs migrating cells to positions far from their birthplace? How is
the polarity of asymmetric cells determined? What regulates the position-
specific expression of the most widely-conserved members of the animal
anterior/posterior patterning system, the Hox genes? In my analysis of C.
elegans development, I found that the gene egl-20 is required for all of these
developmental events. egl-20 activity directs the migrating QL neuroblast to
express the Hox gene mab-5, which determines its direction of migration.
Independent of its effect on Hox gene expression, egl-20 also guides migrating
Q descendants to more anterior positions in the body. I have shown that egl-
20 must regulate the production or response of local cell-cell signals to
activate expression of the Hox gene mab-5 in the V6 epidermal cell, and
determine the anterior/posterior polarity of the V5 epidermal cell. Curiously,
the same three genes, mig-14, mig-1 and lin-17, interact with egl-20 to regulate
both expression of mab-5 in a migrating cell and A/P polarity of a stationary
cell. These observations suggest that stationary and migratory cells may share
a system for determining position and orientation along the

anterior/posterior axis.
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Chapter 1: Introduction



Introduction

The C. elegans egl-20 gene plays a role in many different aspects of
anterior/posterior (A/P) patterning: in particular, direction of cell migration
and orientation of cell polarity. In egl-20 mutants, certain neural cells that
normally migrate towards the posterior now migrate towards the anterior. In
addition, other migrating cells now migrate to positions shifted posteriorly to
normal. I have found that the change in direction of migration is due to the
failure of these cells to express the Hox gene, mab-5, but that the posterior
shift in the migration stopping points is independent of the activity of any of
the Hox genes of known function. Mutations in egl-20 can also reverse the
orientation of certain asymmetric cell divisions along the A/P axis. I have
found that signals from neighboring cells can influence the orientation of
polarity in an egl-20 mutant, suggesting that egl-20 may be a component of a
signal/response pathway. Similarly, mutations in egl-20 affect the response of
the V6 epidermal cell to signals from its neighbor, T. In egl-20 mutants, V6 is
no longer able to activate the Hox gene mab-5 in response to extracellular
signals.

Proper regulation of cell migration, orientation of cellular asymmetry and
Hox gene expression are all essential aspects of the development of other
metazoans. These different processes all function to organize and pattern the
developing body. Although the function of a single gene, egl-20, in these
three processes underscores their similarities, cell migration, cell polarity and
Hox gene regulation are very different events. In this chapter, I will review

each one separately.

L. Cell Migration



Cell migrations play an important role in the development of all animals,
from the concerted movements of large populations of cells at gastrulation to
the organization of different cell types during organogenesis. The role of cell
migration is perhaps most evident in the development of the nervous
system. In vertebrates the entire peripheral nervous system is derived from
cells that migrate out of the neural crest. In the CNS, the complex layered
arrangement of the mammalian forebrain is formed when postmitotic cells
from the germinal layer of the cortex migrate out towards the pial surface of
the brain. Different types of neurons stop at different points, thus forming the
many layers of the cerebrum. Cell migrations are also essential for patterning
the nervous systems of invertebrates. In Drosophila, cell migrations fine-tune
the pattern of neurons in the CNS and bring glial cells into the developing
eye (Choi and Benzer, 1994). In the nematode C. elegans, several neurons,
including both mechanosensory neurons and motoneurons, and also
neuroblasts migrate, sometimes over long distances, to reach their final
positions. In Hydra, interstitial cells migrate up through the body column to
the head and peduncle, where they give rise to neurons (Teragawa and Bode,
1995).

What determines what direction cells migrate and where they stop?
Molecules both inside and outside these cells must be responsible for guiding
and directing their migration through specific regions of the animal.
Although axon elongation involves cell growth, and cell migration does not,
there are many aspects of these two processes that are analogous, and I will
consider them both together. The migrations of both cells and axons can be
guided by several distinct mechanisms: chemoattraction/repulsion,
adhesion/anti-adhesion, and perhaps even endogenous electrical fields.

Motoneurons in the chick and nematode migrate up gradients of an



attractant, a netrin (Kennedy et al., 1994; Serafini et al., 1994). Repulsive cues
can guide the growth cones of chick retinal axons in the tectum and guide
trochlear motor neurons away from the floor plate of the neural tube
(Colamarino and Tessier-Lavigne, 1995; Dodd and Schuchardt, 1995; Tessier-
Lavigne, 1995). The attractant could even be an electrical field, since neurites
have been shown to grow towards the cathode and endogenous electrical
fields have been observed in developing quail embryos (McCaig, 1988; Hotary
and Robinson, 1990). The role of adhesion in cell migration and axon
outgrowth has been well-studied. Integrin receptors serve as a structural link
with neighboring cells or the extracellular matrix (ECM), but also as a
signalling unit that recruits other components to focal adhesions and
reorganizes the actin cytoskeleton (Clark and Brugge, 1995; Huttenlocher et
al., 1995). Downstream from the integrins, the rho subfamily of small GTP-
binding proteins regulate focal adhesion formation and changes in actin
polymerization, and tyrosine kinase activity has been shown to regulate both
focal adhesion formation and adhesive release (reviewed in(Huttenlocher et
al., 1995). Intriguingly, some reports also suggest that localized proteolysis, or
its inhibition, can also regulate the ability of cells to migrate (Monard, 1988;
Chen, 1992) and possibly influence the direction of migration (Hawkins and
Seeds, 1989), perhaps by locally modifying either the ECM or adhesive
contacts.

Once mobilized, how are migrating cells and growth cones instructed that
they have reached their target? This question of how cells know where they
are is often too tightly connected to how they got there for these two processes
to be treated separately. For example, the chemoattractant that guides the
migration may be the same molecule that tells the migrating cells or axons

that they have reached their target. Similarly, although repulsive factors often



direct migrating cells or growing axons to turn or migrate in the opposite
direction (Colamarino and Tessier-Lavigne, 1995), such factors could
conceivably cause the cell or axon to stop, if they were confined to a narrow
track (either by fasciculation or adhesion) and were unable to migrate in any
other direction than the source of the repulsive factor. Similarly, an anti-
adhesive domain of S-laminin appearsc to act as a motoneuron-selective stop
signal at the neuromuscular junction (Porter et al., 1995), and too much
adhesion may inhibit the release of contacts required in cell migration, and
thus prevent cells from moving (Giancotti and Ruoslahti, 1990; Dimilla et al.,
1993). Alternatively, the migrating cell or growth cone might receive a signal
to differentiate and stop migrating. This signal could be secreted by the target,
thus effectively trapping the cell or axon by preventing it from migrating any
further. Another variation is that the target cells could secrete a molecule
which allows the cells near it to survive, while those farther away die. In this
way nerve growth factor can act both as a chemoattractant and as a
neurotrophic factor to both attract axons and then keeps the cells that
extended those axons alive (Anton et al., 1994; Behar et al., 1994; Donovan et
al., 1995; Seedorf, 1995).

Clearly, for many migrating cells and growth cones the process of
guidance and target recognition are indistinguishable. In some cases,
however, target recognition could be a second event, independent of
guidance, with the migrating cell or growth cone stopping in response to a
specific molecule made by the target cell. In yet other cases, there may be no
target recognition, and the positioning of migrating cells or axons may be due
to other factors. For example, the guidance system that directed the migration
of these cells or growth cones might fail to operate at a certain point, leaving

the cells or axons stranded in a certain region of the body: the adhesive



gradient might run out, the chemoattractant or repulsive factor might no
longer be secreted, or any of these molecules might be degraded or masked.
Alternatively, the migrating cells and axons might differentiate in such a way
that they could no longer recognize or respond to guidance cues. If the
guidance system acted fairly reproducibly from animal to animal, then these
cells and axons would always end up in the same region of the body,
relatively near the same set of cells every time.

Several cells, both neuronal and mesodermal, migrate during C. elegans
development (Sulston and Horvitz, 1977; Sulston et al., 1983). As in
vertebrates, some cells are guided by an attractive signal, others perhaps by a
repulsive signal. For example, the migrations of the sex myoblasts in
hermaphrodites are guided by an attractive signal from the developing gonad
mediated by an FGF receptor (Devore et al., 1995). Similarly, ventral-directed
axonal and cell migrations in C. elegans are guided by an attractive signal, a
netrin, encoded by the unc-6 gene (Hedgecock et al., 1990; Ishii et al., 1992). In
contrast, the dorsal-directed migrations of many axons may be guided by a
repulsive effect of the UNC-6 netrin, much as its vertebrate homolog netrin-1
guides the axons of trochlear motor neurons in the spinal cord (Colamarino
and Tessier-Lavigne, 1995). In addition to the FGF and netrin signalling
systems, other molecules known to be required for cell migration in other
organisms have been shown to be required for cell migration in C. elegans,
such as a rac family member (Ilan Zipkin and Cynthia Kenyon, unpublished
data) and a beta-integrin (Gettner, 1994).

In addition to molecules known to be required for cell migration in other
organisms, genetic and molecular analysis of cell migration in C. elegans has
revealed a role for the Hox genes in controlling the migratory fate of certain

neuroblasts and neurons (Salser and Kenyon, 1991; Clark et al., 1993; Wang et



al., 1993). In an organism as small as C. elegans, many different guidance cues
may be located in the same region of the body. The Hox genes may act to
restrict which set of cues a migrating cell may respond to.

In conclusion, cell migration in C. elegans appears to require similar
molecules and mechanisms to migrations in vertebrates. In addition, the
single-cell resolution and ease of genetic analysis make it possible to identify

new roles for previously identified genes in the migration of specific cells.

II. Hox gene regulation

The Hox genes are a group of related homeotic genes homologous to the
Antennapedia and Bithorax clusters of Drosophila, responsible for patterning
the anterior/posterior (A/P) body axis. These genes are expressed in spatially
restricted patterns along the A/P axis of such evolutionarily diverse
organisms as C. elegans, crustaceans, flies, frogs, chicks and humans
(Krumlauf, 1994; Lawrence and Morata, 1994). This spatial restriction is
important, because Hox genes function cell-autonomously to specify cell fate
(Krumlauf, 1994; Lawrence and Morata, 1994). What genes are responsible for
this precise and highly reproducible pattern of gene expression? In
Drosophila, proper expression of the Hox genes appears to depend on the
earlier A/P patterning system involving the gap, pair-rule, and segment
polarity genes (Lawrence and Morata, 1994). Interactions between the Hox
genes themselves also regulate their expression. After these genes establish
the initial pattern of Hox gene expression, the polycomb and trithorax group
genes act to maintain the OFF or ON state, respectively (reviewed in (Orlando
and Paro, 1995; Pirrotta, 1995; Simon, 1995; Tamkun, 1995).

The pattern of Hox gene expression is a highly dynamic and specific

process: individual Hox genes can turn on and off within a cell or cell lineage



as the organism develops (Salser and Kenyon, 1996). This fine a level of gene
regulation is easiest to study in an animal like C. elegans, where single-cell
resolution is possible. It seems likely that this cell-specific change in Hox gene
expression must be due to genes other than the gap and pair-rule genes which
appear to affect broad swaths of cells in defined regions of the body. These
genes could either act by directly activating or repressing specific Hox genes, or
by inactivating the maintenance system.

In Drosophila, positional information appears to play a large role in
regulating Hox gene expression (Krumlauf, 1994). Although any individual
Hox gene in C. elegans is expressed by cells of a specific body region only, A/P
position has not yet been shown to regulate expression of a Hox gene in C.
elegans. In fact, Cowing and Kenyon (unpublished data) have demonstrated
that expression of the Antennapedia homolog, mab-5, does not require
posterior positioning of the expressing cell. Local cell-cell interactions play a
role in regulating expression of mab-5 in the V cells, epidermal blast cells in
the C. elegans lateral hypodermis (Waring and Kenyon, 1990; Waring and
Kenyon, 1991; Salser and Kenyon, 1996) and Salser and Kenyon, unpublished
data) and may refine the pattern of lin-39 expression in vulval precursor cells
(Julin Maloof and Cynthia Kenyon, unpublished data). Similarly, (Hursh et
al., 1993) have demonstrated that the Drosophila Hox gene, Ubx is activated by
the dpp gene, arguing that cell-cell signals may regulate Hox gene expression
in Drosophila as well.

Many genes that regulate expression of the C. elegans Hox gene mab-5
have been identified. Some of these genes have Drosophila homologs that
also regulate Hox gene expression: pal-1 is homologous to the gap gene caudal
(Waring and Kenyon, 1991) and egl-5 to the Hox gene AbdB (Salser et al., 1993;
Wang et al., 1993) and lin-22 to the primary pair-rule/proneural gene hairy



(Wrischnik, 1995). Other C. elegans mutants, however, demonstrate that
genes not primarily involved in A/P polarity can also act to regulate Hox
genes. For example, lin-17, homologous to the Drosophila tissue polarity gene
frizzled (H. Sawa and R. Horvitz, pers. comm.), and unc-40, a potential netrin
receptor with immuoglobulin and fibronectin type IIl domains (S. Chan, M-
W Su, H. Zheng, J. Culotti and E. Hedgecock, pers. comm.), all are required to
activate mab-5 in the migrating QL neuroblast (see Chapter 2 and Appendix).
The sequence of many other Hox gene regulators, such as egl-20, mig-14 and
mig-1 have not yet been determined. Further analysis of these and other
genes will help us to understand how Hox gene expression is regulated at the

level of single cells.

II1. Orientation of cell polarity

The generation of cellular asymmetry, the mechanism by which a mother
cell divides to produce two different daughter cells, has been the focus of
many studies over the years. However, the question of how that asymmetry is
oriented has only recently begun to be addressed. In many cases, the
orientation of an asymmetric cell division is predictable. What distinguishes
one end of a cell from another? There are two possibilities: the cell could be
born with an inherent asymmetry, or it could be sensitive to an
environmental asymmetry.

The unicellular organisms Caulobacter crescentus and Saccharomyces
cerevisiae both divide to produce two daughters with different fates. In each
case, the orientation of this asymmetry can be predicted based on the site of
the previous cell division. When the Caulobacter cells divide, one pole of
each daughter cell is composed of newly synthesized material deposited

during septation. When that daughter cell divides, the daughter that inherits



the more recently synthesized pole will develop into a swarmer cell, while
the other daughter will develop as a stalk cell (Marczynski and Shapiro, 1995).
Similarly, in S. cerevisiae haploids, the GTP-binding protein Budlp (Rsrlp)
recognizes a mark present at the site of the last cell division. Bud1p then
assembles a large complex of signalling proteins at that site, including Cdc42p
and Cdc24p, which subsequently initiate formation of a new bud at that
location (reviewed in (Drubin and Nelson, 1996). Thus, for both Caulobacter
and budding yeast, a molecular mark left at the site of a previous cell division
generates an internal asymmetry that orients the polarity of the next
asymmetric ¢ell division.

An inherent asymmetry may also direct the orientation of the
asymmetric division of the P1 cell, the posterior cell of a two-cell C. elegans
embryo. The site of the previous cell division appears to be the location of a
special actin-associated structure (Waddle et al., 1994). A signal located in the
vicinity of this structure appears to orient the P1 spindle, thus determining
the orientation of P1 cell division and ensuring the segregation of germline
determinants to the posterior daughter (Hyman, 1989). Thus for the P1 cell as
well, the location of the previous cell division appears to play a major role in
determining the orientation and polarity of its subsequent division.

An asymmetry present in the evironment can also provide information
to distinguish one region of a cell from others. For example, the developing
zygote of the brown alga, Fucus, is thought to be polarized by a localized Ca*+
current, generated by a gradient of light, as the cell floats in the water
(Quatrano et al., 1979; Kropf et al., 1988). Similarly, the dorsal/ventral polarity
of the Drosophila oocyte, and later the embryo, is generated by a series of

signals back and forth between the developing oocyte or embryo and its
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neighboring somatic cells, the follicle cells (Shupbach and Roth, 1994; Gavis,
1995).

The above examples are all of individual cells; how is polarity
determined within a tissue? Classic studies by Peter Lawrence revealed
pattern reversals in insect epidermis following wounding. The gradient
model that he proposed to explain tissue polarity has, until recently, been the
most widely accepted (reviewed in(Lawrence, 1992). More detailed analysis of
tissue polarity in the fly eye now suggests that local cell-cell signalling may
determine the orientation of cell polarity in that tissue (Ma and Moses, 1995;
Wehrli and Tomlinson, 1995; Zheng et al., 1995). Further support for this
model comes from the observation that wnt family members, wingless in
Drosophila and lin-44 in C. elegans, play a role in determining the orientation
of polarized cells along the body (Herman and Horvitz, 1994; Theisen et al.,
1994; Herman et al., 1995). Members of the wnt family are signalling
molecules that act locally, perhaps only on adjacent cells, via components of
cell junctions such as armadillo, the Drosophila plakyglobin homolog
(Burrus, 1994; Klingensmith and Nusse, 1994). The local, directional non-
autonomy associated with patches of frizzled(-) tissue in the fly wing are
consistent with interruption of a signal that gets transmitted cell to cell along
the proximal/distal axis of the wing (Vinson and Adler, 1987). Thus, it seems
likely that local cell-cell signals may play a large role in determining tissue or
cell polarity in both Drosophila and C. elegans.

Several genes have been identified in C. elegans that when mutated
reverse the polarity of certain asymmetric cell divisions. Mutations in lin-44,
a wnt family member, act non-autonomously to reverse the polarity of
certain asymmetric cell divisions in the tail (Herman and Horvitz, 1994;
Herman et al., 1995). Mutations in lin-17, a frizzled homolog (H. Sawa and R.
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Horvitz, pers. comm.), and lin-18 reverse the polarity of cell divisions in the
developing vulva (Ferguson and Horvitz, 1985). lin-17 activity also appears to
be required for the orientation of asymmetric cell divisions in many other
tissues, including the somatic gonad and the male tail (Sternberg and Horvitz,
1988). In addition, lin-17 function appears to be required for the generation of
cellular asymmetry, since many asymmetric cell divisions now divide
symmetrically in lin-17 mutants (Sternberg and Horvitz, 1988). None of these
genes appears to be required for orientation of all asymmetric cell divisions,
although the lin-44 mutation analyzed appears to eliminate gene function
(Herman et al., 1995). Since 807 out of 949 nongonadal cell divisions in C.
elegans are asymmetric, and the polarity of most are constant, it seems likely
that yet unidentified genes must also play a role in orientation of cell
asymmetry in C. elegans.

Why is correct orientation of cell polarity so important? Positioning
daughter cells with different fates in different environments may be more
important in an organism as simple as C. elegans. In C. elegans, which has
many different cell fates, but only 1059 non-germline cells, each cell makes an
important contribution to the development of the organism. For example,
polarity reversals in the vulval lineages cause abnormal morphogenesis,
leading the formation of two adjacent vulvas, neither of them wild-type.
Also, in tissues where there are lots of locally-acting inductive interactions,
such as in the developing male tail, being in the right spot may be essential
for a cell to develop properly. Mutations that cause polarity reversals in the
male tail, such as lin-17 and lin-44 mutations, often have severely abnormal
development and are unable to mate (Herman and Horvitz, 1994;
Chamberlin and Sternberg, 1995). In other organisms, however, tissue

development can be more flexible, and adjust to the altered division pattern.
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For example, although the tangled-1 mutation causes abnormal division
orientation in the maize leaf, overall leaf shape is normal at all stages of
growth, suggesting that for this organism, generation of organ (leaf) shape
does not depend on the precise spatial control of cell division (Smith et al.,

1996).

Summary

In the following chapters I show that the C. elegans gene, egl-20, is
required for several aspects of wild-type development: regulation of cell
migration, orientation of cell polarity and activation of Hox gene expression.

I found that in egl-20 mutants, the migrations of certain neurons and
neuroblasts are abnormal: for example, the descendants of the neuroblast QL
migrate towards the anterior instead of the posterior. In Chapter 2 I
demonstrate that this change in direction of migration of the QL descendants
is due to a failure to activate the Hox gene mab-5 in the QL neuroblast and its
descendants. Together with Lee Honigberg and Naomi Robinson, I showed
that egl-20 is a member of a group of four genes, which also include mig-14,
mig-1 and lin-17, that are all required for activation of mab-5 in QL and its
descendants. I also show that egl-20 affects another aspect of cell migration. In
egl-20 mutants, the descendants of the neuroblast QR migrate towards the
anterior as in wild-type, but stop short of their final wild-type positions. In
Chapter 2, I demonstrate that this is not due to a defect in motility, but rather
to a change in guidance: in egl-20 mutants, migrating Q descendants seek out
positions posterior to normal. Unlike its affect on direction of QL descendant
migration, this egl-20 phenotype does not act through any of the C. elegans
Hox genes with known functions, mab-5, egl-5 or 1in-39. Lee Honigberg has
shown that mig-14 also affects this aspect of cell migration and thus functions
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with egl-20 to regulate two different aspects of cell migration. To learn more
about the different roles of egl-20, mig-1 and lin-17 in Q descendant
migration, I analyzed the migrations of the Q descendants in animals that
were mutant for two of these genes (presented in Chapter 3).

egl-20 is required to activate expression of the Hox gene mab-5 in QL and
its descendants but is not generally required for expression in other cells (see
Chapter 2). In pal-1(e2091) mutants, the epidermal blast cell V6 does not
express mab-5. However, mab-5 can be activated in this cell in response to
neighbor ablation (S. Salser, C. Hunter and C. Kenyon, unpublished data).
Together with Craig Hunter in the lab, I showed that egl-20 function is
required for neighbor ablation to activate mab-5 in V6 in pal-1 mutants
(Chapter 4). Analysis of the fates of V6 descendants in operated pal-1; egl-20
mutants suggests that mab-5 may come on at a later stage, in an egl-20-
independent way.

In addition to its effects on cell migration and Hox gene expression, I
found that egl-20 affects the anterior/posterior (A /P) polarity of certain
epidermal stem cells, in particular, that of V5. In wild-type animals, V5
divides with a characteristic polarity. This polarity can be reversed in egl-20
mutants. In Chapter 5, I show that signals from posterior seam cell neighbors
reverse the polarity of V5 in egl-20 mutants, and signals from anterior seam
cell neighbors restore wild-type polarity. Jennifer Whangbo in the lab has
shown that when both anterior and posterior neighbors are ablated in egl-20
mutants, the polarity of the V5 cell division is wild-type. Interestingly, V5
polarity is not sensitive to neighbor ablation in wild-type animals. This
suggests that there are at least two ways to determine V5 polarity in egl-20
mutants, and that the wild-type function of egl-20 is to block either the

generation of or response to signals from neighboring seam cells.

14



Together with Jennifer Whangbo, I have shown that mutations in the
cell migration genes lin-17, mig-1, and mig-14 suppress or enhance the egl-20
V5 polarity reversal (Chapter 5). lin-17, homologous to the Drosophila tissue
polarity gene, frizzled, is also required for the generation or orientation of
many asymmetric cell divisions. We found that a lin-18 mutation, which has
a subset of the lin-17 phenotypes, also suppresses the egl-20 V5 polarity
reversal, but not as strongly. Ablation analysis suggests that these genes are
likely to act in the seam-cell signalling pathway, and not in the seam-cell
independent pathway, since isolated V cells divide with wild-type polarity in
these mutants. Since egl-20 and mig-14 also act to determine the stopping
points of certain migrating cells along the A/P axis, these observations suggest
that stationary and migratory cells may share a system for determining
position and orientation along the anterior/posterior axis.

In order to better understand how and where egl-20 acts, I initiated the
cloning of the egl-20 gene (Chapter 6). I used genetic and molecular markers
to map egl-20 to an interval of approximately 100 kilobases. To help identify
the location of the egl-20 gene in that interval, I designed a screen to identify
egl-20 mutations caused by large deletions (2-8kb). This cloning effort is being
continued by Gregg Jongeward and Jennifer Whangbo. Molecular analysis of
the egl-20 gene should help us to understand how this gene can function in
such diverse developmental events as cell migration, cell polarity and A/P

pattern formation.
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Chapter 2:
Neuronal Cell Migration in C. elegans: Regulation of Hox Gene Expression

and Cell Position

Prepared for submission to Development.

This work was done in collaboration with Lee Honigberg and Naomi
Robinson. Lee Honigberg performed all the analysis of the mig-14 mutations
and analyzed ALM, CAN, M and mulntR migrations in mig-1 mutants. Lee
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also developed and performed laser-induced heat shock of a single cell.
Naomi Robinson followed the migrations of QL and its descendants in mig-1
mutants and constructed and analyzed the mig-1; mab-5(gf) double mutant
strain. In addition, Naomi constructed the egl-20; mig-13 double mutant and
the mab-5; egl-20; mig-13 triple mutant strains. All the remaining data is my

work, as is the writing.
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Summary

In C. elegans, the Hox gene mab-5, which specifies the fates of cells in the
posterior body region, has been shown to direct the migrations of certain cells
within its domain of function. mab-5 expression switches on in the
neuroblast QL as it migrates into the posterior body region. mab-5 activity is
then required for the descendants of QL to migrate to posterior rather than
anterior positions. What information activates Hox gene expression during
this cell migration? How are these cells subsequently guided to their final
positions? We address these questions by describing four genes, egl-20, mig-14,
mig-1 and lin-17, that are required to activate expression of mab-5 during
migration of the QL neuroblast. We find that two of these genes, egl-20 and
mig-14, also act in a mab-5-independent way to determine the final stopping
points of the migrating Q descendants. The Q descendants do not migrate
toward any obvious physical targets in wild-type or mutant animals.
Therefore, these genes appear to be part of a system that positions the

migrating Q descendants along the anteroposterior axis.

INTRODUCTION

Cell migrations play an important role in development. Concerted
movements of large numbers of cells help to establish the different tissue
layers during gastrulation, and the migrations of individual cells contribute
to tissue organization and body pattern. For example, cells of the vertebrate
neural crest migrate from their birth place over the neural tube to different
locations throughout the body, generating widely distributed neuronal and
non-neuronal tissues. Invertebrates such as Hydra, C. elegans, and Drosophila

all require cell migration to develop normally (Hedgecock et al., 1987;

18



Teragawa and Bode, 1990; Montell, 1994). For cell movement to be a
reproducible part of development, the migrations of these cells must be
guided. Some cells migrate towards a visible target which supplies a guidance
cue; for example, germ cells are attracted to and migrate towards the genital
ridge in mammals (Godin et al., 1990). However, many migrating cells stop at
positions that are not associated with any obvious physical structures.

A number of genes required for cell migration have been identified in the
nematode, C. elegans. Dorsal/ventral (D/V) migrations in C. elegans are
guided by the netrin UNC-6 (Hedgecock et al., 1990; Ishii et al., 1992), in a
highly conserved process that has also been shown to guide D/V migrations
of axons in the developing vertebrate nervous system (Kennedy et al., 1994;
Serafini et al., 1994). The guidance of migrations along the anteroposterior
(A/P) axis in C. elegans has been shown to involve the gene vab-8, which is
required for the posterior migration of cells and axons (Wightman et al.,
1996). However, in general, the guidance of cells along the A/P axis is less
well-understood.

We have chosen to focus on the migrations of the neuroblasts QL and
QR, which migrate along the A/P body axis in C. elegans. The Q cells are
similar to neural crest cells in that they delaminate from an epidermal
epithelium and go on to populate regions of the body with sensory neurons
(Sulston and Horvitz, 1977; Chalfie and Sulston, 1981). The Q cells and their
descendants migrate to highly reproducible positions in a relatively uniform
region of the body. QL and QR are born in the same A /P position on opposite
sides of the animal, QL on the left and QR on the right. Although they
undergo an identical sequence of cell divisions, the two Q cells and their

descendants migrate in opposite directions: QL and its descendants migrate
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towards the posterior whereas QR and its descendants migrate towards the
anterior (Sulston and Horvitz, 1977) (Fig. 2.1).

The C. elegans Hox genes lin-39 and mab-5 play important roles in
regulating the migrations of cells in the Q lineages. lin-39, the C. elegans Sex
combs reduced homolog that specifies cell fates in the mid-body region, is
required for the anterior migration of the QR descendants (Clark et al., 1993;
Wang et al., 1993). mab-5, the C. elegans Antennapedia homolog that specifies
cell fates in the posterior body region, is required for the posterior migration
of the QL descendants (Chalfie and Sulston, 1981; Kenyon, 1986). Salser and
Kenyon (1991) have shown that mab-5 acts as a switch to determine the
direction of migration. If mab-5 is ON, the Q descendants migrate towards the
posterior; if mab-5 is OFF, the Q descendants migrate towards the anterior
(Salser and Kenyon, 1991; Fig. 2.1). Here, we extend these results by using a
laser microbeam to activate a heat-shock-mab-5 fusion gene (Salser and
Kenyon, 1991) exclusively within a migrating cell. Our findings, together with
previous genetic mosaic analysis (Kenyon, 1986) argue that mab-5 acts within
migrating Q descendants to determine their direction of migration.

The state of mab-5 expression within QL or QR determines whether their
descendants will migrate to anterior or posterior positions. However,
additional information is required to specify the final positions of these cells,
since each QL descendant migrates to a characteristic position in the posterior
and each QR descendant migrates to a characteristic position in the anterior.
There are no obvious cellular targets located at these stopping points.

To understand better how these cells find their characteristic positions
along the A/P axis, we have identified and characterized mutants in which
cells in the Q lineage migrate to incorrect positions. Here we show that four of

these genes, egl-20, mig-14, mig-1 and lin-17, are required to turn on the Hox

20



gene mab-5 in the migrating QL cell. When these gene activities are reduced
or eliminated, QL and its descendants do not express mab-5 and consequently
migrate towards the anterior. Two of the genes, egl-20 and mig-14, also act in a
mab-5-independent way to determine the final stopping points of the
migrating Q descendants along the A/P axis. Whether or not cells in the Q
lineage are provided with mab-5 activity, in the absence of egl-20 or mig-14
gene activities, they migrate to positions shifted posterior to the positions that
they would otherwise seek: Cells that would migrate posteriorly go too far
and cells that would migrate anteriorly stop short. In addition, cells that
would remain stationary migrate posteriorly, and cells that would only
migrate a short distance anteriorly instead reverse direction and migrate
posteriorly. Thus, in addition to activating mab-5 expression in the migrating
QL cell, egl-20 and mig-14 appear to participate in a guidance system that
determines the. final stopping points of cells in the Q lineage. Together, these
four genes provide entry points into understanding how migrating cells are

positioned along the body axis.

MATERIALS AND METHODS

General Procedures, Nomenclature, and Strains

Methods for routine culturing and genetic analysis are described in (Brenner,
1974) and (Sulston and Hodgkin, 1988). Analyses were performed at 250C,
unless otherwise noted. The wild-type strain N2 is the parent of all strains
used with the exception of egl-20(n1437), which was isolated in an MT2878
background (G. Garriga, pers. comm.). Mutations not described in this paper
are described by (Hodgkin et al., 1988) or are noted below.

Mutations used:
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LG I lin-17(n671), lin-17(n677), lin-17(e1456) (Ferguson and Horvitz, 1985)
mig-1(e1787), mig-1(mu72), mig-1(n687), mig-1(n1354), mig-1(n1652), (Desai
et al., 1988) lin-6(e1466), dpy-5(e61), jeIn1[mec-7-lacZ+pRF4(rol-6d)] (Hamelin
et al., 1992)

LG II: mig-14(mu71), mig-14(k124) (pers. comm. Kiyoji Nishiwaki), rol-
1(e91), unc-52(e444).

LG III: mab-5(e1239), mab-5(e2088), mab-5(e1751gf) (Hedgecock et al., 1987;
Salser and Kenyon, 1991), pag-1(Is2) (Guofeng Xie and Eric Aamodt, pers.
comm.)

LG IV: unc-24(e138), dpy-20(e1282), egl-20(n585), egl-20(n1437), (Desai et al.,
1988) egl-20(mu25), egl-20(mu27), egl-20(mu39), unc-31(e169), mulsé [lin-39-
lacZ + pRF4(rol-6d)] (Wang et al., 1993).

LG V: him-5(e1490)

LG X: mig-13(mu31) (Robinson, 1995) muls5 [lin-39-lacZ + pRF4(rol-6d)]
(Wang et al., 1993), muls9[hs-mab-5 + C14G10(unc-31*)] (Salser et al., 1993).

Rearrangements: eDf19 , tDf3 , tDf4 (Ahn and Fire, 1994), jDf1, jDf2, jDf4
(Jacobson et al., 1988)

Isolation of mutants with misplaced QL descendants

mig-14(mu71) and mig-1(mu72) were isolated in a screen for mutants with
misplaced Q descendants. In order to visualize the Q descendants using a
dissecting microscope, we used a mec-7-lacZ fusion, which is expressed in the
touch receptor neurons AVM (QR.paa) and PVM (QL.paa) (Hamelin et al.,
1992) and an X-gal staining protocol that does not kill the eggs inside a stained
hermaphrodite (Xie et al., 1995). EA23 jeIn1[mec-7-lacZ+pRF4(rol-6d)]; pag-
1(Is2) hermaphrodites were mutagenized with ethyl methanesulfonate (EMS;

(Brenner, 1974). (pag-1(Is2) increases the intensity of mec-7-lacZ expression;
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Guofeng Xie and Eric Aamodt, pers. comm.) 3500 F2's from these animals
were screened for the absence of a staining cell in the posterior where PVM is
normally found.

egl-20(mu25) is an EMS-induced allele isolated in a screen using
Nomarski optics to visualize animals with misplaced Q descendants. egl-
20(mu39) was isolated in a screen for EMS-generated mutations affecting the
expression of a mab-5-lacZ fusion gene, which will be described elsewhere
(Maloof and Kenyon, unpublished data).

egl-20(mu27) was isolated in a non-complementation screen. EMS-
mutagenized him-5(e1490) L4 males were mated to unc-24(e138) egl-20(n585)
hermaphrodites. Approximately 2100 F1 non-Unc L4 hermaphrodites were
picked away from their male siblings, grown to adulthood and screened for
the Egl phenotype. Their progeny were screened for a QL.(d) migration (Mig)
defect. Since unc-24(e138) egl-20(n585)/eDf19 are viable, fertile and Egl, we
should be able to identify and recover complete loss-of-function alleles in this
screen.

Forty-eight percent of mab-5(e2088)/ +; egl-20(n585)/+ animals have QL.pa
daughters in anterior positions (i.e. in the V1-V3 region; n=56). To rule out
the possibility that these new mutations were unlinked non-complementing
mutations, we mapped mu25, mu27 and mu39 to the egl-20 region, using

unc-24(e138) and dpy-20(e1282) (see next section; data not shown).

Genetic Mapping

egl-20. The egl-20 gene maps to LG IV (Trent et al., 1983). We mapped egl-20
between the genes unc-24 and dpy-20. From heterozygotes of genotype unc-
24(e138) + dpy-20(e1282)/ + egl-20(n585) +, 9/14 Dpy non-Unc recombinants
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and 8/20 Unc non-Dpy recombinants segregated Mig progeny. We also found
that the deficiency eDf19 failed to complement egl-20(n585) (data not shown).

mig-14. mig-14(mu71) was mapped to the right arm of LGII using STS
markers (Williams et al., 1992). Three-factor mapping placed it between rol-1
and unc-52: from rol-1(e91) unc-52(e444)/mig-14(mu71) heterozygotes, 4/25
Rol non-Unc recombinants segregated Mig progeny. None of the known
deficiencies in the region (jDf1, jDf2, jDf4) delete mig-14.

mig-1. Two-factor map data had placed mig-1 on the left arm of LGI
(Hodgkin et al., 1988). Three-factor mapping was used to further define the
map position of mig-1. From heterozygotes of genotype + lin-6(e1466) dpy-
5(e61)/ mig-1(e1787) + +, 21/21 Dpy non-Lin recombinants segregated Mig
animals. lin-17, whose QL.(d) cell mutant phenotype is similar to that of mig-
1 mutants, also maps to the left arm of LGI. However, deficiencies tDf3 and
tDf4, which delete the lin-17 locus, both complement mig-1(e1787) (data not
shown). Together, these data suggest that the map position of mig-1 is to the
left of lin-6, consistent with the two-factor map data, and confirm that mig-1

and lin-17 are two distinct genes.

Genetic analysis of gene activity

egl-20. Four of the five egl-20 alleles, n585, n1437, mu25, and mu27 have
similar phenotypes at 200 C; namely, severe QL.(d) migration defects and
HSN migration defects. At 250 C, mu25 has a weaker QL.(d) migration defect
(see Table 2.2). The QL.(d) migration defects are less severe in egl-20(mu39)
mutants (see Table 2.2), which also fail to exhibit some of the other egl-20
mutant phenotypes such as crumpled spicules, incomplete migration of rays 1
and 2 into the tail, and the A/P reversal of cells in the V5 lineage (data not

shown). Placing the allele 1585 in trans to a deficiency for the region, eDf19,
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did not increase the severity of the QL.(d) defect, the HSN defect or the
polarity reversal, suggesting that the 1585 mutation may completely
eliminate gene activity. Although placing the weak allele mu39 in trans to
either n585 or eDf19 increased the penetrance of the QL.(d) and HSN
migration defects to approximately the same degree, the polarity reversal
phenotype was more severe in mu39/eDf19 worms (data not shown). Thus
the n585 allele, although it is a strong reduction of function allele, may not
represent the egl-20 null phenotype.

To generate egl-20 heterozygotes for gene dosage analysis (see Table 2.2),
hermaphrodites of genotype unc-24(e138) egl-20 were crossed with N2 males,
and their non-Unc progeny were scored. eDf19 heterozygotes were identified
as non-Unc, non-Dpy progeny from an eDf19/unc-24(e138) dpy-20(e1282)
strain. As a control, unc-24(e138) dpy-20(e1282) hermaphrodites were crossed
to N2 males and their non-Unc, non-Dpy progeny scored.
mig-14, mig-1 and lin-17. The alleles of mig-14, mig-1 and lin-17 that we
studied are all recessive (Ferguson and Horvitz, 1985; Desai et al., 1988); data
not shown). Both alleles of mig-14, mu71 and k124, have a QL.(d) migration
defect that is more than 95% penetrant (Fig. 2.3 and data not shown),
although some of the other migration defects appear to be more severe in
k124 than mu71 (K. Nishiwaki, pers. comm. and data not shown). The QL.(d)
migration defects in mig-1 and lin-17 mutants are less penetrant than those of
egl-20 and mig-14 mutants, and some alleles of mig-1 have no associated QL
descendant migration defect at all. The positions of the QL.pa daughters are
anterior to wild type in greater than 75% of worms homozygous for the mig-1
alleles e1787 (Fig. 2.3), n687 and mu72, but less than 2% of worms
homozygous for n1354 and n1652 (data not shown; Maloof and Kenyon,
unpublished data). All lin-17 alleles examined, n671, n677, and e1456, have
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similar QL.(d) migration phenotypes. However, the lin-17(n671) and n677
mutations, reported to be the most severe lin-17 alleles with respect to vulva
formation (Ferguson and Horvitz, 1985), are both temperature sensitive for
the QL.(d) migration defect (data not shown). Interestingly, the e1456 allele,
reported to be weaker than n671 and n677 for other phenotypes (Ferguson and
Horvitz, 1985), exhibits the migration defect at lower temperatures (data not
shown). Thus, it is difficult to infer what the lin-17 null phenotype might be

and whether any of these alleles are null.

Scoring the positions of the Q.pa daughters

The positions of the Q.pa daughters were determined in late L1 after the
descent of the last P nucleus into the ventral nerve cord. The positions of the
QL descendants along the A/P axis were determined relative to that of the
stationary Vn.p and Vn.a epidermal cells. Although QL/R.paa and its sister
QL/R.pap migrate to different A/P positions, they are generally very close
together. Since it was not always possible to determine which cell was which
without observing the division of Q.pa, the positions of both cells were
plotted on the same graphs. By convention, anterior is always to the left in all
graphs and diagrams. All strains were examined at 250C except mig-14(mu71);
mab-5(e1751gf) which was examined at 200C.

Direct observation of Q lineage migrations

Worms were mounted for long-term observation as described by (Sulston and
Horvitz, 1977). Unhealthy strains were observed at lower temperatures: mig-
1(e1787) and mig-14(mu71); mab-5(e1751gf) mutants at 20°C, and mab-5(gf);
egl-20(n585) mutants at 22.50C. All other strains were observed at 25°C.
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Determination of Mab-5-like phenotypes
We examined egl-20(n585), mig-14(mu71), mig-1(e1787) and lin-17(n671)
mutants at 250 for other Mab-5 phenotypes (Kenyon, 1986). Tissues examined
were: adult coelomocytes in hermaphrodites, and spicules, hooks and sensory
rays 1-6 in males. More than 20 worms of each genotype were examined for
each phenotype.
egl-20, mig-14, and mig-1. All tissues examined were essentially wild-
type, except the coelomocytes and spicules in egl-20 mutants, which
were often missing (20/43) or crumpled (16/26).

lin-17. lin-17 mutations are known to cause many asymmetric cell
divisions to become symmetric or to adopt a reversed polarity. The lineage of
the M mesoblast was abnormal in lin-17 mutants (Sternberg and Horvitz,
1988), however, we found that 21 out of 25 animals produce adult
coelomocytes, unlike mab-5 mutants. Male tails have few rays, often with
severely abnormal morphology (Hodgkin et al., 1988) and data not shown),
but, unlike mab-5 mutants, do not contain alae instead (data not shown). lin-
17 mutations affect the formation of the hook and the spicules; however, the
defects in these structures are due to different developmental abnormalities

in lin-17 and mab-5 mutants (Kenyon, 1986; Sternberg and Horvitz, 1988).

Antibody staining of whole mount larvae

Larvae were fixed and stained with a rabbit polyclonal antisera to MAB-5 as
described in (Salser and Kenyon, 1996). The DNA stain DAPI, which labels all
nuclei, was used to confirm the identity of both mab-5 immunoreactive and

non-immunoreactive cells.

Single-Cell Activation of hs-mab-5
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To induce heat-shock-mab-5 (hs-mab-5) expression in a migrating Q.(d) cell,
we heated it using a laser microbeam. Experiments were performed as
described by (Stringham and Candido, 1993) except that laser strength was
calibrated daily by inserting neutral density filters in the laser light path until
15-25 pulses were needed to burst an E. coli cell. We then further attenuated
the laser by placing a glued stack of 10 or 12 microscope slides perpendicular to
the laser's path. The laser was focused on a single cell for 3 minutes at a pulse
rate of 2.5 Hz. After testing several different integrated lines carrying hs-mab-
5, we chose the strain CF301 mab-5(e2088); unc-31(e169); him-5(e1490);
muls9[hs-mab-5 + C14G10(unc-31%)] (Salser et al., 1993) because of its high
sensitivity and low background in whole-animal heat-shocks. Animals were
kept at 20°C throughout the experiments. 3.5-4 hour old L1 larvae were
mounted on agarose pads containing 2 mM azide to immobilize them. After
laser treatment, animals were allowed to recover for 1 hour on a seeded NG
plate and then were remounted on agarose pads. The migrating cells were
followed until QR.a or QR.ap had remained stationary for at least 2 hours,
usually about 8 hours total. Reversals were defined as migrations in which
QR.a or QR.ap moved towards the posterior and passed more than one
nucleus in the surrounding epidermis. The data presented in Figure 2.2
represents all experiments carried out once conditions were found that caused
QR.a migration reversals. To insure that the reversals were dependent on the
laser heat-shock of QR.a, we carried out controls in parallel in which animals
were mounted on azide for the same amount of time but without laser
pulsing. Controls in which QR.a was targeted in N2 (wild-type) worms were
also done in parallel. We found that the laser intensity necessary for
inducing QR.a reversals had the side-effect of delaying or blocking the

division of QR.a. This effect was independent of mab-5, however, because

28



focusing the laser on QR.a in wild-type worms also delayed or blocked the

division but did not induce reversals.

RESULTS

Wild-type Q lineage migrations

The QR and QL neuroblasts are born at the same time, in the same A/P
position on opposite sides of the animal (Sulston and Horvitz, 1977). These
cells each undergo an identical sequence of divisions (Fig. 2.1) to produce one
mechanosensory neuron (AVM/PVM), one putative interneuron
(SDQR/SDQL), a ciliated neuron (AQR/PQR) and two cells that undergo
programmed cell death (Sulston and Horvitz, 1977; Chalfie and Sulston, 1981;
White et al., 1986). Approximately one hour after the worm hatches, QL and
QR begin their migrations: QL towards the tail and QR towards the head.
Shortly before QL reaches the end of its migration, it starts to express the Hox
gene mab—-5. Both QL's anterior daughter, QL.a, and its posterior daughter,
QL.p, express mab-5, as do all their descendants. In contrast, QR and its
descendants never express mab-5 (Salser and Kenyon, 1991) (Fig. 2.1). In
mutants lacking mab-5 activity, QL still migrates towards the tail, but its
daughters migrate towards the head, just as the daughters of QR do in wild
type (Fig. 2.1) (Kenyon, 1986; Salser and Kenyon, 1991). In animals that express
mab-5 ectopically, such as mab-5(gf) mutants (Hedgecock et al., 1987; Salser
and Kenyon, 1991) or animals carrying heat-shock-mab-5 (Salser and Kenyon,
1991), QR still migrates towards the head, but now QR.p and its descendants
stop and QR.a and its descendants migrate towards the tail, just as QL.p, QL.a
and their descendants do in wild type (Fig. 2.1). In this paper, we will refer to
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the daughters of QL and QR and all of their subsequent descendants
collectively as QL.(d) and QR.(d) cells.

Previous mosaic analysis has shown that mab-5 activity is required within the
AB.p branch of the C. elegans lineage for QL's descendants to migrate
posteriorly (Kenyon, 1986). Since QL is derived from AB.p, this finding is
consistent with mab-5's acting cell autonomously. To demonstrate that mab-5
activity within a migrating Q.(d) cell is sufficient to direct its posterior
migration, we used an attenuated laser microbeam to activate hs-mab-5
within a single cell (see Materials and Methods). We found that focusing the
laser beam on the anteriorly migrating QR.a cell, but not surrounding cells,
caused QR.a to reverse direction and migrate towards the posterior (Fig. 2.2).
Despite the fact that in wild-type animals all three QL-derived neurons
express mab-5, each cell comes to occupy a characteristic position along the
body axis (Fig. 2.1). Similarly, all three QR-derived neurons fail to express
mab-5, yet each of them migrates to a different characteristic position (Fig. 2.1).
Thus, although mab-5 expression plays an important role in determining
whether these cells ultimately reside in the posterior or the anterior of the

body, it does not appear to be sufficient to specify their precise locations.

Genes affecting Q descendant migration: Overview

In this paper we describe four genes that affect the migrations of the Q.(d) cells
along the A/P body axis. A number of mutants had been identified previously
in which the descendants of QL were located in anterior body regions
(Hedgecock et al., 1987; Way et al., 1992)(Hedgecock et al., 1987; Way et al.,
1992; G. Garriga and C. Bargmann, pers. comm.), and we identified additional
mutants with this phenotype (Fig. 2.3A; see Materials and Methods). We find

that mutations in egl-20, mig-1, mig-14, and lin-17 can cause the Q.(d) cells,
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which normally migrate posteriorly, to reverse direction and migrate
anteriorly instead. In addition, mutations in two of these genes affect another
aspect of cell positioning that affects both the QL.(d) and QR.(d) cell
migrations: namely, that subsequent anterior migrations are shortened and
posterior migrations are lengthened. We will discuss these two different
mutant phenotypes in turn, beginning with the change in direction of

migration.

Mutations in egl-20, mig-1, mig-14, and lin-17 reverse the direction of
migration of QL's descendants

The QL.(d) cells in egl-20, mig-1, mig-14, and lin-17 mutants migrate towards
the anterior just as they do in mab-5 mutants (Fig. 2.3A). Are these reversals
due to a failure of the mab-5 switch? If mab-5 activity in QL were blocked, one
would expect QL to migrate posteriorly, but its descendants to migrate
anteriorly, as they do in mab-5 mutants (Fig. 2.1). To ask whether QL migrated
posteriorly in these mutants, we observed its migration in living animals
using Nomarski microscopy. We found that in these mutants QL migrated
towards the posterior, as in wild type, but its descendants migrated towards
the anterior, as in mab-5(-) mutants (Fig. 2.3B). Thus, these four genes, egl-20,

mig-1, mig-14, and lin-17, were likely to function in the mab-5 pathway.

Mutations in egl-20, mig-14, mig-1 and lin-17 prevent MAB-5 expression in
QL

In principle, the QL.(d) cells could migrate anteriorly in these mutants either
because they fail to express mab-5, or because they fail to respond correctly to
mab-5. To distinguish between these two possibilities, we first used polyclonal
antisera against mab-5 protein (MAB-5) (Salser et al., 1993) to determine
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whether QL and its daughters, QL.a and QL.p, produced MAB-5. We found
that although QL.a and QL.p always expressed mab-5 strongly in wild-type
worms, they produced no detectable MAB-5 in egl-20(n585) and mig-14(mu71)
mutants (Fig. 2.4 and Table 2.1).

The effect on mab-5 expession at this stage seemed to be fairly specific for QL.a
and QL.p: surrounding cells (V6, P9/10, P11/12, M and the seven most
posterior juvenile motoneurons) appeared to produce MAB-5 as in wild type
(data not shown). We also found that in general, mab-5-dependent cell fates
in four other tissues (the hermaphrodite M-derived coelomocytes, male
spicules, rays 1-6 and hooks) (Kenyon, 1986) were normal in egl-20, mig-14
and mig-1 mutants (exceptions are described in Materials and Methods).
These tissues were defective in lin-17 mutants, but had a phenotype that
differed from that of mab-5 mutants (see Materials and Methods). Therefore
these genes are not required globally for mab-5 expression.

When we examined MAB-5 expression in mig-1(e1787) and lin-17(n671)
mutants, we found that the QL daughters showed weak or no MAB-5 staining
in 83% and 48% of the worms, respectively (Fig 2.4 and Table 2.1). As in egl-20
and mig-14 mutants, staining appeared normal in surrounding cells. Since
these mig-1 and lin-17 mutants have an incompletely penetrant migration
defect, the QL.(d) cells that remain in the posterior in mig-1 mutants could do
so as a result of mab-5 activity. To test this, we removed mab-5 activity using a
mab-5 null mutation, e1239 (Salser and Kenyon, 1996). We found that the
QL.pa daughters were located in the anterior in 98% (n=67) of the mig-
1(e1787); mab-5(e1239) double mutants. The same was true for lin-17(n671);
mab-5(e1239) double mutants constructed and analyzed previously by Way et

al. (1992). These observations indicate that the QL descendants that remain in
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the posterior in mig-1 and lin-17 mutants do so largely as a result of mab-5
activity.

If the QL.(d) cells in mig-1 and lin-17 mutants migrate incorrectly because they
fail to express MAB-5, then they would be expected to migrate correctly if
provided with MAB-5. To test this, we used a mab-5 gain-of-function
mutation, e1751gf, a regulatory mutation that causes ectopic production of
MAB-5 (Salser and Kenyon, 1991; Salser et al., 1993). In e1751gf mutants, both
QL and QR produce MAB-5, and both the QL and QR descendants migrate to
posterior positions (Hedgecock et al., 1987; Salser and Kenyon, 1991) (Fig. 2.5).
We found that in double mutant combinations between mab-5(e1751gf) and
egl-20, mig-1 or mig-14 mutations, the QL.pa descendants remained in the
posterior (Fig 2.5). This shows that the QL.(d) cells in egl-20, mig-1, and mig-14
mutants can respond correctly to MAB-5. This finding, together with the
MAB-5 expression data, indicates that the QL.(d) cells migrate towards the
anterior in egl-20, mig-1, and mig-14 mutants because they fail to express
MAB-5.

We were unable to maintain lin-17(n671); mab-5(e1751gf) double mutants
because the animals were very sick. However, the frequency of QL daughters
in lin-17 mutants that have little or no MAB-5 staining correlates well with
the percentage of QL descendants that migrate into the anterior, as it does for
mig-1 mutants (Table 2.1), and the QL.(d) cells that remain in the posterior
require mab-5 activity to do so (Way et al., 1992). Together, these observations
suggest that a lack of mab-5 expression in the QL.(d) cells causes them to

migrate into the anterior.

The egl-20, mig-1, mig-14 and lin-17 mutations examined are likely to be

reduction- or loss-of-function alleles
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What is the wild-type function of these four genes in QL.(d) migration? To
address this question, it was necessary to determine whether these mutations
were likely to be loss-of-function or gain-of-function mutations. To do this,
we asked whether these mutations were dominant or recessive, and, where
possible, how the phenotypes were affected by changes in gene dosage (see
Materials and Methods). We found that the egl-20 allele n585 is semi-
dominant due to haploinsufficiency (Table 2.2) and behaves as a strong
reduction-of-function mutation by genetic criteria (see Materials and
Methods). The alleles of mig-14, mig-1 and lin-17 that we studied were all
found to be recessive. For each of these genes, more than one allele caused a
QL.(d) migration defect (see Materials and Methods). Thus, the simplest
explanation for all these mutations is that they reduce or eliminate gene
function, and therefore function during normal development to activate

mab-5 expression in QL.

In egl-20 and mig-14 mutants the anterior migrations of the QR descendants
are shortened

In addition to their failure to express mab-5 in QL, egl-20 and mig-14 mutants
also exhibit a second migration phenotype. In the wild type, the three QR-
derived neurons each stop at unique and characteristic positions in the
anterior, just as the three QL-derived neurons do in the posterior.
Interestingly, we found that in egl-20 and mig-14 mutants, the final positions
of most of the QR.pa daughters were consistently shifted posteriorly relative
to wild type (Fig 2.6, column 1). When we observed the QR.(d) migrations in
living animals using Nomarski microscopy, we found that, in general, these
cells stop migrating prematurely (Fig. 2.7A). We also noticed a similar

alteration in the QL.(d) migrations: in egl-20 or mab-5; egl-20 double mutants
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the final positions of these cells were generally shifted significantly
posteriorly relative to the positions in the anterior that they would come to
occupy in mab-5(If) mutants (Fig. 2.3 and data not shown). Since the Q.(d)
migrations of egl-20 and mig-14 mutants are not the same as those of mab-
5(If) mutants, the egl-20 and mig-14 mutant phenotypes cannot be completely
explained by a loss of mab-5 expression in the QL lineage. Because egl-20 and
mig-14 influence mab-5 expression in the QL lineage, in the following
sections we will describe the shortening of the anterior migrations on the

right side only, where cells in the QR lineage do not express mab-5.

The shortening of the anterior migrations of the QR descendants in egl-20
and mig-14 mutants is not due to a defect in motility

What causes the QR descendants to stop short in egl-20 and mig-14 mutants?
These cells may be specifically defective in anterior migration, or they may
simply be unable to migrate well in any direction. Alternatively, these
mutations may direct cells to migrate to positions shifted posterior to normal.
To distinguish between these possibilities, we asked what effect egl-20 or mig-
14 mutations would have on a mutant in which QR.p did not migrate at all.
In worms carrying the mab-5 gain-of function mutation, e1751gf, QR.p and its
descendants do not migrate and QR.a and its daughter migrate towards the
posterior (Fig. 2.7). We found that when an egl-20 or mig-14 mutation was
introduced into this strain, the QR.p cell now migrated towards the tail (Fig.
2.7), thus shifting the positions of the QR.pa daughters towards the posterior
(Fig. 2.6, column 3). This meant that a loss of egl-20 or mig-14 activity could
cause a normally stationary cell to migrate posteriorly. We also observed that
in mab-5(gf); egl-20 double mutants, QR.a and its daughter, QR.ap, now
migrated further posteriorly than in the mab-5(gf) single mutant (Fig. 2.7A,
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black triangles). This new finding is not consistent with the hypothesis that
egl-20 mutants are defective in cell motility. Instead, they imply that egl-20
and mig-14 mutations cause cells to migrate to positions located posterior to
their normal stopping points.

In another mutant, mig-13(mu31), QR.p and its descendants only migrate a
short distance to the anterior (Robinson, 1995) (Fig. 2.7B). The mu31 mutation
is recessive and the severity of the phenotype does not increase in trans to a
deficiency (Robinson, 1995). Thus, the wild-type function of mig-13 is probably
to allow QR.(d) cells to migrate anteriorly. Since mutations in egl-20 and mig-
14 shift the positions of the QR.pa daughters toward the posterior in wild-
type, mab-5(If) and mab-5(gf) mutants, we wondered whether they would
shift the QR.p descendants toward the posterior in a mig-13 mutant as well:
specifically, might they cause the QR.p cell to actually reverse direction and
migrate posteriorly? We found that the positions of the QR.pa daughters in
mig-13 mutants carrying egl-20 or mig-14 mutations were consistently shifted
posterior relative to the mig-13 single mutants (Fig. 2.6, column 4), and some,
most strikingly in the egl-20; mig-13 double mutant, were actually posterior to
the birthplace of QR (denoted by asterisks at the bottom of Fig. 2.6). We
followed the migrations of QR and its daughters in both egl-20; mig-13 and
mig-14; mig-13 double mutants and found that QR.p always migrated in the
reverse direction, towards the posterior, whereas in mig-13 single mutants,
QR.p either stopped or migrated towards the anterior (Fig. 2.7B). These
observations indicate that loss of egl-20 or mig-14 activity can cause a QR.(d)
cell to change its direction of migration from anterior to posterior.

In the wild type, posterior migration of Q.(d) cells requires mab-5 activity. Is
mab-5 required for the posterior migration caused by egl-20 mutations? To ask

whether the posterior migration of these cells required mab-5 activity, we
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constructed and analyzed mab-5(e2088); egl-20(n585); mig-13(mu31) triple
mutants. We found that in these mutants QR.p migrated towards the
posterior in 3 out of 4 animals. This observation indicates that mab-5 is not

absolutely required for posterior migration.

The known Hox gene functions are not responsible for the shortened
migrations of the QR descendants in egl-20 and mig-14 mutants

Both egl-20 and mig-14 mutations affect the expression of the Hox gene mab-
5. Could the posterior shift in the positions of the QR.pa daughters in egl-20
and mig-14 mutants be explained by altered activities of the Hox genes? Of the
four C. elegans Hox genes, three, lin-39, mab-5 and egl-5, are known to be
required for wild-type Q.(d) migrations (Kenyon, 1986; Costa et al., 1988;
Chisholm, 1991; Clark et al., 1993; Wang et al., 1993). There are no mutations
in the fourth gene, ceh-13, and its function is unknown (Shaller et al., 1990;
Clark et al., 1993; Wang et al., 1993).

The Hox gene lin-39 is required for patterning the central body region and for
the anterior migrations of QR and its descendants (Clark et al., 1993; Wang et
al., 1993) In lin-39 mutants, the anterior migrations of QR and its descendants
are shortened. To determine whether reduced lin-39 activity in egl-20 and
mig-14 mutants is responsible for shortening anterior QR.(d) migrations, we
first examined the expression of a lin-39-lacZ fusion gene (Wang et al., 1993)
in egl-20 and mig-14 mutants. lin-39-lacZ is normally expressed in both QL
and QR (Wang et al., 1993) and we found that its expression in both cells was
unaffected by egl-20 or mig-14 mutations (data not shown). Second, we
examined the QR.(d) migrations in a double mutant containing egl-20(n585)
and a lin-39 null allele, mu26, (Wang et al., 1993), and J. Maloof and C.
Kenyon, unpublished data). If the shortened anterior migrations of the QR.(d)

37



cells in egl-20 mutants were due to a loss of lin-39 activity, then the
migrations in the lin-39; egl-20 double mutant should be the same as those in
the lin-39 single mutant. We found that the positions of the QR.pa daughters
in the double mutant were further posterior than in the lin-39(mu26) single
mutant (data not shown). Since the presence of an egl-20 mutation shortened
the anterior-directed migrations of the QR.(d) cells in a lin-39 null mutant,
the failure of these cells to migrate to their normal positions in egl-20
mutants cannot be explained simply by a loss of lin-39 activity.

Another possibility is that the QR.(d) cells did not migrate as far anteriorly as
normal because they misexpressed the Hox genes mab-5 or egl-5. These two
genes are required for the posterior migrations of the QL.(d) cells: mab-5 100%
of the time (Kenyon, 1986; Salser and Kenyon, 1991) and egl-5 approximately
9% of the time (Chisholm, 1991). To test whether ectopic mab-5 or egl-5
activity could be responsible for the shortened anterior migrations and
lengthened posterior migrations of the QR descendants in egl-20 and mig-14
mutants, we made double mutants between mab-5(e2088) or egl-5(n945) and
egl-20(n585) or mig-14(mu71). We found that neither Hox mutation rescued
the shortened QR.(d) migrations of egl-20 and mig-14 mutants (Fig. 2.6 and
data not shown). These observations demonstrate that the posteriorly shifted
positions of the QR.pa daughters in egl-20 and mig-14 mutants are not due to

ectopic mab-5 or egl-5 activity.

The phenotypes of mutations in egl-20 and mig-14 are additive

We examined the positions of the QR.pa descendants in mig-14(mu71); egl-
20(n585) double mutants, and found that they were shifted even further
posterior than either single mutant (Fig. 2.8). Further genetic and molecular

analysis of these alleles should help us to determine whether these genes
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function in the same or in parallel pathways to determine the stopping points

of the migrating QR.(d) cells.

Effect of egl-20, mig-14, mig-1 and lin-17 mutations on other cell migrations
To ask whether these mutations affected other cell migrations, we examined
the positions of the migratory cells HSN, ALM, CAN, mulntR, ccLa/p,
ccRa/p, and M (Fig. 2.9). Mutations in egl-20, mig-14, mig-1 and lin-17 affected
a few migrating cells but did not produce a consistent posterior shift. Since we
have not examined the position of every cell in these mutants, the possibility
remains that egl-20, mig-14, mig-1 and lin-17 may also play a broader role in

cell migration than we have so far determined.

DISCUSSION

Our experiments address two important questions: First, what initiates
expression of a Hox gene in a migrating cell, and second, what directs
migrating cells to their final positions? We have identified four genes
required to activate mab-5 in QL. Two of these genes, egl-20 and mig-14, are
also required independently of mab-5 activity to position the migrating Q

descendants correctly along the A/P axis.

Activation of the Hox gene mab-5 within the migrating QL neuroblast

egl-20, mig-14, mig-1 and lin-17 act in the same pathway as the Hox gene mab-
5 to direct descendants of QL to migrate towards the posterior. All four of
these genes act upstream of mab-5, and mutations in these genes appear to
affect mab-5 expression primarily in QL. None of these mutations appear to
affect mab-5 expression or activity globally; thus they are not likely to be

general activators of mab-5 unless their functions in other cells are redundant
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with other factors. These genes could act either at the level of transcription or
of protein stability; however, the latter possibility seems less likely since
mutations in these genes also block appearance of B-galactosidase in QL.a and
QL.p in worms carrying mab-5-lacZ fusions containing only the first
seventeen amino acids of the MAB-5 protein (Salser and Kenyon, 1991); data
not shown).

How might egl-20, mig-14, mig-1 and lin-17 act to turn on mab-5? One
possibility is that these genes are part of a system that creates left/right (L/R)
asymmetries since, in wild type, QL but not QR expresses mab-5.
Alternatively, these genes could be part of a system that is involved with the
establishment of, or the response to, A/P positional information. In this
model, the asymmetric initial migration would place QL and QR in different
A/P positions, creating an A/P difference in addition to a L/R asymmetry.
Signals present in QL's new posterior location would then instruct it to turn
on mab-5, allowing the A/P patterning system to distinguish the fate of QL
from that of QR. Finally, it is possible that these genes act to specify aspects of
Q cell fate in a manner independent of either A/P or L/R position.

One of these genes, lin-17, is required for many asymmetric cell divisions. For
example, in lin-17 mutants, many cells that normally divide to generate two
different cell types (A and B) instead generate two similar cells (A and A)
(Sternberg and Horvitz, 1988; Way et al., 1992). Although QL's ability to
express mab-5 is altered in lin-17 mutants, it does not adopt the fate of its
sister, an epidermal cell called V5. It is not clear how, or if, these two roles of
lin-17 are related. Molecular analysis of lin-17, as well as egl-20, mig-14 and
mig-1, should help to understand how mab-5 gene expression is activated

during the migration of QL.
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The egl-20 and mig-14 genes influence the stopping points of the migrating Q
descendants along the A/P axis

Two of the genes required for mab-5 activation in QL, egl-20 and mig-14, are
also required in a mab-5-independent process to position cells correctly along
the body axis. Mutations in these two genes cause the Q descendants to stop at
positions that are further posterior than wild-type (Fig. 2.6). This shift is not
due to misregulation of the Hox genes mab-5, lin-39, or egl-5. Nor is the
posterior shift due to a defect in motility, since mutations in egl-20 and mig-
14 lengthen posterior-directed migrations, cause a non-migratory cell to
migrate posteriorly, and reverse the direction of an anteriorly migrating cell
(Fig. 2.7). The egl-20 and mig-14 mutations we have analyzed all appear to
reduce or eliminate gene function. Thus, it appears that the wild-type
function of egl-20 and mig-14 is to allow the QR.(d) cells to migrate to more
anterior positions.

In migrations directed by signals from target cells, the attraction of migrating
cells or growth cones to a specific target determines both their direction of
migration and their stopping or turning point. In contrast, the Q.(d) cells do
not migrate towards any apparent target, and yet they stop at precise positions.
This situation is reminiscent of the targeting of chick retinal axons to specific
positions in the optic tectum. Axons from cells in different regions of the
retina map to specific locations on a tectum that morphologically appears
relatively uniform. Graded expression of cell-surface molecules across the
tectum may direct the migrating growth cones to different locations
(reviewed in Tessier-Lavigne, 1995). If a similar graded signal guides the Q
descendants, then egl-20 and mig-14's role in it must be relatively specific for
Q.(d) cell migration, since many other A/P migrations are unaffected by

mutations in these genes (Fig. 2.9).
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Positioning migrating Q descendants along the A/P axis

How might egl-20 and mig-14 instruct the migrating Q.(d) cells where to stop?
There are at least three possibilities. 1) The Q.(d) cells might seek out specific
positional values, perhaps defined by a specific concentration or combination
of guidance molecules whose composition changes with position along the
A/P axis. Mutations in egl-20 and mig-14 could act by shifting positional
values, or the cell's perception of these values, towards the posterior (Fig.
2.10A). This model could also explain the failure of QL to turn on mab-5 if the
decision to activate mab-5 is based on a positional cue that is shifted out of the
range of QL in egl-20 or mig-14 mutants. 2) Opposing forces within the Q.(d)
cells "push” or "pull" the migrating cells in both an anterior and a posterior
direction. During this "tug-of-war", the relative strength of two opposing
forces determines the final position of the migrating cell along the A/P axis
(Fig. 2.10B). For example, if anterior and posterior migration were mediated
by different receptors binding to two different external guidance cues,
mutations in genes like egl-20 and mig-14 could act by increasing the relative
concentration of "posterior-directing” receptor molecules in the plasma
membrane, and thus tip the balance toward posterior migration (Fig. 2.10).
Thus the wild-type function of egl-20 and mig-14 would be to increase the
activity or levels of proteins required for anterior migration or decrease the
activity or levels of proteins required for posterior migration. 3) Mutations in
egl-20 and mig-14 might disrupt fine-scale A/P patterning, in the manner of
Drosophila segment polarity mutants (Howard, 1990; Ingham, 1991). C.
elegans is not a segmented animal, but there are repeating patterns of cells
along the body (for a discussion, see Kenyon and Wang, 1991). In this model,
other gene products would guide Q.(d) cells to the correct region of the body,
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and then egl-20 and mig-14 would position them correctly within each
metameric unit (Fig. 2.10C). Interestingly, mutations in egl-20 can reverse the
A/P polarity of certain epidermal cells (J. H. and C. K., unpublished data) and
cells in the Q lineage (Fig. 2.3, legend), much as mutations in segment polarity
genes do in the fly (Ma and Moses, 1995; Wehrli and Tomlinson, 1995).

Why do egl-20 and mig-14 mutations cause posterior shifts in the positions of
cells in the Q lineage but not in the positions of all cells that migrate along the
A/P axis? Migrations along the D/V axis are coordinately affected by unc-5
and unc-6 mutations, and migrations along the A/P axis, including the Q.(d)
cells, are coordinately affected by mutations in vab-8. The reason for the
specificity of egl-20 and mig-14 is not clear; however, it makes us favor the
possibility that these genes act to establish the response of cells in the Q
lineage to extrinsic signals rather than in establishing cell extrinsic guidance
information. However, it remains possible that there are cell-extrinsic

migratory signals specific for Q.(d) cells.

A new look at mab-5's role in cell migration

Our analysis of the egl-20 and mig-14 mutant phenotypes suggests a new
interpretation of mab-5's role in cell migration. The starting point for the
experiments presented here was the hypothesis that mab-5 acts as a migration
switch: if mab-5 is on, the Q.(d) cells migrate towards the posterior, if mab-5 is
off, the Q.(d) cells migrate towards the anterior. In this model, it was assumed
that mab-5 acts to specify the direction of migration. Thus it was somewhat
surprising to find that mab-5 is not absolutely required to migrate posteriorly
(in mig-13; egl-20 double mutants; Fig. 2.7b).

This analysis of egl-20 and mig-14 mutations suggests the possibility that cells

in the Q lineages are instructed to migrate to specific positions rather than in
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specific directions. In egl-20 and mig-14 mutants the target positions adopted
by migratory cells are shifted posteriorly. In some cases this positional shift
involves a change in the direction of cell migration from anterior to posterior
(Fig. 2.7). Perhaps this type of guidance system, that is, specifying cell position
rather than direction of migration, governs Q.(d) cell migration. If so, then
other mutants that alter the migrations of the Q.(d) cells would also act by
respecifying target position rather than altering the direction of migration.
Perhaps mab-5, rather than directing cells to migrate in a specific direction
(i.e. towards the posterior), acts by directing cells to migrate to specific
positions: positions that just happen to be posterior to the cells' starting
points. Another observation, that intermediate levels of mab-5 (as in a mab-
5/+ heterozygote) direct cells to intermediate positions (Salser and Kenyon,
unpublished data), also suggests that mab-5 may not act as a simple ON/OFF-
type directional switch. Further analysis of egl-20, mig-14, mig-1 and lin-17 ,
both genetic and molecular, should provide a greater understanding of how

guidance information is encoded in this system.
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Fig. 2.1. Migration of the Q neuroblasts and their descendants in wild type (Sulston and Horvitz, 1977;
Chalfie and Sulston, 1981) , mab-5(If) (Kenyon, 1986; Salser and Kenyon, 1991) and mab-5(gf) (Salser and
Kenyon, 1991) mutants. Data are from Salser and Kenyon, (1991). Each cell in the lineage is denoted by a
different shape (see lineage diagrams at bottom of figure): QL /R, circle; QL/R.a, large triangle; QL/R.ap
(PQR/AQR), small triangle; QL/R.p, large square; QL/R.pa, diamond; QL/R.paa (PVM/AVM) and
QL/R.pap (SDQL/R), small squares. Cells undergoing programmed cell death are marked with an x. Cell
migrations are indicated by arrows. All cells divide and migrate along the A/P axis except for the
daughters of anteriorly migrating QR.pa cells, which migrate dorsoventrally as well. The divisions of cells
other than QL or QR are symbolized by cell lineage diagrams. In all figures, anterior is to the left. Filled
symbols indicate mab-5 expression as determined by antibody staining (S. Salser and C. Kenyon,
unpublished data; see Fig. 4). This pattern is the same as that determined using mab-5-lacZ (Salser and
Kenyon, 1991). The brief expression of MAB-5 in the QL neuroblast just before division is not depicted.
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Fig. 2.2. Laser activation of hs-mab-5 in QR.a as it migrates anteriorly

causes the cell to reverse direction and migrate posteriorly. During the

anterior migrations of QR.a and QR.p, an attenuated laser beam was

focused on a single nucleus for three minutes in order to activate mab-5

expression and the resulting cell migrations were observed during the

47



the following 8-10 hours (see Materials and Methods). The symbols indicating
cells in the QR lineage are the same as those in Fig. 2.1. The QR.p lineage
(square) was unaffected and is omitted. Gray ovals show Vn.a and Vn.p
hypodermal cells and correspond to the horizontal axis of Figure 2.3. The
targeted cell is indicated with radiating lines. (A) Sample lineage from a mab-
5(e2088); muls9(hs-mab-5) animal in which the laser was focused on QR.a (red
triangle). QR.a continued to migrate anteriorly, then reversed direction and
migrated toward the posterior, divided as QR.a normally does, and then
migrated a short distance to the anterior (presumably due to decay of the hs-
mab-5 activity (Salser and Kenyon, 1991). (B) Sample lineage from mab-
5(e2088); muls9(hs-mab-5) animal in which the laser was focused on a nearby
cell, V3.p. At that time, QR.a (dashed triangle) was just dorsal of V3.p but was
unaffected, continuing its normal anterior migration pattern. (C) Summary of
all laser heat-shock experiments. In all cases the laser was focused on cells on
the right side of the animal during the time that QR.a was migrating
anteriorly (between V3 and V4). The targeted "Nearby" hypodermal cells
were: V3, V3.a, and V3.p (n= 3, 2 and 4, respectively). "Distant” hypodermal
cells were: V1, V2, V2.a, V2.p, V6,and P1/2 (n=1, 1, 1, 1, 2 and 2, respectively).
Dorsal syncytial nuclei were: the hyp7 nucleus between V2 and V3 (n=4) and
the hyp7 nucleus between V1 and V2 (n=1). Using the positions of the Vn.a
and Vn.p cells as a ruler (see horizontal axis for Fig. 2.3, in which each tick
mark is defined as one unit) the distance migrated toward the posterior in the

QR.a reversals ranged from 4 to 13 units, mean = 7.9.
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Fig. 2.3. The migrations of the QL descendants in wild-type and mab-5(e2088),
egl-20(n585), mig-14(mu71), mig-1(e1787) and lin-17(n671) mutants. The
positions of the QL descendants along the A/P axis were determined relative
to that of the stationary Vn.p and Vn.a epidermal cells, shown at the bottom
of the figure (see Materials and Methods). (A) Final positions of the QL.pa
daughters, AVM and SDQL, at 250C. The asterisk above V5.a marks the
birthplace of QL. Fifty animals of each genotype were scored. (B) The
migrations of QL and its descendants in representative animals of each
genotype. The migrating cells were followed in living animals using
Nomarski (DIC) optics. The different cells are depicted by different shapes (see
lineage diagram at bottom of figure) as described in Fig. 2.1. The cells in the
Q.p branch of the lineage are labelled blue and in the Q.a branch are labelled
pink.

We observed the complete migrations in 5 egl-20, 3 mig-14, and 4 mig-1
mutants. Data for wild-type and mab-5 mutant migrations are from Salser
and Kenyon (1991). Illustrated lineages are representative. The following
variation was seen: egl-20. QL.p did not migrate at all in one egl-20 mutant,
although its daughter, QL.pa, did. QL.pa migrated anteriorly in 3/5 animals
and did not migrate at all in the other two. In one animal, QL.ap did not
migrate into the head but stopped in the body, just posterior to V1.p. In
addition, in one animal, the polarity of the QL.a division was reversed: QL.aa
migrated and QL.ap died. The migration of QL.aa in this animal was quite
unusual; first it migrated anteriorly past three nuclei, then changed direction
and migrated posteriorly past four nuclei, then changed direction again and
migrated anteriorly past seven nuclei to a position just adjacent to V3.a,

where it stopped. mig-14. In one animal QL.ap did not migrate into the head,
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but stopped in the body between V1.a and V1.p. mig-1. In one mig-1 mutant
the QL.(d) cells migrated as in wild type. lin-17. lin-17 mutants were not
observed continuously, since their development at 250C, where the Mig
defect is observed, is greatly retarded. Instead, the initial migration of QL was
observed and then the final positions of the QL.pa descendants were scored
the following day. In all 8 lin-17 mutants examined QL migrated towards the
posterior; in four of those animals the QL.pa daughters migrated to positions
anterior to wild-type.

In egl-20, mig-14, mig-1 and lin-17 mutants, but not in mab-5 mutants, the
migration of QL towards the posterior was lengthened, so that it divided next
to P9/10 or even V6 instead of over V5 (see positions of QL.a and QL.p in Fig.
2.4). egl-20 L1 larvae are slightly Dumpy, so distances between cells are

shorter, but the other three mutants are of normal length.
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