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Genetic Analysis of Neuroblast Migration in
Caenorhabditis elegans

by
Naomi Tamar Robinson

ABSTRACT

During the development of complex organisms, many cells must migrate
long distances from their birthplace to the place where they will function.
In the nematode C. elegans, the migratory behavior of the Q neuroblasts
can be analyzed genetically to study the mechanisms involved in
guidance. The two Q cells are homologous neuroblasts born on opposite
sides of the body. The two cells undergo an identical sequence of cell
divisions and cell deaths, giving rise to three neurons. However, the Q
cell on the left (QL) and its descendants migrate to the posterior while the
Q cell on the right (QR) and its descendants migrate to the anterior. In
the work described in this thesis, I have characterized a number of

aspects of this migratory behavior.

Establishment of the initial asymmetry on the left and right sides
involves the action of the unc-40 gene. After the initial asymmetry is
established, the HOM-C genes mab-5 and lin-39 control the direction and
extent of migration, respectively. mab-5 regulates cell migration within its
domain of function in the posterior body region. mab-5 appears to be
activated in QL and its descendants by several genes, including mig-1.
Likewise, lin-39 is also required for cell migration through its domain of
function in the central body region. lin-39 is expressed within QR, QL,
and their descendants. mab-5 and lin-39 seem to function redundantly
to control QL's place of division in addition to their independent and
contrasting effects on the direction of migration of the Q descendants.

What genes act downstream of the HOM-C genes in the migrating cells?
The gene mig-13 may be a downstream target for the HOM-C genes.
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mig-13 activity promotes the anteriorward migration of QR's
descendants. A defect in mig-13 activity inhibits anteriorward migration
and promotes the abnormal posteriorward migration of QR.ap. This
posteriorward migration of QR.ap is mab-5 independent, raising the
possiblity that mig-13 functions as a downstream target for mab-5. In
addition, lin-39 expression is unaffected in mig-13 mutants.

Finally, mutations in let-2 and emb-9, which encode collagen type IV,
affect the positioning of the final descendants of QR.p but not the
descendants of QL.p.

£2 as_2 *- p. …—CUT
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CHAPTER 1
Introduction



In birds, man, and even worms, cells must migrate during development
from where they are born to where they will function. This process of
directed cell migration is beautifully choreographed; (in more complex
organisms) thousands of migratory cells move through a complex array of
extracellular matrix and stationary cells. It is believed that numerous
mechanisms are involved in guiding cells to their final position.

Mechanisms of directed migration
There are many theories about how cells are specifically directed during
migration. These theories include the alignment of axons and cells along
electrical currents (Ingvar, 1920; Hinkle et al., 1981; Jaffe and Poo,
1979; Nuccitelli and Erikson, 1983) as well as the effect of physical
barriers to influence migration behaviors (Weiss, 1934; Weiss, 1955).
Researchers are currently focusing more on studying the use of
molecular signals to guide migrating cells. These molecular signals could
be present on the axons or processes of non-migrating cells that line the
path of migration (such as in glial guidance); they could be present in
the extracellular matrix (local cues); or the molecular signals could be
secreted from a target cell or tissue (long range cues).

Do cells and axons use the same guidance system? Cells and axons have
different physical requirements as they migrate: axons must grow
longer, while cells must translocate entire cellular structures (nucleus
and organelles). Nonetheless, although the physical behaviors are
somewhat different, the mechanisms for analysing and using signals for
guidance are probably very similar. It is clear that several molecules
involved in axonal guidance, such as the laminin-like proteins described
below, are used in cell migration as well. In addition, tenascin mediates
both neurite outgrowth and granular cell migration via different domains
of the molecule (Husmann et al., 1992). Therefore, I will discuss
examples of guidance mechanisms for both cells and axons.

Glial guidance
The migration of one type of cell along axons or fibers of other cells is
seen in the mammalian cerebral cortex. Young neurons follow glial fibers
of differing lengths and trajectories into different cortical areas (Rakic,



1971; Rakic, 1972). For example, cerebellar granule neurons migrate
along the fibers of the Bergmann glia (Rakic, 1971). Hatten and her
colleagues have established an in vitro system to study these neuron-glia
interactions during migration. They purify neurons and glia from
cerebellum, co-culture them, and watch the neurons migrate along glial
fibers (Hatten and Liem, 1981; Hatten et al., 1984). Both by using
heterotypic cultures and by applying function-perturbing antibodies,
researchers have started to gather information about the signals involved
in this migratory behavior.

First, heterotypic cultures of neurons and glia from hippocampus and
cerebellum reveal that neurons from either region migrate equally well on
either type of glia, suggesting that the migration behavior is conserved
among the brain regions (Gasser and Hatten, 1990). Analysis of
heterotypic cultures between wild-type and mutant mice also reveal
interesting features of the migratory behavior. In weaver mice (so named
for their drunken-like ambulatory behavior), cerebellar granule cells fail
to migrate along the Bergmann glia and die in ectopic positions (Sotelo
and Changeaux, 1984). In culture studies, wild-type neurons migrate
along either wild-type glia or glia from weaver mice. However, weaver
neurons do not migrate on either type of glia, suggesting that the neuron
is the site of action for the uyeaver mutation. In fact, close observation of

these migrations in vitro indicate that the neuron fails to bind to the glial
process (Hatten et al., 1986). What is the molecular defect in weaver?
weaver mice appear to lack astrotactin, a neuronal glycoprotein
(Edmondson et al., 1988). Antibodies against astrotactin block the
migration of wild-type neurons along glia (Edmondson et al., 1988) while
antibodies against neural cell adhesion molecules such as N-CAM, L1,
NILE, TAG-1, and N-cadherin do not block these migrations in vitro
(Edmondson et al., 1988; Stitt and Hatten, 1990).

These experiments suggest that glia provide a permissive substrate on
which neurons migrate. How do neurons know where to detach from the
glia and when to stop migrating? Detachment from the glial fibers
appears to be an active process. First, in reeler mice, neurons in the
cortex bind to glial fibers, migrate some distance before stopping



prematurely, and fail to enter into the cortical layers, presumably from a
failure to detach from the glia (Pinto Lord et al., 1982). Interestingly,
reeler encodes a protein with some homology to F-spondin and tenascin
(D'Arcangelo et al., 1995). More strikingly, it has been shown that
migrating neurons are preassigned to a final cortical layer based on the
birthdate of the neuron (Rakic, 1972). McConnell and Kaznowski (1991)
removed presumptive deep-layer neurons from young ferret brains prior
to their migration and transplanted them into the ventricular regions of
older hosts. In these animals, the transplanted neurons migrated into
the deep cortical layers despite the fact that newly generated neurons at
that time were migrating into the upper cortical layers (McConnell, 1988;
McConnell and Kaznowski, 1991). Thus it appears that neurons are pre
programmed to detach from glia at a certain point. One can imagine a
mechanism whereby neurons that share a birthdate also share similar
cell adhesion molecules and, therefore, similar targets. Neurons destined
for other cortical layers would express other adhesion molecules
(discussed in Hatten and Mason, 1990).

Guidance by local cues
Another popular theory of directed migration mechanisms involves
gradients of molecules in the extracellular matrix, serving to either
attract or repel migrations of the cells and axons (Carter, 1967). It has
been shown that neural crest cells use a variety of molecules in the
extracellular matrix to guide them during their migrations (reviewed in
Erickson, 1988; reviewed in Bronner-Fraser et al., 1991); and it is
thought that different combinations of attracting and repelling molecules
may be important in guiding subsets of neural crest cells to their final
destinations.

A particularly beautiful series of experiments have shown that repulsive
gradients function in the chick retino-tectal system. In the developing
chick, temporal retinal axons migrate specifically over the anterior optic
tectum while nasal retinal axons migrate over the posterior tectum. In
assays using alternating stripes of posterior and anterior tectum,
temporal axons preferentially migrate over anterior tectum. Experiments
using heat, chemical, and physical inactivation of membrane fragments



indicate that this preference is due to the presence of a repulsive factor
in the posterior tectum rather than an attractive factor in the anterior
tectum (Walter et al., 1987a; Walter et al. 1987b). The repulsive factor
causes growth cone collapse in vitro (Cox et al., 1990) and may function
similarly in vivo, thus steering the axons away from the posterior tectum.
This repulsive factor, a glycoprotein, appears to be present in a gradient
in the tectum (Walter et al., 1987a); and axon repulsion appears to be
correlated with the slope of the gradient (Baier and Bonhoeffer, 1992).

Guidance by long range cues
In chemotaxis -- first proposed by Ramon y Cajal in 1892 -- cells migrate
towards higher concentrations of a soluble chemical released from a
distant target (Harris, 1954). Chemotaxis plays a role in the migration of
many disparate cell types from lymphocyte precursors to fibroblasts to
neuroblastoma cells (Champion, 1986; Krieg and Heckmann, 1989;
Matsui et al., 1993).

Commissural neurons differentiate in the dorsal spinal cord and send
their axons ventrally towards the floor plate of the spinal cord. Both in
vivo and in vitro experiments (Tessier-Lavigne et al., 1988; Yaginuma
and Oppenheim, 1991) suggest that the floor plate secretes a
chemoattractant that attracts the spinal commissural axons ventrally
during normal development. Tessier-Lavigne and colleagues have
isolated this chemotropic factor, known as netrin, and shown that it is a
member of a family of molecules that share homology with the N-termini
of laminin chains A, B1, and B2 (Kennedy et al., 1994; Serafini et al.,
1994). netrin-1, expressed in the floor plate, is highly homologous to the
C. elegans gene unc-6 which affects circumferential migrations of axons
and cells in the nematode (discussed below).

Studying cell migration in C. elegans
I have briefly reviewed evidence for several mechanisms important in
guiding migrating cells and axons in different systems. For none of these
mechanisms, have all the players involved been identified. The use of C.
elegans as an experimental system offers several unique advantages in



studying cell migration and should allow for the identification and
isolation of many molecules involved in these mechanisms. The
nematodes are transparent, and thus it is possible to follow individual
migrating cells in the living, intact animal. In fact, it is possible to follow
the migration of the exact same cell (as opposed to populations of cells)
in every animal studied because the reproducible lineage and
development of C. elegans means that the identity, location, ancestry,
and fate of every cell in the animal is known (Sulston and Horvitz, 1977;
Sulston et al., 1983). Because of the ease of genetic analysis, we can
identify genes required for the process of migration by isolating mutant
animals having defects in neuronal migration and study how these genes
interact with one another to control migration. Analysis of different
alleles (loss-of-function, reduction-of-function, and gain-of-function) can
allow researchers to identify different functions of genes and to order the
genes in a functional genetic pathway. Thus, we hope to identify the
players involved in cell guidance and to understand how they interact to
control a particular migratory behavior. In the end, researchers hope to
describe in detail the signals, the signalling pathways, and the regulatory
mechanisms involved in directing cell migration.

Axon migration in C. elegans
As I mentioned previously, understanding axon migration may help us to
understand cell migration since the two may use many of the same
molecular signals. Therefore, I will first discuss what is known about
axon migration in C. elegans before discussing cell migration.

An extraordinary number of genes have been identified in which
mutations lead to axonal migration defects. A nonexhaustive list
includes unc-3, unc-5, unc-6, unc-14, unc-30, unc-33, unc-34, unc-40, unc

44, unc-51, unc-53, unc-62, unc-71, unc-73, unc-76, egl-44, egl-46, and
mig-2 (Hedgecock et al., 1985; Hedgecock et al., 1987; Desai et al., 1988;
McIntire et al., 1992). Most of these genes have not been cloned. The
best understood are unc-5, unc-6, and unc-40.



unc-5, unc-6, and unc-40

unc-5, unc-6, and unc-40, comprise a system of guidance for
circumferential migrations in C. elegans. Mutations in unc-6 disrupt
dorsal and ventral migrations. Mutations in unc-5 primarily affect dorsal
migrations while mutations in unc-40 primarily affect ventral migrations.
All three genes have been cloned.

unc-6 encodes a molecule with homology to the N-termini of the laminin
A, B1, and B2 chains (Ishii et al., 1992). Interestingly, some mutations
in unc-6 only affect dorsal migrations (Wadsworth and Hedgecock, pers.
comm.) while others affect only ventral migrations or only cells and not
axons (Hedgecock et al., 1990), suggesting that different cell and axonal
behaviors are dependent on different domains of the protein. As
mentioned earlier, unc-6 is highly homologous to netrin-1 (Serafini et al.,
1994).

unc-5 encodes a transmembrane protein with immunoglobulin (Ig)
repeats and propredin domains (Leung-Hagesteijn et al., 1992),
suggesting that it might act as a receptor for the UNC-6 protein.
Consistent with this idea is the fact that the UNC-5 protein appears to
act cell autonomously: it is expressed and its function is required by the
migrating cells. Since unc-5 primarily affects dorsal migrations, it is
probable that another receptor is required to interact with UNC-6 in
guiding the ventral migrations.

unc-40 is also a member of the immunoglobulin superfamily (Chan,
1995), containing several Ig domains, fibronectin domains, and a single
transmembrane domain. Since mutations in unc-40 primarily affect
ventral migrations, the UNC-40 protein could be the other receptor for
the UNC-6 protein.

Cell migration in C. elegans
My primary interest is in cell migration so the rest of the introduction will
discuss what is known about cell migration in C. elegans. Screens for
cell migration mutants have been easier to conduct than those for axonal
migration mutants. Such screens have led to the identification of over



sixty genes in which mutations affect cell migration, although in some
cases these effects may not be direct. Rather than discuss the genes
which have been identified, I will concentrate on describing what is
known about the regulation of the migrations of three types of cells.

Hermaphrodite-specific neurons (HSN)
The hermaphrodite-specific neurons (HSNs) are serotonergic motor
neurons that control egg laying. The two HSNs migrate from the tail into
the central body region near the vulva during embryogenesis. Many
genes have been identified that affect the process of HSN differentiation
and migration: egl-5, egl-18, egl-20, egl-27, egl-43, ham-1, ham-2, ham-3,
mig-1, mig-2, mig-10, mig-12, unc-71, and unc-73 (Trent et al., 1983;
Hedgecock et al., 1987; Desai et al., 1988; Garriga and Stern, 1994).
Some of these genes also affect other migrations (such as egl-20, mig-1,
and egl-5 discussed later). So far only a few have been cloned. egl-5,
which is responsible for HSN cell fate, is a homeotic gene that is part of
the C. elegans HOM-C cluster (Chisholm, 1991; Wang et al., 1993). egl
43, which is involved specifically in HSN migration (and not in fate
determination or other cell migrations), encodes a putative transcription
factor related to the murine Evi-1 proto-oncogene (Garriga et al., 1993;
Desai et al., 1988). Antibodies to the EGL-43 protein stain the HSNs,
suggesting that egl-43 acts cell autonomously (Guenther and Garriga,
pers. comm.). Presumably, as a transcription factor, EGL-43 is
responsible for turning on genes required for the specific migration of the
HSNS.

Sex myoblasts (SM)
Another well-studied cell type is the sex myoblast (SM). The two sex
myoblasts are born midway between the anus and the gonad during the
first larval stage. In hermaphrodites, the SMs migrate to positions
flanking the gonad during the second larval stage. After migration, the
SMs undergo a series of divisions to produce the sixteen egg laying
muscles. In males, the sex myoblasts migrate posteriorward and give
rise to muscles that control tail movements (Sulston and Horvitz, 1977).
A comparison of the signals in hermaphrodites and males will be very
revealing about genes involved in establishing the direction of migration;



so far, more is known about the signals in the hermaphrodite than in the
male.

There seem to be two steps to the positioning of the sex myoblasts in the
hermaphrodite. First, the migration of the SMs anteriorward towards the
gonad appears to be independent of the gonad and the vulva, as shown
by ablation studies of the gonad and vulval cell precursors. In these
ablated animals, vulval-like muscles are found in the anterior (Li and
Chalfie, 1990). In addition, mutants which lack a vulva also have wild

type vulval muscles (Li and Chalfie, 1990; Stern and Horvitz, 1991).
However, the exact positioning of the SMs appears to involve a signal
from the gonad. When the gonad is ablated, although the SMs still
migrate anteriorward, they take widely disparate positions along the
ventrolateral axis. Another observation that supports the hypothesis
that the gonad is intimately involved in positioning the vulval muscles is
analysis of the dig-1 mutant. In dig-1 mutants, the gonad is displaced
anteriorly and occasionally dorsally; and the SMs alter their migration
pattern so as to flank the newly displaced gonad (Li and Chalfie, 1990).
This observation suggests that the SMs use an attractive signal from the
gonad to find their specific location. It might be that the signal does not
extend to the posterior so that the sex myoblasts cannot receive it until
they are already in the anterior; or the generation of the signal and its
reception may be under temporal control.

Several genes have been identified that play a role in controlling the
migration of the sex myoblasts. Mutations in two very interesting genes,
egl-15 and egl-17, alter, but do not, the nature of the communication
between the gonad and the SMs. Certain recessive mutations in these
two genes cause the sex myoblasts to stop their migration prematurely;
yet ablation of the gonad in these mutant backgrounds restores the full
migration of the sex myoblasts (Stern and Horvitz, 1991), suggesting that
in these mutant backgrounds, the gonad is repelling the SMs.
Consistent with the hypothesis that these genes mediate environmental
signals, it has been shown that egl-15 encodes an FGF receptor-like
tyrosine kinase (M. Stern, pers. comm.).
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Mutations in another gene, sem-5, also cause the sex myoblasts to be
displaced posteriorly. sem-5 has been cloned and encodes a protein
similar to GRB2, a vertebrate protein that directly links activated
receptor tyrosine kinases to proteins in the Ras complex (Clark et al.,
1992; Lowenstein et al., 1992; Lackner et al., 1994). It is likely that
EGL-15 and SEM-5 act in the same pathway (M. Stern, pers. comm.).
Mutations in sem-5 also affect the induction of the vulva (Clark et al.,
1992), suggesting that sem-5 plays a role in the signal from the gonad.
Mutations in let-60, a ras-like GTP-ase (Han and Sternberg, 1990; Beitel
et al., 1990), also affect both vulval induction and SM migration
(Sundaram et al., 1993). Numerous other genes have been identified that
may interact with the signalling pathway defined by sem-5 and let-60,
and they are in the process of being cloned.

Less is known about the posteriorward migration of the SMs in the male.
Ablations of the gonad in wild-type males do not reverse the
posteriorward migration of the SMs, so there is no evidence that that
posteriorward migration is controlled by repulsive factors (Stern and
Horvitz, 1991). The posteriorward migration may be controlled by the
HOM-C gene mab-5 (Kenyon, 1986). In mab-5 mutants, the SMs migrate
anteriorward in the males, similar to what is seen in wild-type
hermaphrodites. (mab-5 will be discussed in more detail later.)

The 9 cells
I am studying the migratory behavior of the Q neuroblasts and their
descendants. These cells exhibit extensive migrations post
embryonically. As these cells migrate over relatively long distances in a
short period of time, the entire migration can be observed in real time.
Since the Q cells and their descendants on the two sides of the animal
migrate in opposite directions and since the several descendants stop at
different final locations, analysis of the migratory behavior of these cells
allows us to study not only the process of migration but also the
regulation of its direction and the determination of final stopping points.

The two Q cells are homologous neuroblasts born on opposite sides of the
body. The two cells undergo an identical sequence of cell divisions and
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cell deaths, giving rise to three neurons (SDQR/L, A/PVM, and A/PQR).
However, the Q cells differ in their pattern of migration. The Q cell on
the left (QL) and its descendants migrate to the posterior while the Q cell
on the right (QR) and its descendants migrate to the anterior (Sulston
and Horvitz, 1977) (Figure 1-1).

What is already known about the migration of these cells? First, at least
some of the cells in the Q lineage use integrins during their migrations.
Mutations in a beta integrin subunit cause shortened migrations on the
right side, placing SDQR, AVM, and AQR posterior of their wild-type
position. PQR on the left side also sometimes exhibits shortened
migrations (Gettner, et al., 1995).

Second, Salser and Kenyon (1992) have shown that the expression of the
gene mab-5 is sufficient to control the direction of migration of the Q
descendants. mab-5 acts as a switch: if mab-5 is ON in Q, then Q's
posterior daughter will stop migrating and its anterior daughter will
migrate posteriorward. If mab-5 is OFF, then the Q descendants will
migrate anteriorward. Normally, mab-5 is expressed only on the left: as
QL migrates posteriorward, it begins to express mab-5. (The initial
posteriorward migration of QL is independent of mab-5 activity.)
However, if mab-5 is ectopically expressed in QR either through a heat
shock construct or a gain-of-function allele of mab-5, then the daughters
of QR migrate posteriorward instead of anteriorward.

What is mab-5? As mentioned earlier, mab-5 is a member of the HOM-C

genes in C.elegans, a cluster of homeotic genes that control the anterior
posterior patterning of the animal. The different HOM-C genes regulate
the fates and behaviors of cells within certain body regions. For example,
mab-5 controls cell fates and behavior of cells in the posterior of the
worm (such as male SMs discussed earlier). Q itself is not born in the
mab-5 domain of function though QL migrates into this domain. Rather,
Q itself is born on the boundary of two HOM-C genes' domains of
function -- mab-5 and lin-39.
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By studying the different patterns of migration on the right and left sides,
much can be learned about the mechanisms involved in migration. I
have investigated many different aspects of Q cell migration. In this
work, I discuss what I have learned about several of the genes (unc-40,
mab-5, lin-39, mig-1, mig-13, let-2, and emb-9) in this process (Figure 1
2). The first question I address is how the initial asymmetry of the left
and right sides is established. Why does QL migrate posteriorward and
QR anteriorward before the HOM-C genes are activated? The gene unc
40, mainly known for its effects on circumferential migration, plays an
integral role in establishing this asymmetry (Chapter 2). Second, what
roles do the HOM-C genes mab-5 and lin-39 play in controlling cell
migrations? As was known previously, mab-5 regulates cell migration
within its domain of function in the posterior body region. Likewise, lin
39 is also required for cell migration through its domain of function in
the central body region (Chapter 3). Third, how are the HOM-C genes
activated within the migrating cells? The gene mig-1 appears to play a
role in activating mab-5 (Chapter 4). Fourth, what genes act downstream
of the homeotic genes in the migrating cells? The gene mig-13, which I
identified, may be a downstream target for the HOM-C genes (Chapter 5).
Finally, the basement membrane collagen genes let-2 and emb-9 affect
the positioning the final descendants of QR.p but not the descendants of
QL.p (Chapter 6).
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FIGURE LEGENDS

Figure 1-1: 9 lineage and migrations in wild-type animals
(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position where Q divides; large open triangle, position where Q.a divides;
small stippled triangle, final position of Q.ap; large open square, position
where Q.p divides; split line, position where Q.pa divides; small stippled
square, final positions of Q.paa and Q.pap; x, cell death.

(B). Q migrations in wild-type animals. The epidermal cells V1-V6 are
labeled as references for position along the body axis. Arrows indicate
antero-posterior movement, not dorso-ventral movement.
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Figure 1-2: Multiple genes are involved in controlling migrations of
cells in the 9 lineage
Many genes are involved in regulating the migration of the Q neuroblasts
and their descendants. Pictured here is only a subset of those genes;
specifically, they are the genes that will be discussed in detail in this
thesis.
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CHAPTER 2

Establishing asymmetry in
migration: unc-40
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ABSTRACT

Prior to migrating in opposite directions, the homologous neuroblasts QR
and QL extend cytoplasmic processes in the direction of their subsequent
nuclear migration -- anteriorward and posteriorward, respectively. In
unc-40 mutants, QL often either failed to extend a process posteriorward
or extended a process anteriorward. The final position of the Q
descendants was also abnormal in unc-40 mutants. The QR descendants
could be located either slightly posterior or slightly anterior of their wild
type positions. About half the time, the QL descendants were located in
the anterior of the animal rather than in the posterior. In an unc-40;
mab-5 double mutant, the QL descendants were located in the anterior
100% of the time, suggesting that mab-5 activity is responsible for
keeping these cells in the posterior in unc-40 mutants. Thus it seems
that the gene unc-40 is involved in establishing the initial asymmetry of
QR and QL, its effect on the final positions of the Q descendants may be
direct Or indirect.

INTRODUCTION

The C. elegans adult is mostly bilaterally symmetric. This symmetry
actually arises from an asymmetric embryonic cell lineage; many of the
animal's contralateral homologous cells arise via different lineages on the
two sides of the embryo. However, larvae and adults exhibit a few left
right asymmetries that are normally invariant: the posterior arm of the
gonad lies on the left side while the anterior arm lies on the right in the
hermaphrodite; the single sex mesoblast M is located on the right side of
the animal at hatching; the embryonic coelomocytes are found in
different antero-posterior positions on the right and left sides; and the
two homologous migratory Q neuroblasts and their descendants migrate
in opposite directions on the left and right sides of the animal during L1
(Sulston, 1988).

The asymmetry in cell migrations starts with the parent cell Q: the Q cell
on the left (QL) migrates towards the posterior while the Q cell on the
right (QR) migrates towards the anterior. The initial asymmetry begins
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even before nuclear movement is detected. Under Nomarski optics, the Q
cells can be seen to extend a cytoplasmic process dorsally in the
direction in which the cell will then move. Specifically, QL extends a
dorsal process posteriorward over V5 while QR extends a similar, though
apparently shorter, process over V4.

As the Q cells migrate, they express different homeotic genes that
subsequently control the direction and extent of migration of their
descendants. The QL descendants require the homeotic gene mab-5 for
posteriorward migration (Salser and Kenyon, 1992) while the QR
descendants require the homeotic gene lin-39 for anteriorward
migrations (see Introduction and Chapter 3). Neither mab-5 nor lin-39,
from expression data or from phenotypic analysis, appears to affect the
direction of migration of QL and QR themselves. So what controls the
initial asymmetry of migrations?

Although numerous genes have been identified which play a role in the
direction of migration of the descendants of Q, only two have been
identified in which mutations affect the left-right asymmetry of the initial
migration of QL and QR themselves. One of these genes is unc-40.

Previously, Hedgecock, Culotti, and Hall (1990) have shown that unc-40,
unc-5 and unc-6 control many dorsal-ventral migrations of both cells and
axons. Within this global circumferential guidance mechanism,
mutations in unc-40 primarily affect ventral migrations, although a few
defects in dorsal migrations are seen. Although more axons than cells
are affected by unc-40 mutations, some neuron cell bodies are displaced.
For example, the HSN neurons, which in wild type are ventrolateral, are
located more lateral in unc-40 mutants; in addition, the ALM neurons

are sometimes displaced from their wild-type dorsal position to more
lateral or ventrolateral positions. Hedgecock and his colleagues also
noted that at a low frequency the QL decendants could be located more
anterior than in wild type, whereas the QR descendants could be located
in the posterior (Hedgecock et al., 1990).
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unc-40 has been cloned and is a member of the immunoglobulin family.
the unc-40 gene contains four immunoglobulin domains, six fibronectin
type III domains, and a single transmembrane domain. The predicted
UNC-40 protein is closely related to neogenin, a chick protein found in
neurons that are extending axons in the developing nervous system
(Vielmetter et al., 1994; Chan et al., 1995). It is not known where the

UNC-40 protein is expressed nor in what cells it is required to regulate
migration.

I decided to follow up on Hedgecock's observations that mutations in unc
40 affected migrations of cells in the Q lineage. I studied the effect of
unc-40 mutations on the extension of cytoplasmic processes by the Q
cells. In addition, I asked whether mab-5 affected the distribution of the

QL descendants in unc-40 mutants.

RESULTS

unc-40 is involved in establishing the left-right asymmetry in 9
migrations
In a wild-type animal, QL migrates posteriorward before dividing. I
examined the initial migration of QL in unc-40 mutants and found that
the initial migration was blocked or reversed. The majority of the time,
QL did not move from the position where it was born before it divided
(76%); sometimes, QL actually migrated anteriorward rather than
posteriorward prior to division (24%) (Figure 2-1A). On the other hand,
QR migrated anteriorward in unc-40 mutants, as in wild-type animals.
However, the anteriorward migration of QR was often shortened (72%)
(Figure 2-1B).

In the wild type, even before nuclear movement, QL and QR exhibit
asymmetric behaviors: QL extends a cytoplasmic process posteriorward
in the direction of its subsequent migration whereas QR extends a
similar process anteriorward. unc-40 mutations not only affected the
asymmetry in nuclear movement but also abolished the asymmetry in
cytoplasmic processes. In more than half of the unc-40 mutants, QL did
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not extend a process at all; and in several cases (36%), QL actually
extended a process anteriorward (Figure 2–2).

The descendants of 9 are located in the wrong position in unc-40
mutants

In addition to the initial migration defects seen in unc-40 mutants, there
are defects in subsequent migration of cells in the Q lineage (Hedgecock
et al., 1990). I examined this in further detail. On the right side, SDQR
and AVM were almost always located in their wild-type position between
V1 and V2; however, sometimes SDQR and AVM were located posterior
of the wild-type position and, sometimes, they were actually located too
far anterior (Figure 2-3). On the left side, half of the time, SDQL and
PVM were located in their wild-type position while the rest of the time
they were located anterior of their wild-type position (Figure 2-3).

Is there a correlation between the final position of SDQL and PVM and
the initial migration of QL■ ? In mutants where QL migrated anteriorward,
would SDQL and PVM always be anterior of their wild-type position? Or
could SDQL and PVM remain in the posterior even if QL migrated
anteriorward? We observed the position of QL's first division and then
reexamined the same animals later to see where SDQL and PVM were
located. We found that whereas QL cells that had not migrated at all
were more likely to give rise to neurons that remained in the posterior,
QL cells which had migrated even a short distance anteriorward almost
always gave rise to neurons located in the anterior (Figure 2-4).

The QL descendants migrate anteriorward because they fail to turn
on mab-5

In unc-40 mutants, why do the QL descendants in half the animals
remain in the posterior even though QL itself does not migrate
posteriorly? Could it be that in cases where QL fails to migrate at all it is
because the cell is incapable of migrating? If that is the case, then it is
possible that the QL descendants also have difficulty in physically
moving and that is why many remain in the posterior.
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Alternatively, the QL descendants that remain in the posterior in unc-40
mutants may do so for the same reason the QL descendants remain in
the posterior in wild-type animals. In wild-type animals, QL and its
descendants turn on the HOM-C gene mab-5 as they migrate into the
posterior body region. This expression of mab-5 is sufficient for the
continued posteriorward migration of the QL descendants. In unc-40
mutants, the daughters of QL are often born in the posterior body region
because QL fails to migrate at all. Being in the posterior region, these
cells might turn on mab-5 and actively remain in the posterior. In this
case, the cells are not physically incapable of migrating anteriorward, but
rather they remain in the posterior because of the influence of mab-5.

The latter hypothesis can be tested by studying the effect of removing
mab-5 activity in an unc-40 background. If mab-5 activity does not play a
role in the posterior positioning of the QL descendants, removing mab-5
activity should have no effect. However, if mab-5 activity is responsible
for keeping the QL descendants in the posterior, then removing mab-5
activity should allow these cells to migrate anteriorward. When I looked
at the unc-40; mab-5 double mutant, I saw that SDQL and PVM were
now always in the anterior (Figure 2-3), consistent with the hypothesis
that the posterior positioning of SDQL and PVM are due to the activity of
mab-5 and are secondary defects of the inital migration defect of QL.

DISCUSSION

The wild-type function of unc-40 in the Q neuroblasts appears to be to
help establish the initial asymmetry between the homologous
neuroblasts QL and QR. Recessive mutations in unc-40 affect very early
decisions about where to migrate. Prior to migrating, QL and QR extend
cytoplasmic processes in the direction of their subsequent migrations.
Possibly, these processes may be sampling the environment, looking for
confirmatory signals before nuclear movement in one direction or the
other. The unc-40 mutation affects even this early cytoplasmic extension,
suggesting that the wild-type UNC-40 protein acts very early to establish
asymmetry.
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Preliminary sequencing reveals that unc-40 contains several
immunoglobulin domains, fibronectin domains, and a single
transmembrane domain (Chan et al., 1995). As is the case for TGF-alpha
(Derynck et al., 1984), the transmembrane domain of unc-40 may be
cleaved before a mature product is formed. Therefore, it is posssible that
unc-40 could either be a cell membrane-associated adhesion molecule or

an adhesive glycoprotein located in the extracellular matrix. There is no
data yet as to where the UNC-40 protein acts. Immunoglobulin domains
are found in many cell adhesion molecules. For example, they are found
in an He-S proteoglycan, percalin, and in several Ca++-independant
neural cell adhesion molecules such as N-CAM, L1, contactin,

neuroglian, and fasciclin II (reviewed in Reichardt and Tomaselli, 1991).

If UNC-40 is an adhesion molecule, one model for unc-40's role in

establishing asymmetry might involve a gradient of adhesivity. The
initial migration of QR and QL might be controlled by a mechanism of
differential adhesiveness. Possibly, QL extends a cytoplasmic process to
the posterior and migrates in that direction because of stronger adhesive
properties in the posterior. In the absence of these strong adhesive
properties, QL either fails to migrate posteriorward or migrates
anteriorward. (The two different actions may be due to hypomorphic
activity of the allele.) Lack of adhesiveness could also explain why QR's
final descendants SDQR and AVM are located too far forward (for more
on this see the Discussion in Chapter 6).

It is possible that the UNC-40 protein acts as a signalling molecule for
guidance in two different systems. One system is the well-characterized
circumferential migrations controlled by unc-40, unc-5, and unc-6. The
other system is the lateral migation of the Q neuroblasts in which unc-40
interacts with other genes to control these cells. Consistent with the idea
of two separate guidance systems is the observation that mutations in
unc-5 and unc-6 have little effect on the anteroposterior migrations of the
Q cells and their descendants (data not shown; Hedgecock et al., 1990).

unc-40 may provide posterior positional information for the Q cells. In
wild-type animals, the UNC-40 protein conveys information to QL about
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which direction is posterior. (Once QL migrates to the posterior, mab-5
activity controls the continued posteriorward migration of its
descendants.) In unc-40 mutants, QL does not perceive the UNC-40
posterior information, does not extend a process in the posteriorward
direction, and either does not migrate at all or migrates anteriorward.
However, this model does not explain the shortened anteriorward
migration of QR nor the extensive anteriorward migration of the QR
descendants.

Does unc-40 directly regulate mab-5 in the QL decendants? Possibly not,
since unc-40 mutations affect the migrations of QR and QL, which are
not affected by mutations in mab-5. More likely, the effect of mab-5 on
the posterior position of SDQL and PVM is secondary to the unc-40
regulation of QL's migration. In unc-40 mutants, when QL migrates
anteriorward, it removes itself and its descendants from the mab-5

domain of function. Hence, the QL descendants continue to migrate
anteriorward. In the cases where QL does not successfully migrate
anteriorward, it remains in the mab-5 domain of function. mab-5 is then

expressed in QL's daughters, causing them to stay in the posterior. As
shown, removing mab-5 activity allows these daughters to then migrate
anteriorward. Alternatively, both cytoplasmic extension and mab-5
expression are controlled independently by unc-40. In the latter case, it
is possible that different classes of unc-40 mutations might be isolated
that affect either cytoplasmic extension or mab-5 expression.
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EXPERIMIENTAL PROCEDURES

General Procedures, Nomenclature, and Strains

Methods for routine culturing and genetic analysis are described by
Brenner (1974) and Wood et al. (1988). All analyses were performed at
25°C. In most cases, males were generated using him-5(e1490), which
increases the frequency of male self-progeny. Migrations were observed
at 25°C using standard Nomarski optics.

Vanadate

Vanadate was used to enhance the visibility of cytoplasmic processes.
About 1 hour after hatching, animals were placed in a depression slide
containing 10mM vanadate, 125mm NaCl, and 25m M KH2PO4. Animals
remained in that solution for approximately 45 minutes at 25°C.
Cytoplasmic processes were then visible under normal Nomarski optics.

Construction and Analysis of unc-40; mab-5 double mutants
For the unc-40(e271); mab-5(e2088) double mutant, dpy-17(e164) +/ +
mab-5(e2088) males were mated into unc-40 (e271); dpy-17(e164)
hermaphrodites at 15°C. Non-Dpy F1 progeny [unc-40(e271)/+ ; dpy
17(e164) +/+ mab-5(e2088)) were cloned out and placed at 25°C. Non
Dpy F2's were scored for the presence of the unc-40 mutation based on
initial migration defect. The presence of the mab-5 mutation was
established by chasing out the closely linked dpy-17 marker and by
looking for the presence of Mab tails.
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FIGURE LEGENDS

Figure 2-1: Initial migrations of the 9 cells in wild-type and unc-40
animals

(A). Migration of the Q cell on the right (QR). In wild-type N2 animals,
QR always migrates over V4 before dividing (n=15). In unc-40(e271)
mutants, QR's migration is variable. Sometimes the migration pattern is
normal (22%). Sometimes, QR exhibits a shortened migration; it can
migrate and divide over P(7/8) (33%) or can migrate just past P(7/8)
(39%). Occasionally, QR can migrate just anterior of V4 before dividing
(6%) (n=18). All analyses were done at 25°C.

(B). Migration of the Q cell on the left (QL). In wild-type animals, QL
always migrates posteriorward over V5 before dividing (n=15). In unc
40(e271), QL either does not migrate at all (76%) or migrates
anteriorward a variable distance. QL may migrate a little and divide over
P(7/8) (10%), or it may migrate a bit farther and divide between P(7/8)
and V4 (14%). All analyses were done at 25°C (n=21). Although I never
observed a posteriorward migration of QL in an unc-40 mutant, such a
posteriorward migration has been seen occasionally (1 animal, n=25. J.
Austin, pers. comm.).



27

KEY:
QR/L: place where QR/L is born.

:extent of QR/L migration before
division

A. Migration of QR

wild type LC) s—or
O 9 – © e e ‘’e ‘’e Nc

<--

unc-40 -T) O *:::jor9 e e ‘’s C-3; C – C e N

anterior V1 ria V2 ry, V3 rsy, V4 rºys V5 pº■ io V6 punz Posterior

B. Migration of QL

wild type LG) QL

<H
unc-40 LG) O O C C 19°C C

c c = e –se e \

anterior Vi raa V2 ry, V3 psy, V4 rzys V5 rºao V6 puzz Posterior

10 microns



28

Figure 2-2: The 9 cells extend cytoplasmic processes prior to
migration
Shown are tracings and photographs of the Q cells extending cytoplasmic
processes. In wild-type N2 animals, QR always extends a process
anteriorward before nuclear migration (100%, n=15) whereas QL always
extends a process posteriorward (100%, n=15). In unc-40 (e271)
mutants, QR extended an anterior process (100%, n=15), as shown here.
QL occasionally extended a process posteriorward (7%) as in wild type
but usually failed to extend a process at all (57%). Sometimes, QL
actually extended a process anteriorward (36%, n=14). Photographed
here is QL extending a process posteriorward in a wild-type animal yet
anteriorward in an unc-40 mutant. The tracings outline the Q cells, their
processes, and nearby cells as seen in the photographs. Arrows point to
the Q nuclei while arrowheads label the extended process.

Analysis done at 25°C. Vanadate was used to enhance visibility of
cytoplasmic processes under normal Nomarski optics. Anterior is to the
left.
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Figure 2-3: Final Positions of the 9 descendants in wild-type and
mutant animals

Positions of SDQR and AVM (left column) and SDQL and PVM (right
column) are shown in wild type and unc-40(e271) mutants as well as in
the mab-5(e2088); unc-40(e271) double mutant. Animals were grown at
25°C and scored at the end of L1 (n=26 for unc-40; n-50 for mab–5;
n=50 for mab-5; unc-40). [The same distribution is seen in unc
40(e1430), J. Austin, pers. comm.)
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Figure 2-4: Relationship between the initial migration of QL and the
final positions of SD9L and PVM.
The initial migration of QL was observed under Nomarski optics.
Individual animals were then returned to petri dishes, and the positions
of SDQL and PVM were scored the next day. Each panel shows a
different position for QL division, as symbolized by a solid black circle.
The final positions of both SDQL and PVM are symbolized by a single
square. Each square represents a different animal. In 88% of the
animals where QL did not migrate at all, SDQL and PVM were located in
the posterior (n=16). In 5/5 of the animals where QL migrated
anteriorward, SDQL and PVM were located anterior of their wild-type
position. Animals were raised and migrations observed at 25°C.



34

KEY:

QL
:

placewhereQLisborn.©:placewhereQLdivides
-:
finalposition
ofSDQLandPVM

wildtype

–O

-Oo
oooolooN__

unc-40

-B
===

■ ae|×Ffº■ -L
OLI
T-■

|×

−O
•••
&#;º.s.■

|×|×O
■ Oo
ooo~oloo■

■ aeO
■ Oo
ooo-ouooN

anteriorV1V2V3V4V5V6
posterior

10microns|-



35

CHAPTER 3

HOM-C genes and migration
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ABSTRACT

In insects, vertebrates, and worms, clusters of Antennapedia class
homeobox (HOM-C) genes specify anteroposterior body pattern.
Previously it had been shown that null mutations in the C. elegans
Antennapedia homolog mab-5 caused the descendants of QL to migrate
anteriorward rather than posteriorward. Here I show that ectopic
expression of mab-5 promotes posteriorward migration in the QR
descendants. Mutations in another C. elegans HOM-C gene, lin-39,
caused QR and its descendants to migrate a shorter distance towards the
anterior. lin-39 was found to be expressed in the central body region,
where it is known to function, as well as in QR, QL, and their
descendants. In addition, lin-39 and mab-5 compensated for one
another's function in regulating the migratory path of QL, a cell in which
both genes are expressed.

INTRODUCTION

In spite of their extensive morphological and developmental differences,
insects, vertebrates, and nematodes use a conserved system for
specifying positional identity along their antero-posterior body axes. In
all these types of organisms, members of the Antennapedia (Antp) and
Bithorax (BX) class of homeobox gene complexes, known as HOM-C or
Hox genes, are expressed in restricted domains in a position-specific
fashion where they function as transcriptional regulators to specify cell
fates (reviewed by McGinnis and Krumlauf, 1992; reviewed by Kenyon,
1994).

Interest in the role Hox genes play in cell migration has been widespread.
Several vertebrate Hox genes are known to be expressed in migrating
cells. For example, subpopulations of murine neural crest cells express
HOX 2 before, during, and after migration from the neural plate (Hunt et
al., 1991). Quox-1 protein, the quail homolog of Antp, is detected in a
subpopulation of neural crest cells in the early phase of their migration
(Xue et al., 1993). In addition, disruption of vertebrate Hox genes results
in defects in cranial nerves and axonal projections. Disruption of the
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mouse Hox-A1 (also known as Hox-1.6) gene generates homozygous
animals with defects in the hindbrain and the associated cranial nerves

and ganglia (Chisaka et al., 1992; Carpenter et al., 1993). Increased
expression of mouse Hoxb-1 also causes changes in axonal pathways
(Kessel, 1993). However, it is not clear if any of these defects in axonal
projections is caused specifically by changes in Hox gene expression
rather than being a secondary defect due to respecification of
rhombomere identity in the hindbrain.

Do HOM-C genes directly regulate migration? We can use C. elegans as
an experimental system to analyse the role HOM-C genes play in
migration at a single cell level. A cluster of four HOM-C genes have been
identified in C. elegans (Schaller et al., 1990; Burglin et al., 1991;
Kenyon and Wang, 1991). Mutations in three of these genes, lin-39, mab
5, and egl-5, affect development in sequential regions of the body along
the antero-posterior body axis (Kenyon, 1986; Chisholm, 1991; Clark et
al., 1993; Wang et al., 1993). lin-39, a Deformed (Dfd)/Sex-combs
reduced (Scr)/proboscipedia (pb) homolog, is necessary for the correct
development of the hermaphrodite vulva and associated neuromuscular
systems and for cell migrations in the central body region (Clark et al.,
1993; Wang et al., 1993). Just posterior to the lin-39 region, the Antp
homolog mab-5 functions to control the development of sensory rays and
male copulatory structures and to control neuronal fates, programmed
cell deaths, and cell migrations (Kenyon, 1986; Costa et al., 1988). egl-5
affects the fate of cells in the tail region. Near the anus of the animal,
blast cells generate male reproductive structures such as spicules and
proctodeum; in addition, the neurons HSN and PVC are born in this
region. egl-5, an Abdominal-B (Abd-B) homolog, is expressed in these
cells and is necessary for these cells to differentiate appropriately
(Chisholm, 1991; Wang et al., 1993) (Figure 3-1).

In C. elegans, as in other organisms, the HOM-C gene domains overlap to
some extent. The two Q neuroblasts are born in a region of overlap of the
mab-5 and lin-39 domains of function. Does the overlap have a
functional significance in controlling the migratory behavior of the Q
neuroblasts? As QL migrates posteriorward out of the region of overlap,
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it begins to express mab-5. mab-5 then regulates the farther
posteriorward migration of the QL descendants (see Introduction; Salser
and Kenyon, 1992). What happens, though, to QR as it migrates
anteriorward into the lin-39 domain of function? Here I describe further

observations on the role of mab-5 and lin-39 in controlling the migratory
behavior of the Q neuroblasts and their descendants as well as
experiments analysing the effect of the overlap in their domains of
function on migration.

RESULTS

Ectopic mab-5 activity promotes posteriorward migration
In wild-type animals, QL migrates posteriorward. After QL divides, QL.p
and its descendants remain in the posterior, while QL.a and its
descendant continue to migrate farther posteriorward. Complete loss of
mab-5 activity has no effect on the migration of QL itself. However, null
mutations in mab-5 causes both daughters of QL to migrate
anteriorward, rather than posteriorward (Chalfie et al., 1983; Kenyon,
1986). This null phenotype indicates that the wild-type function of mab
5 is to prevent anteriorward migration of QL.p and its descendants and
to promote the posteriorward migration of QL.ap. If this hypothesis is
true, if removal of mab-5 activity causes cells to migrate anteriorward,
will overexpression of mab-5 activity cause cells to migrate
posteriorward? What happens when mab-5 activity is given to QR and its
daughters which normally migrate anteriorward? Will these cells begin
to migrate posteriorward? I analysed the migration behavior of these
cells in a mab-5 gain-of-function (gf) mutant. In these worms, there is a
tandem duplication of the mab-5 gene, leading to increased or ectopic
expression of mab-5 such that mab-5 is now also expressed in QR and
its descendants (Salser and Kenyon, 1992). In mab-5 gain-of-function
mutants, QR itself migrated anteriorward as in wild type. However, QR.p
remained in place where it was born rather than continuing to migrate
anteriorward. In addition, QR.ap turned around and migrated
posteriorward (Figure 3-2). Later, mab-5's role in migration was explored
more deeply by Steve Salser (Salser and Kenyon, 1992) who then showed
that QL turns on mab-5 gene expression when it migrates into the
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posterior. Together, these results suggest that mab-5 acts as a
developmental switch to control the migratory behavior of the QL
descendants.

lin-39 is required for correct migration of QR and its descendants
through the central body region
In lin-39 null mutants, SDQR and AVM are located in the central body
region rather than in the anterior (Clark et al., 1993; Wang et al., 1993).
I found that this aberrant positioning was due to shortened migrations of
QR and all its descendants (Wang et al., 1993). The migrations of QL
and its descendants were usually unaffected, although QL itself
occasionally migrated abnormally. In a few animals (2/12), QL migrated
too far posteriorward before turning around to migrate back to V5 where
it divided as in wild type; in a few other animals, QL migrated too far
posteriorward and then migrated back to is birth position anterior of V5
before dividing (2/12) (Figure 3-4 legend).

lin-39 is expressed in the central body region in cells known to
require its function
Because Q cell migrations, as well as the development of the central P(3-
8) cells, are altered in lin-39 mutants, I investigated whether these cells
expressed lin-39 during L1, when they begin to express position-specific
fates. By analysing a lin-39-lacz fusion, I found that these cells did,
indeed, express lin-39 (Figure 3-3). The fusion protein began to be
expressed in QR and, surprisingly, in QL just before their time of
migration. Expression of the fusion protein could be seen in all of the QR
descendants and in QL.a and QL.p. (Later descendants of QL were not
tested for expression.) The fusion protein was also expressed
consistently in P(5-8) and to a lesser extent in P(3,4). I did not observe
expression in P cells located in other regions of the body. These data
suggest that lin-39 acts near the time that centrally located cells begin to
express alternative fates. It also suggests that lin-39 functions cell
autonomously, as do mab-5 (Kenyon, 1986) and egl-5 (Chisholm, 1991).
Concurrently, Clark and his colleagues (1993) showed by mosaic analysis
that lin-39 acts autonomously within the Q cells to control migration.
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lin-39 and mab-5 compensate for one another's function in
regulating cell migration where their spatial domains overlap
QL and QR are born where the domains of mab-5 and lin-39 overlap.
mab-5 and lin-39 both affect migration of the cells in the Q lineage. As
described above, mab-5 is required for the descendants of QL to migrate
posteriorly instead of migrating anteriorly through the central body
region (Chalfie et al., 1983; Salser and Kenyon, 1992). lin-39 is required
for QR and its descendants to migrate correctly through the central body
region. In lin-39 mutants, QR and its descendants stop prematurely
after migrating through only part of the central body region.

QL and its descendants express both lin-39-lacz and mab-5-lacz fusions
(see above; Salser and Kenyon, 1992). To learn whether both lin-39 and
mab-5 activities might affect these cells, I followed the migrations in the
lin-39 mab-5 double mutant. In most respects, the phenotypes were
additive (Figure 3-4, Figure 3-5). For example, the descendants of QL
exhibitied both the mab-5 defect (they migrated toward the head instead
of the tail) and the lin-39 defect (they stopped prematurely in the central
body region). However, the migration of QL itself was affected in a way
not normally seen in either single mutant. Instead of migrating a short
distance posteriorly and then dividing, QL migrated too far posteriorly,
turned around, and migrated anteriorly again before dividing.
Apparently, either lin-39 or mab-5 acitivity alone is sufficient to prevent
this circling behavior in QL before its division since this phenotype is
rarely seen when only one of the HOM-C gene activities is removed (lin-39
alone, 33%; mab-5 alone, 1/15, S. Salser, pers. comm.). The frequent
observation of the circling phenotype of QL in the double mutant (94%)
implies that lin-39 and mab-5 activities can compensate for one another
in a cell located in the overlap of their domains of function.

DISCUSSION

As well as affecting the fates of stationary cells, C. elegans HOM-C genes
also play a specific role in regulating cell migrations. For the most part,
lin-39 and mab-5 act independently to control cell migration. The HOM-C
gene mab-5 regulates cell migration within its domain of function in the
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posterior body region (Chalfie, 1983; Kenyon, 1986; Salser and Kenyon,
1992). Likewise, lin-39 also affects cell migration within its domain of
function in the central body region. lin-39 is expressed within the QR
descendants, consistent with mosaic experiments showing that lin-39
functions cell autonomously to regulate migration (Clark et al., 1993).

mab-5 expression is observed in QL as it migrates into the mab-5 domain
of function and its expression is maintained in the QL descendants.
mab-5 expression is not observed in QR or any of its descendants, which
do not normally migrate into the mab-5 domain of function (Salser and
Kenyon, 1992). This observation is consistent with a model that as QL
migrates posteriorward, it encounters a position-specific signal that
activates transcription of mab-5.

Interestingly, a similar simple model cannot be used to explain activation
of lin-39 within the Q lineage. lin-39 is expressed within both QR and
QL. Null mutations in lin-39 create strong defects in the migratory
behavior of QR and its descendants, consistent with the idea that lin-39
affects the fates and behaviors of cells in the central body region.
However, null mutations in lin-39 do not affect the migrations of the QL
descendants (Figure 3-4, Figure 3-5), suggesting that lin-39 does not
function in controlling the migration of the QL descendants. So what
then is lin-39 expression doing in the QL descendants in the posterior?
Assuming that lin-39 is functional in these cells, it seems that mab-5
activity successfully competes with lin-39 activity to promote the
posteriorward migration of these cells. Further evidence of mab-5's
ability to successfully compete with lin-39 in controlling the direction of
migration is supplied by the observation that a gain-of-function allele
and heat-shock expression of mab-5 promote the posteriorward migration
of QR.ap, a cell that expresses lin-39 and normally requires lin-39 for its
correct anteriorward migration. A less interesting possibility is that the
lin-39-lacz expression seen in the QL descendants is due to perduring
beta-galactosidase activity after expression in QL.

Do HOM-C genes regulate the migration of QL itself? Recall that the
initial migration of QL requires the activity of unc-40 (Chapter 2) and not
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lin-39 or mab-5. However, expression of both lin-39-lacz and mab-5-lacz
is seen in QL (Salser and Kenyon, 1992). mab-5 may be expressed in QL
because that cell migrates into its domain of function, but why is lin-39
expressed in QL■ ? Interestingly, null mutations in lin-39 occasionally
cause a strange migratory defect in QL: QL migrated past V5 and then
circled back to V5 before dividing. The same circling phenotype is
occasionally seen in mab-5 mutants (S. Salser, pers. comm.). In the lin
39 mab-5 double mutant, this circling phenotype is seen almost all the
time. Therefore, mab-5 and lin-39 seem to function redundantly to
control the abnormal circling of QL to the posterior and back again.
Rather than competing in QL, lin-39 and mab-5 can compensate for one
another's function because removal of only one of their gene functions
normally does not affect QL's behavior while removal of both gene
functions does.

Therefore, within different cells in the Q lineage, lin-39 and mab-5
interact differently to control migratory behavior. In QL itself, the two
genes act redundantly to control QL's circling behavior; while in the QL
descendants, mab-5 activity overrides lin-39 activity, causing the
posteriorward migration of the descendants. Such multiple interactions
between lin-39 and mab-5 genes in regulating cell fates and behaviors
have also been described in other cells in C. elegans. For example, lin-39
activity overrides mab-5 activity to promote motor neuron production in
the Pn.aap cells (Salser et al., 1993). A more complicated gene
interaction is seen in the male Pn.p cells where lin-39 and mab-5
activities function combinatorially: when both gene activities are
removed, these cells fuse with the epidermal syncytium; when only one
gene activity is removed, the cells do not fuse; yet when both activites
are present in the same cells, the cells fuse. In other words, when both
lin-39 and mab-5 activites overlap in the Pn.p cells, the two genes
effectively neutralize each other (Salser et al., 1993).

Many questions remain about the role of HOM-C genes in migration.
How do lin-39 and mab-5 become activated in the migrating cells? What
downstream genes do mab-5 and lin-39 regulate specifically to control
migration? These questions are addressed in the next two chapters.
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EXPERIMENTAL PROCEDURES

General Procedures, Nomenclature, and Strains

Methods for routine culturing and genetic analysis are described by
Brenner (1974) and Wood et al. (1988). All analyses were performed at
20°C. In most cases, males were generated using him-5(e1490), which
increases the frequency of male self-progeny. Migrations were observed
at 20°C using standard Nomarski optics.

Construction and Analysis of lin-39-lacz Fusion
The construction of the lin-39-lacz construct and the injection of this
construct along with a rol-6(sul O06) coinjection marker was carried out
by B. Wang and is described in Wang et al. (1993). I integrated the lin
39-lac-Z fusion into chromosome IV using gamma irradiation (C. Kari, A.
Fire, and R. Herman, pers. comm.); expression in this line was similar to
that in the lines that I analysed in which the lin-39-lac2 DNA was
extrachromosomal. This line, mu■ s6, was used for analysis of lin-39-lacz
expression. Larvae were fixed in a final concentration of 2.5%
gluteraldehyde for three minutes on slides. Coverslips were placed on
the slides and excess liquid aspirated off. The slides were then frozen on
dry ice for at least five minutes before the coverslips were pried off. The
slides were immediately dipped in acetone at room temperature for one
minute. Larvae were then stained as described by Fire (Fire et al., 1990),
with the modification that a 1M magnesium chloride solution was used.
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FIGURE LEGENDS

Figure 3-1: Organization and patterning function of HOM-C genes in
Drosophila, mouse, and C. elegans
Possible evolutionary relationships, inferred from the levels of amino acid
identity around the homeodomain, between the HOM-C clusters in
vertebrates and invertebrates (Wang et al., 1993).
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Figure 3-2: 9 lineage and migrations in wild type and mab-5
mutants

(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position of Q division; large open triangle, position of Q.a division; small
stippled triangle, final position of Q.ap; large open square, position of
Q.p division; split line, position of Q.pa division; small stippled square,
final positions of Q.paa and Q.pap; x, cell death.

(B). Q migrations on the right side in wild-type and mutant animals.
The epidermal cells V1-V6 are labeled as references for position along the
body axis. QR, Q neuroblast on the right. mab-5(lf) refers to a loss-of
function allele, mab-5(e2088). mab-5(g■ ) refers to a gain-of-function
allele, mab-5(e1751g■ ). Migrations in wild-type and mab-5(e2088)
animals are shown for comparison (Salser and Kenyon, 1992). The third
drawing of mab-5(gf) shows the actual migration of one of two animals
observed. Arrows indicate antero-posterior movement, not dorso-ventral
movement.
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Figure 3-3: Expression of an integrated lin-39-lacz fusion in L1
larvae. The two columns show the right and left sides of L1 larvae at
various hours after hatching. At 1-2 hrs after hatching, just as Q is
starting to migrate, it expressed the lacz fusion (R, 19%, n=59; L, 40%,
n=58). At 4–6 hours after hatching, expression was seen in the juvenile
ventral cord neurons (80%, n=197; see unmarked cells in ventral cord of
animal shown), in Q.a and Q.p (R, 51%, n=101; L, 40%, n=90), in P(3/4)
(R, 10%, n=107; L, 7%, n=90), in P(5/6) (R, 84%, n = 107; L, 73%, n=90),
in P(7/8) (R, 96%, n=107; L, 89%, n=90), and in an unidentified cell near
the pharynx (39%, n=197; visible on left side of animal shown).
Expression was also occasionally seen in V3-V5 (under 5%). Staining
was present in descendants of the P and Q cells on the right side as late
as 15 hours after hatching; however it is not clear whether this presence
reflected continued transcription or perdurance of B-galactosidase
activity. The descendants of QL.p and QL.a were not tested for their
expression of the fusion. Older larvae and adults consistently expressed
the fusion in the central body region (in over 95%, n > 50).
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Figure 3-4: 9 lineage and migrations in wild-type and mutant
animals

(A). The lineage of Q cells in wild-type animals at 20°C. The timing of
cell divisions is shown for wild-type animals. In lin-39 and in lin-39 mab
5 mutants, the time of cell divisions was occasionally delayed. Closed
circle, position of Q division; large open triangle, position of Q.a division;
Small stippled triangle, final position of Q.ap; large open square, position
of Q.p division; split line, position of Q.pa division; small stippled
square, final positions of Q.paa and Q.pap; x, cell death.

(B and C). Q migrations in wild-type and mutant animals. The
epidermal cells V1-V6 are labeled as references for position along the
body axis. QR, Q neuroblast on the right; QL, Q neuroblast on the left.
mab-5 affects primarily the migrations of QL descendants, whereas lin-39
affects primarily the migrations of QR and its descendants. The double
mutant affects migrations on both the right and left sides. Arrows
indicate antero-posterior movement, not dorso-ventral movement.

(B). Migration of QR and its descendants. The upper three sketches
show the migrations in wild type, mab-5, and lin-39 animals for
comparison (Salser and Kenyon, 1992; Wang et al., 1993). In lin-39
mutants, the position of Q.ap is variable as indicated by the dashed line.
The bottom sketches show observed cell migrations in lin-39(n1760) mab
5(e1239); him-5(e1490) animals.

(C). The upper three sketches show the migrations in wild-type, mab-5,
and lin-39 animals for comparison (Salser and Kenyon, 1992; Wang et.
al., 1993). The bottom sketches show observed cell migrations in three
lin-39(n176O)mab-5(e1239); him-5(e1490) animals.
Not shown here are additional observations of just the initial migratory
behavior of QL. In twelve additional lin-39(n1760) animals, the migration
of QL was followed until its first division. In the majority of n.1760
animals, QL migrated as in wild type (8 out of 12). In two animals, QL
migrated to V5 and then returned to its birth position before dividing. In
two other animals, QL migrated posteriorly past V5 and then turned to
migrate anteriorly again, dividing just dorsal to V5. [Occasionally (1 out
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of 15), a similar QL migratory behavior was seen in mab-5(e2088)
mutants. In addition, in four out of fifteen mab-5 animals, QL migrated
past V5 before dividing and then continued posteriorly (S. Salser, pers.
comm.)]. Initial migrations of QL were also followed in other lin
39(n1760) mab-5(e1239); him-5(e1490) animals. In fifteen out of sixteen
animals, QL migrated posteriorly past V5. In the majority of cases (14
out of 16), QL then migrated anteriorly back over V5. Twice, QL migrated
back and forth several times before dividing. The division of QL usually
occurred over V5 (12 out of 16), although a few occurred either posterior
(1 out of 16) or anterior (3 out of 16) to V5.
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Figure 3-5: Position of SD9R/L and A/PVM in mab-5 and lin-39
mutants and in lin-39 mab-5 double mutants

Final positions of the Q descendants in wild type, mab-5, lin-39, and lin
39 mab-5 mutants. The final positions of the Q descendants were
determined by examining animals after the migrations had been
completed. Positions of SDQR and AVM (left column) and SDQL and
PVM (right column) are shown in wild type N2 (n-50), mab-5(e2088)
animals (n->50), lin-39(n1760) (n=25), and lin-39(n1760) mab-5(e1239)

(n-60). In the double mutant, the position of Q.ap was variable:
sometimes QR.ap and QL.ap were located posterior of the nerve ring
(17% R; 15%L). Animals were grown at 20°C and scored at the end of L1.
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CHAPTER 4

Upstream of the HOM-C genes: mig-1
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ABSTRACT

The gene mig-1 is required for the correct migration patterns of QR, QL,
and their descendants. In mig-1 mutants, QR and its descendants
migrated anteriorward as in wild type, yet these cells sometimes divided
in abnormal positions. In addition, the descendants of QL reversed
direction to migrate anteriorward, rather than posteriorward. The
anteriorward migration of the QL descendants was suppressed by
constitutive mab-5 activity. mab-5 expression was reduced or absent in a
mig-1 background, suggesting that mig-1 activates mab-5 in QL and its
descendants.

INTRODUCTION

Expression of the HOM-C gene mab-5 is required for the posterior
migration of the descendants of QL, as described in Chapter 3. Within
the Q lineage, QL begins to express mab-5 only after it has almost
completed its initial migration; strong expression of mab-5 is then seen in
QL.a and QL.p and remains in The QL descendants throughout their
migration and until the end of L1. No mab-5 expression is detected in
QR or its descendants (Salser, 1992). The expression pattern is
consistent with the phenotype of mab-5 mutants: The migration of QL is
normal but the migrations of its daughters, QL.a and QL.p, are
abnormal, while the migrations of QR and its descendants are wild type
(Chalfie, 1983). It is clear that the regulation of mab-5 is critical for the
correct migration of cells in the Q lineage. What genes are responsible
for activating mab-5 in QL and its descendants?

To date, four genes -- mig-1, egl-20, mig-14, and lin-17-- have been
identified that activate mab-5 in QL and its descendants. Mutations in
these genes decrease or abolish MAB-5 expression in QL and its
descendants (Harris et al., in prep.), leading to the anteriorward
migration of the QL descendants. Mutations in some of these genes lead
to other phenotypes also seen in mab-5 mutants. For example, egl-20
and lin-17 mutants have crumpled spicules and lin-17 lacks a hook



57

(Kenyon, 1986; Sternberg and Horvitz, 1988). It is not clear if these
phentoypes are due to lack of mab-5 expression in egl-20 and lin-17.

mig-1 was one of the first genes identified to affect migrations in the Q
lineage (Hedgecock et al., 1987; Desai et al., 1988). Here I present a
detailed characterization of the migratory defects in mig-1 mutants. In
addition, I describe genetic and molecular genetic evidence that mig-1
controls mab-5 expression and may also regulate another HOM-C gene,
egl-5.

RESULTS

mig-1 is required for the posteriorward migration of the QL
descendants

In mig-1(e1787) mutants, two descendants of QL, SDQL and PVM, can be
located anywhere along the antero-posterior body axis of the worm.
About 30% of the time, SDQL and PVM are located in their wild-type
posterior position; the rest of the time the cells are either located in the
anterior or too far posterior, closer to V6 than to V5. The QR
descendants, SDQR and AVM, are in their wild-type position in the
anterior (Figure 4-1). It is not clear if the times when SDQL and PVM are
located in their wild-type position in e1787 is due to residual gene
activity.

The phenotype of mig-1(né87) is similar to that of e1787 animals. In
contrast, a third allele, n.1354, has little effect on Q cell migrations
(Figure 4-1). In all three alleles, migration of the HSNs is disrupted
(Desai et al., 1988; G. Garriga, pers. comm.).

To determine which cells in the Q lineage were affected by mig-1
mutations, I observed the cell divisions and migrations in the Q lineage
on both the left and right sides in mig-1(e1787) animals (Figure 4-2). On
the left side, in mig-1 mutants, as in wild type, QL migrated
posteriorward. About half the time, though, QL migrated too far
posteriorward before dividing. Most of the time, QL's decendants
migrated anteriorward (3/4 animals), though sometimes the cells
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exhibited the wild-type posteriorward migration (1/4 animals). There
was no correlation between the extended posterior migration of QL and
any subsequent aberrant migrations of its descendants. On the right
side, QR and its descendants migrated anteriorward as in wild type.
However, although the final positions of SDQR, AVM, and AQR were wild
type, the positions where QR, QR.a, and QR.p divided were not always
wild type. QR sometimes migrated too far anteriorward before dividing
(1/4 animals), and QR.a and QR.p divided both anterior and posterior of
their normal position (3/4 animals)

The anteriorward migration of the QL descendants in a mig-1
background can be suppressed by constitutive mab-5 activity
In both mig-1 and mab-5 mutants, the daughters of QL migrate
anteriorward rather than posteriorward. Could mig-1 and mab-5 be
acting in the same pathway? Is the defect in mig-1 mutants due to lack
of mab-5 activity? If so, then if mab-5 activity were restored to these
mutants, the QL descendants should remain in the posterior. Thus to
answer this question, I constructed a mutant lacking mig-1 activity but
having constitutive mab-5 activity. In the mig-1(e1787); mab-5(e17519■ )
double mutant, SDQL and PVM were in the posterior 100% of the time
(Figure 4-3). Direct observation of the actual migration of the QL
descendants confirmed that the QL descendants did not migrate to the
anterior in the double mutant (Figure 4-4). This result suggests that mig
1 acts upstream of mab-5 in the migrating cells.

mig-1 regulates mab-5 expression within cells in the 9 lineage
Does mig-1 act upstream of mab-5 by regulating mab-5 expression within
the migrating cells? mab-5 is expressed in QL.a and QL.p (Salser and
Kenyon, 1992). I assayed mab-5 expression in mig-1 mutants using a
mab-5-lac2 construct. In more than 50% of the mig-1 animals, mab-5-
lacz expression was reduced or absent (Figure 4-5), indicating that the
wild-type function of mig-1 is to activate mab-5. The penetrance of the
mab-5 expression is consistent with the penetrance of the mig-1
migration defect.
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The extended posteriorward migration of SDQL and PVM in mig-1
mutants may be due to the activity of another HOM-C gene, egl-5
Since mig-1 regulates mab-5 expression in the QL descendants, we
hypothesized that if mab-5 activity were completely removed in a mig-1
mutant background, SDQL and PVM would then be located always in the
anterior. Surprisingly, this was not the case. In mig-1; mab-5 double
mutants, SDQL and PVM can sometimes still be located in the posterior
(J. Maloof, pers. comm.). This observation suggests that in a mig-1
background, the QL descendants can migrate posteriorward independent
of mab-5 activity. Moreover, in both mig-1 and in mig-1; mab-5 double
mutants, SDQL and PVM are sometimes located farther posterior than in
wild type.

What gene could be responsible for this posterior migration? One
candidate is the HOM-C gene egl-5. egl-5 affects fates and migrations of
cells in the tail region. The extended posterior migration of the QL
descendants in mig-1 mutants occurs in the egl-5 domain of function.
egl-5 is known to affect the migrations of the QL descendants because
mutations in egl-5 occasionally cause the descendants of QL to migrate
anteriorward rather than posteriorward (Chisholm, 1991), suggesting
that egl-5 activity can promote posteriorward migration of the QL
descendants. In the triple mutant mig-1; mab-5 egl–5, SDQL and PVM
were always located in the anterior (J. Maloof, pers. comm.), consistent
with the hypothesis that the extended posterior positions of SDQL and
PVM in a mig-1 mutant were due the activity of egl-5. One model is that
in a wild-type animal, mig-1 activates mab-5 to promote posteriorward
migration but inhibits egl-5, preventing the extended posteriorward
migration of these cells (Figure 4-6). In a mig-1+ animal, mab-5 is
required for posteriorward migration and, without mab-5, SDQL and PVM
are located in the anterior 100% of the time. It is possible that egl-5
activity may be elevated in a mig-1 mutant background, causing the QL
descendants to migrate farther posteriorward than normal. The model
makes several predictions. One is that in a mig-1; egl-5 double mutant,
the extended posterior positioning of SDQL and PVM should not be seen.
In addition, the model predicts that egl-5 expression should increase in
the QL descendants when mig-1 activity is reduced (assuming that egl-5
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functions within the Q descendants). These predictions have not yet
been tested. However, the genetic data so far raise the intriguing
possibility that mig-1 might regulate two HOM-C genes, mab-5 and egl-5.

mig-1 does not act through egl-20 to activate mab-5 in cells in the 9
lineage
mig-1 is only one of several genes which, by genetic and molecular
genetic criteria, appear to activate mab-5 expression in the Q lineage
(Harris et al., in prep.). egl-20 is another such gene. In egl-20 putative
null mutants, the descendants of QL, SDQL and PVM, are located in the
anterior 100% of the time. In addition, in egl-20 mutants, no MAB-5
protein is detected in QL.a and QL.p (Harris et al, in prep.), suggesting
that the migratory defects in the QL lineage are due to lack of mab-5
activity in these cells.

We were interested in trying to establish a genetic order of mab-5
activation in the Q lineage. Does mig-1 activate egl-20 which then
activates mab-5? Or does egl-20 activate mig-12 Or do both genes
activate mab-5 independently of each other? In the mig-1; egl-20 double
mutant, SDQL and PVM were still located in the posterior (6%, n=50; J.
Harris, pers. comm.). If mig-1 were activating egl-20, then we would
expect the double mutant to have the same phenotype as the egl-20
single mutant. Yet this is not what was observed.

To determine whether the few SDQL and PVM cells that were able to
remain in the posterior in the mig-1; egl-20 double mutant did so because
of mab-5 activity, I made the triple mutant mig-1; mab-5; egl-20. In these
animals, SDQL and PVM were always located in the anterior (Figure 4-7),
implying that in the double mutant mig-1; egl-20, there was still some
residual mab-5 activation. This result is interesting and not
straightforward to interpret since the egl-20 allele used appears by
genetic criteria to be a null. In the presence of wild-type mig-1, egl-20 is
required for mab-5 activation. However, in the presence of mutant mig-1,
egl-20 function is no longer absolutely required for mab-5 activation:
there is some mab-5 activity in a mig-1; egl-20 double mutant. This may
suggest that mig-1 can both activate mab-5 (in the wild-type animal) and
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repress mab-5 (in an egl-20 mutant). This interpretation creates a rather
complicated model. To truly understand these results, we need null
alleles of mig-1 as well as molecular data on mig-1 and egl-20.

DISCUSSION

mig-1 affects the migration patterns of cells in the Q lineage. On the left
side, mutations in mig-1 can extend the posterior migration of QL and
reverse the direction of migration of the QL descendants, causing SDQL,
PVM, and PQR to be located in the anterior of the animal. On the right
side, mutations in mig-1 can extend the anterior migration of QR as well
as cause defects in the position of division of QR.a and QR.p.
Interestingly, mig-1 mutations have little effect on the final positions of
SDQR, AVM, and AQR.

The anteriorward migration of the QL descendants in a mig-1 mutant can
be suppressed by constitutive mab-5 activity, suggesting that mig-1 acts
upstream of mab-5 in the migrating cells. Consistent with this
hypothesis is the observation that in mig-1 mutants, mab-5-lacz
expression in QL.a and QL.p is greatly reduced or absent. mig-1 may
also regulate the activity of another HOM-C gene, egl-5. It is possible
that mig-1's wild-type function is to activate mab-5 to promote
posteriorward migration of the QL descendants but to inhibit egl-5,
preventing the extended posterior migration of these cells.

In e1787 mutants, the positions of other migratory cells such as the
ALMs, CANs, and male rays appear wild type (data not shown). There is
at least one mig-1 allele, n.1354, that does not exhibit any defects in the
migrations of the Q cells and their descendants. Yet, similar to the other
mig-1 alleles described, n.1354 affects the migration of the HSN neuron.
It is possible that there are different functional domains in the mig-1 gene
or that there are different regulatory elements for HSN and Q cell
migrations. Analysis of null alleles will greatly facilitate understanding
the functions of the mig-1 locus.
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Is mig-1 responsible for turning on mab-5 in many different cells?
Probably not. mig-1 mutants do not exhibit other phenotypes seen in
mab-5 mutants. In the male tail, mab-5 mutants exhibit crumpled
spicules, transform V rays into alae, and fail to make a hook (Kenyon,
1986). In mig-1 mutants, all these structures are normal (data not
shown; J. Harris, pers. comm.) Thus it is probable that other genes are
responsible for regulating mab-5 in other cell types. Some of those other
genes have already been identified. pal-1, a homologue of the Drosophila
patterning gene caudal, activates mab-5 in the epidermal cell V6 (Waring
and Kenyon, 1991). lin-22, a homologue of the Drosophila pair-rule gene
hairy, is a negative regulator of mab-5 in the epidermal V cells (L.
Wrischnik, pers. comm.). Regulation of mab-5 expression seems to be a
fairly complicated phenomenon; it is tightly and differentially regulated
both temporally and spatially (Salser et al., 1993).

Interestingly, mig-1 is one of four genes necessary for mab-5 activation in
QL and its descendants (Harris et al., in prep.). These four genes appear
to be required to activate mab-5 specifically in QL and its descendants.
At 2-4 hours after hatching, MAB-5 expression in these four mutants is
greatly reduced or absent in the QL descendants while expression is still
strong in other cell types (J. Harris, pers. comm.) These four genes fall
into two classes. One class is represented by the genes lin-17 and mig-1.
In lin-17 mutants, as in mig-1 mutants, SDQL and PVM can be located
all along the antero-posterior axis, from positions anterior of wild-type to
more posterior positions. In addition, lin-17 mutations only partially
affect mab-5 expression, as do mutations in mig-1, suggesting that the
migratory defect in lin-17 is due to partial loss of mab-5 activity. In egl
20 and mig-14 mutants, in contrast, SDQL and PVM are always located
in the anterior; in addition, mab-5 expression is completely absent in
QL.a and QL.p (Harris et al., in prep.). Unfortunately, it is difficult to
establish any clear genetic epistasis between these four genes. Only
mutations in one gene, egl-20, have been shown to be null alleles by
gentic criteria (J. Harris, pers. comm.).

What could all these genes be? Mutations in all four genes create
phenotypes not seen in mab-5 mutants, suggesting that all these genes
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have functions other than activating mab-5 in the QL descendants. For
example, egl-20 and mig-14 mutants have defects in the migration of the
QR descendants, the HSNs, the distal tip cells, and the male ray
precursors (Desai et al., 1988; J. Harris and L. Honigberg, pers. comm.).
In addition, egl-20 mutants exhibit cell polarity reversals (J. Harris, pers.
comm.). lin-17 mutants have many cell polarity reversals, leading to a
totally disorganized tail region (Ferguson and Horvitz, 1985; Sternberg
and Horvitz, 1988).

Since mig-1 mutants exhibit migration defects in HSN as well as defects
in the direction and division positions in cells in the Q lineage, it is
possible that mig-1 could encode an extracellular matrix molecule that is
involved both as a haptotaxic signal and as a positional signal for the
activation of mab-5 in the posterior.

Alternatively, mig-1 could encode a transcription factor or a helix-loop
helix protein. In Drosophila, HOM-C gene expression appears to be
initiated by classes of genes known as gap, pair-rule, nd segment polarity
genes which include transcription factors and helix-loop-helix proteins
(reviewed in Gilbert, 1991). For example, the gap gene hunchback
appears to repress the expression of the HOM-C gene Ultrabithorax both
to the anterior and to the posterior of the parasegments in which this
HOM-C gene will function. The pair-rule gene fushi tarazu activates
expression of the HOM-C genes Ultrabithorax and Antennapedia (White
and Lehman, 1986; Ingham and Martinez-Arias, 1986; Muller and
Bienz, 1992).

Cloning of these four genes will provide crucial data for understanding
the regulation of mab-5 expression as well as for elucidating the
mechanisms involved in directing the migratory behavior of the Q cells
and their descendants.
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EXPERIMENTAL PROCEDURES

General Procedures, Nomenclature, and Strains

Methods for routine culturing and genetic analysis are described by
Brenner (1974) and Wood et al. (1988). All analyses were performed at
20°C. In most cases, males were generated using him-5(e1490), which
increases the frequency of male self-progeny. Migrations were observed
at 20°C using standard Nomarski optics.

Analysis of mab-5-lacz Fusions
The muls3 strain, an integrated mab-5-lacz construct with an unc-31
coinjection marker is described in detail in Cowing and Kenyon (1992).
Larvae were fixed in a final concentration of 2.5% gluteraldehyde for
three minutes on slides. Coverslips were placed on the slides and excess
liquid aspirated off. The slides were then frozen on dry ice for at least
five minutes before the coverslips were pried off. The slides were
immediately dipped in acetone at room temperature for one minute.
Larvae were then stained as described by Fire (Fire et al., 1990), with the
modification that a 1M magnesium chloride solution was used.



65

FIGURE LEGENDS

Figure 4-1: Positions of SD9R/L and A/PVM in wild type and mig-1
mutants

The positions of Q.paa (A/PVM) and Q.pap (SDQR/L) were scored at the
end of L1. Wild type (N2), mig-1(e1787), mig-1(né87), and mig-1(n1354)
worms were grown and scored at 20°C (n > 50).
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Figure 4-2: 9 lineage and migrations in wild-type and mig-1 mutant
animals

(A). The lineage of the Q cells in wild-type animals at 20°C. Closed
circle, position of Q division; large open triangle, position of Q.a division;
small stippled triangle, final position of Q.ap; large open square, position
of Q.p division; split line, position of Q.pa division; small stippled
square, final positions of Q.paa and Q.pap; x, cell death.

(B and C). Q migrations in individual wild-type and mutant animals.
The epidermal cells V1-V6 are labeled as references for position along the
body axis. QR, Q neuroblast on the right; QL, Q neuroblast on the left.
Migrations in wild-type animals are shown for comparison. Each mig
1(e1787) mutant in which complete migrations were observed is depicted
here. Arrows indicate antero-posterior movement, not dorso-ventral
movement.

(B). Migration of QR and its descendants. This panel shows the actual
pattern of cell migrations in four mig-1(e1787) animals observed. As
shown in the diagrams, the initial migration of QR was sometimes
aberrant. In three of the four animals, the migrations of Q.a and Q.p
were also abnormal. However, the final positions of SDQR and PVM were
normal.

(C). Migration of QL and its descendants. This panel shows the actual
migration patterns of four mig-1(e1787) animals observed. The initial
migration of QL was always posteriorward; in fact, QL sometimes
migrated too far posteriorward. As illustrated in these diagrams, Q.a and
Q.p could either migrate as in wild type or could turn around to migrate
anteriorward.
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Figure 4-3: Positions of SDQR/L and A/PVM in mig-1 and mig-1;
mab-5(g■ ) mutants
The positions of Q.paa (A/PVM) and Q.pap (SDQR/L) were scored at the
end of L1. Strains compared were mig-1(e1787), mab-5(e1751g■ ), and
mig-1(e1787); mab-5(e1751g■ ). The worms were grown and scored at
25°C (n > 50).
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Figure 4-4: 9 lineage and migrations in mig-1 and mig-l; mab-5(g■ )
mutants

(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position of Q division; large open triangle, position of Q.a division; small
stippled triangle, final position of Q.ap; large open square, position of
Q.p division; split line, position of Q.pa division; small stippled square,
final positions of Q.paa and Q. pap; x, cell death.

(B). Q migrations in individual wild-type and mutant animals. The
epidermal cells V1-V6 are labeled as references for position along the
body axis. QR, Q neuroblast on the right. Migrations in wild-type
animals are shown for comparison. Representative migration patterns
for mig-1(e1787) and mab-5(e1751g■ ) are also shown. The bottom two
panels show the actual pattern of cell migrations in two mig-1(e1787);
mab-5(e1751gf) animals observed. Each mig-1(e1787); mab-5(31751g■ )
mutant in which complete migrations were observed is depicted here.
Migrations were observed at 20°C. Arrows indicate antero-posterior
movement, not dorso-ventral movement.
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Figure 4-5: Expression of mab-5 in a mig-1 mutant backgound
Expression of an integrated mab-5-lacz fusion in L1 larvae. Shown are
the left sides of a wild-type N2 animal and a mig-1(e1787) mutant that
are about 4 hrs old. At 3–4 hrs after hatching, in wild-type animals, QL.a
and QL.p stain 100% of the time (n=50). In mig-1(e1787) animals, QL.a
and QL.p failed to express the fusion protein at a detectable level in 78%
of the animals, weakly expressed it in 14%, and strongly expressed it in
8% of the animals (n=50). An example of lack of mab-5 expression in a
mig-1 background is shown here. QR.a and QR.p never expressed the
fusion protein in mig-1 mutants (n=50; data not shown) as is the case in
wild-type animals. (Photograph of a wild-type N2 animal is courtesy of J.
Harris.)





wildtype mig-1
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Figure 4-6: Model for mig-1's regulation of the two HOM-C genes
mab-5 and egl-5
In this model, wild-type mig-1 activates mab-5 expression in the QL
descendants to promote posteriorward migration. mig-1 may also inhibit
egl-5 activation in these same cells, ensuring that these cells then do not
migrate too far posteriorward.
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Figure 4-7: Position of SD9L and PVM in mig-1, in egl-20, in mig-1;
egl-20, and in mig-l; mab-5; egl-20 mutants
The positions of SDQL and PVM were scored at the end of L1. Alleles
used were wild-type N2, mig-1(e1787), egl-20(n585), and mab-5(e2088).
The worms were grown and scored at 20°C (n=50).
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CHAPTER 5

Downstream of the HOM-C genes:
mig-13?
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ABSTRACT

In a screen for misplaced Q descendants, I identified a new gene, mig-13,
which is required for the correct anteriorward migration of the QR
descendants. In mig-13 mutants, the descendants of QR.p migrated a
shorter distance towards the anterior as compared to wild type, while
QR.ap sometimes migrated towards the posterior. In a mab-5; mig-13
double mutant, QR.ap still migrated towards the posterior, suggesting
that mig-13 may function downstream of mab-5. In addition, the
expression of another HOM-C gene, lin-39, was unaltered in a mig-13
mutant. I also analysed double and triple mutants constructed with mig
13 and other genes known to affect migration such as egl-20 and mig-1.

INTRODUCTION

How can just a few genes -- the HOM-C genes -- be responsible for
diversifying the body axis of an organism? A dramatic range of defects is
seen when even a single homeotic gene is misregulated: an entire wing
structure develops in the place of an eye or a leg forms where an antenna
should be. Cells in multiple germ layers from multiple lineages are
regulated by the HOM-C genes. How does one protein, albeit a
transcription factor, have so many effects on cells of different origins and
fates? The answer lies in the target genes regulated by the homeotic
genes.

Unfortunately, few target genes have been identified. In Drosophila, the
majority of target genes found to date are other homeotic genes as
suggested by the effects of mutations in one gene on the expression of
another. For example, mutations in the homeotic gene Ultrabithorax
affect the expression of the homeotic gene Antennapedia. In several
cases, the more posterior-acting genes negatively regulate the expression
of more anterior-acting genes (Bienz and Tremml, 1988; Harding et al.,
1985; Struhl and White, 1985; Riley et al., 1987). In addition, the
homeotic genes Deformed and Ultrabithorax are autoregulated (Bienz and
Tremml, 1988; Kuziora and McGinnis, 1988).



81

Other expression studies in Drosophila have identified several other
potential target genes. These target genes may include growth factors in
the visceral mesoderm. wingless (wg), a homolog of the writ-1
mammalian oncogene, is regulated by ABD-A and, possibly, UBX.
decapentaplegic (dpp), a member of the TGF beta growth factor family, is
activated by UBX and repressed by ABD-A (Immergluck et al., 1990;
Reuter et al., 1990).

Additional target genes of UBX have been suggested by in vitro binding
studies. These include connectin, which encodes a leucine-rich cell

adhesion molecule, and scabrous, thought to play a role in cell-cell
communication. In Drosophila, connectin is expressed on the surface of
eight muscle cells, the motorneurons that innervate them, and on several
glial cells that line the pathways leading to the muscles (Gould et al.,
1990; Gould and White, 1992; Nose et al., 1992). Because of its

expression pattern and adhesive properties, connectin may play a role in
axonal pathfinding. Scabrous is secreted by the R8 cell in Drosophila
ommatedia and functions to prevent neighboring cells from adopting an
R8 fate (Baker et al., 1990; Grabra et al., 1992).

In C. elegans, no target genes have been identified for the HOM-C genes.
As described in chapter 3, the HOM-C genes lin-39 and mab-5 control the
fates of many cells in their domain of function. lin-39 determines the
fates of many cell types in the central body region of the worm, whereas
mab-5 is required for many posterior cell types to develop correctly
(Kenyon, 1986; Clark et al., 1993; Wang et al., 1993). The direction of
migration of the Q.p descendants is under the control of both mab-5 and
lin-39. mab-5 acts within the QL descendants and is necessary and
sufficient for the posterior migration of those cells (Kenyon, 1986; Salser
and Kenyon, 1992), while lin-39 acts within the QR descendants and is
necessary for the correct anteriorward migration through the central
body region (Clark et al.., 1993; Wang et al., 1993). What genes do lin
39 and mab-5 regulate so as to control the fates of so many different
cells? And more specifically, what genes do lin-39 and mab-5 regulate so
as to control the migratory behavior of cells in the Q lineage?
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One way to identify downstream targets of mab-5 and lin-39 in the
process of migration is through screens for migration mutants. Such
screens will reveal many genes involved in migration, some of which
would be expected to act downstream of the HOM-C genes. In a general
screen for mutations affecting migration, I identified a previously
unknown gene, mig-13, which may be a downstream target for the HOM
C genes. Here I describe my identification and characterization of mig-13
as well as evidence for it's being a downstream target of mab-5 and lin
39. In addition, I present analysis of mig-13 interactions with other
genes involved in the migrations of the Q descendants.

RESULTS

mig-13 inhibits anteriorward migration of the QR descendants
A mig-13 mutation was identified in a screen for misplaced Q
descendants (for details, see Experimental Procedures). mig-13 is defined
by one recessive allele, mu31. mig-13(mu31) animals appear fairly
normal. The body shape of the worms appears wild type, and the worms
move and mate normally. The migratory cells ALM, HSN, juvenile
coelomocytes, and CAN reside in their wild-type positions. The non
migratory cell BDU is slightly too far posterior about 65% of the time
(n=50). The most striking defect in mig-13(mu31) mutants is the
aberrant migratory behavior of the QR descendants.

In mig-13(mu31) mutants, two of QR.p's descendants, SDQR and AVM,
are always located farther posterior than in wild type (n=150) (Figure 5
1). The migration of QR is variable: it always migrates anteriorward but
can migrate either a shorter (1/5 animals) or longer (2/5 animals)
distance than it does in wild type. The migrations of all of the QR.p
descendants are shortened. These cells only migrate about half the
distance they do in wild-type animals. In addition, QR.ap migrates
abnormally in mig-13(mu31) mutants. This cell exhibits several different
behaviors in the mutant: it migrates anteriorward to the wild-type
position; it migrates anteriorward but stops prematurely; or it migrates
posteriorward (Figure 5-2).
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In mig-13(mu31) mutants, the QL descendants SDQL, PVM, and PQR are
located in their wild-type position (n=150). However, the migration of QL
itself is sometimes abnormal. Instead of migrating a short distance
posteriorward and then dividing, QL occassionally migrated too far
posteriorward, turned around, and then migrated anteriorward again
before dividing (3/6 animals). Once, QL migrated posteriorward as in
wild type but then turned around to migrate back to its birth position
before dividing (n=6). Q.a sometimes divided posterior to its wild-type
position (3/6 animals) (Figure 5-2).

Animals carrying one copy of mu31 and a chromosomal deficiency (Df) of
that region have a similar phenotype as mu31 homozygous animals.
BDU, SDQR, and AVM are located in similar positions in both
backgrounds (Figure 5-1). In addition, ALM, HSN, juvenile coelomocytes,
and CAN are wild type. In mu31/Df animals, QR.ap also exhibits the
same range of behaviors as seen in mu31 homozygous animals (n=3)
(Figure 5-3). From all these observations, it is possible that mu31 may
greatly reduce or eliminate function.

mig-13 is a possible downstream target of the HOM-C genes
Why do the QR descendants have these mutant migratory behaviors?
The phenotype of mig-13(mu31) mutants resembles that of mutants in
which the homeotic gene mab-5 is ectopically expressed within the QR
lineage. In a gain-of-function allele of mab-5, QR.p's descendants are
prevented from migrating anteriorward and QR.ap migrates
posteriorward (Salser and Kenyon, 1992). Is it possible that the defect in
mig-13 mutants is that mab-5 is inappropriately expressed in the QR
descendants? To test this hypothesis, I made the mab-5(-); mig-13 double
mutant and asked if the normal migratory behavior of the QR
descendants could be restored. However, in mab-5(-); mig-13 double
mutants, the QR descendants behave similarly to those in mig-13 single
mutants: QR.p's descendants do not migrate the full anterior distance
and QR.ap can still migrate posteriorward (Figure 5-4, Figure 5-5).
Therefore, the defect in mig-13 mutants is not due to the inappropriate
expression of mab-5 on the right side. Furthermore, the ability of QR.ap
to migrate posteriorly in the double mab-5; mig-13 mutant indicates that
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in a mig-13 background, mab-5 is not needed for posteriorward
migration.

In a mab-5; mig-13 double mutant on the left side, SDQL and PVM are
located in the central body region. It seems that the QL descendants
begin to migrate anteriorward because they lack mab-5 activity but then
their migrations are shortened due to a mutation in mig-13 (Figure 5-4).

All of these results are consistent with a model that mig-13 might
function downstream of the homeotic gene mab-5. In other words, in
wild-type animals, mab-5 might inhibit mig-13 on the left side where
QL.ap normally migrates posteriorward.

What is the relationship between mig-13 and the homeotic gene lin-39?
In mig-13 mutants, SDQR and AVM are located in the central part of the
body, an area which derives its unique identity from the regulatory
actions of the homeotic gene lin-39. lin-39 is necessary for the correct
anteriorward migration of the QR descendants through this body region.
In lin-39 mutants, the QR descendants are located in the central body
region rather than in the anterior, similar to what is seen in mig-13
mutants. Often, if mutations in two genes cause similar phenotypes, it is
suggestive of these genes working in the same pathway. Therefore, I was
interested in trying to order the two genes in a linear pathway. Since the
mutant phenotypes of mig-13 and lin-39 are so similar, genetic analysis
of the double mutant could not clearly resolve the question of which gene
acts downstream of the other. So how can we discern whether lin-39

regulates mig-13 or whether mig-13 regulates lin-39? I can test the
second possibility by seeing whether mutations in mig-13 affect
expression of lin-39. I analyzed the expression of a lin-39.beta
galactosidase construct in mig-13 mutants. The expression of lin-39-lacz
was normal in mig-13 mutants (Figure 5-6), suggesting that mig-13 does
not regulate expression of lin-39. This data is consistent with the idea
that mig-13 acts downstream of lin-39. In other words, lin-39 could
promote anteriorward migration by turning on mig-13.
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mig-13 acts additively with other genes involved in migration
Often, by constructing double mutants and analysing their phenotypes,
we can gain additional insight into the function of genes. Therefore, I
constructed double mutants between mig-13 and other genes known to
affect migration.

egl-20
In egl-20 mutants, both the QR and the QL descendants exhibit
migratory defects (Desai et al., 1988; Harris et al., in prep.). On the left,
The QL descendants turn around to migrate anteriorward rather than
posteriorward. This is due to lack of mab-5 expression in these cells
(Harris et al., in prep.). However, mutations in egl-20 have a second
effect on migration, independent of egl-20's role as a mab-5 activator. In
egl-20 mutants, the descendants of both QR and QL have shortened
anteriorward migrations. One possible interpretation of this shortened
migration on both sides is that the antero-posterior axis is shifted
posteriorward in egl-20 mutants. As a result, the position which the
migrating cells perceive as their “wild-type final position" is, in fact,
shifted posteriorly from their actual wild-type position.

When I constructed the double mutant egl-20(n585); mig-13(mu31), I
observed an interesting phenotype: SDQR/L and A/PVM could be
located even more posterior than in mig-13(mu31) mutants alone (Figure
5-7A). Without mig-13 activity, the Q descendants could not migrate
anteriorly; and removing egl-20 activity shifted the final position of these
cells even farther to the posterior. To get to their perceived “wild-type"
final position, these cells that normally migrate anteriorward would now
migrate posteriorward. The egl-20; mig-13 double mutant thus provides
further support for the hypothesis that wild-type egl-20 activity is
involved in establishing or interpreting positional information for cells in
the Q lineage.

In the egl-20; mig-13 mutants, did SDQR/L and A/PVM remain in the
posterior because of the influence of the posterior-acting HOM-C genes
mab-5 and egl-5? I tested this hypothesis by removing mab-5 and egl-5
activities from an egl-20; mig-13 mutant background. Both in the mab
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5; egl-20; mig-13 triple mutant and in the mab-5 egl-5 egl-20; mig-13
quadruple mutant, cells in the Q lineage remained the posterior (Figure
5-7B, Figure 5-8). This result indicates that the posterior migration in
the egl-20; mig-13 background is not due to either mab-5 nor egl-5
activity. This result is also consistent with my observation that in mig-13
mutants, Q.ap can migrate posteriorly independent of mab-5 activity.

mig-1
In mig-1 mutants, the QL descendants can migrate either anteriorward or
posteriorward such that SDQL and PVM can be located anywhere along
the antero-posterior body axis of the worm. In mig-1; mig-13 double
mutants, the anteriorward migration of the QL descendants is inhibited
while the posteriorward migration remains unaffected (Figure 5-9). Even
on the left side, lack of mig-13 activity inhibits the anteriorward
migration of the Q descendants while the abnormal posteriorward
migration of SDQL and PVM seen in mig-1 single mutants remains.

mig-13 defines a new locus
mig-13 maps to a previously unidentified locus on the left arm of the X
chromosome between lon-2 and dpy-8, a region about 0.67 of a map unit
(for details, see Experimental Procedures). I was interested in mapping
the gene relative to already cloned markers so that it could be easily
cloned. The closest gene to mig-13 that was both physically and
genetically mapped was sup-7, which is about 1.5 map units to the right
of mig-13. sup-7 had been cloned and was located about 2.4 Mb from the
left end of a contig. (Most of the worm genome has already been cloned
as approximately 40-kb cosmid inserts and ordered in overlapping sets
called contigs.). There was no gene to the left of mig-13 that had been
physically and genetically mapped. That meant that mig-13 was either
within the 2400 kb on the left arm of the contig or was not yet linked to a
contig. I screened fifteen cosmids for polymorphisms between two closely
related nematode strains (for details, see Experimental Procedures) and
found only three. Restriction length polymorphism mapping with those
three cosmids placed mig-13 on the contig within a 720 kb region. In
addition, mig-13 was very tightly linked to a polymorphism on the cosmid
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KO2G 10, suggesting that the mig-13 locus was either on that cosmid or
on one nearby (for details, see Experimental Procedures) (Figure 5-10).

DISCUSSION

The wild-type activity of mig-13 appears to be to promote the
anteriorward migration of the QR descendants. In mig-13(mu31)
mutants, the anteriorward migration of the QR descendants is inhibited
and sometimes QR.ap migrates posteriorward. mig-13(mu31) mutants do
not have global defects in cell migration; rather, they are primarily
defective in the Q lineage, raising the tantalizing possibility that mig-13
functions specifically to direct the migratory behavior of those cells. The
mu■ 1 allele may represent a null since it behaves as a null placed over a
deficiency. However, it is possible that the mu31 mutation only removes
one functional domain. Isolation and analysis of additional alleles
should reveal whether other functional domains exist. Whether or not

mu■ 1 is a typical allele of mig-13, analysis of the mu31 allele should be
informative in clarifying aspects of Q-specific migration.

Several pieces of data suggest that mig-13 functions downstream of the
HOM-C genes. In mab-5; mig-13 double mutants, the QR descendants
behave similarly to those in mig-13 single mutants: QR.p's descendants
do not migrate the full anterior distance and QR.ap can still migrate
posteriorward. Analysis of the relationship between mig-13 and mab-5
raises the possibility that mig-13 functions as a downstream target for
mab-5: on the left side, mab-5 may turn off mig-13 in the Q cell
descendants, allowing them to migrate posteriorward. Consistent with
the possibility of mig-13's being a downstream target of the HOM-C genes
is the observation that lin-39 expression is unaffected in mig-13 mutants.
The migration defect in QL itself in mig-13 mutants is reminiscent of that
seen in lin-39 mab-5 double mutants (see Chapter 3). This observation
would suggest that if mig-13 functions downstream of lin-39 and mab-5
in QL, both HOM-C genes would activate mig-13 in QL. This interaction
is different than what seems to happen in the QL descendants where
mab-5 appears to inhibit mig-13. Our current model is that mig-13
activity is inhibited by mab-5 in the QL descendants, which migrate



towards the posterior, while it could be activated by lin-39 in the QR
descendants, which migrate towards the anterior (Figure 5-11).

It is possible that mig-13 does not function downstream of the HOM-C
genes. Rather, mig-13 might function in the central body region and
affect cells that migrate across that region. For example, the MIG-13
protein might function as a location signal (or receptor for such a signal)
in the central body region. When the signal (or receptor) is absent, as
might be the case in mu31 mutants, migrating cells might not be able to
recognize the central body region; hence, they either stop migrating or
turn around to migrate in the opposite direction. Such a hypothesis is
consistent with the mig-13 mutant phenotype.

What could the mig-13 gene product be? mig-13 could be another
transcription factor, possibly part of a cascade to turn on terminal
differentiation genes. Several homeobox and zinc-finger genes have º

already been identified that are cell-type specific, such as unc-86 for L
neuronal cells (Chalfie et al., 1981), or are cell-specific, such as egl-43 for / 2.
HSN (Desai et al., 1988; Garriga et al., 1993). -2'

**)
.."

Alternatively, mig-13 may encode an extracellular matrix molecule or a
receptor for one. EvX-1, a murine homeobox-containing gene
homologous to the Drosophila gene eve (Bastian and Gruss, 1990),
activates tenascin in vitro, perhaps through a growth-factor signal
transduction pathway (Jones et al., 1992a). Tenascin, an abundant
glycoprotein located in the extracellular matrix, is both spatially and
temporally restricted during vertebrate development. Numerous
experiments have shown that, among other functions, it is involved in
adhesion and repulsion of cells and neurites. Specifically, tenascin has
been implicated in neural crest migration and in cerebellar granule cell
migration (reviewed in Riou et al., 1992; reviewed in Reichardt and
Tomaselli, 1991), although transgenic mice in which one of three known
tenascin genes (reviewed in Erickson, 1994; reviewed in Chiquet
Ehrismann, 1994) has been disrupted exhibit no obvious defects (Saga et
al., 1992). Other vertebrate Hox genes modulate the expression of N
CAM, a Ca++-independent neural cell adhesion molecule: Xenopus HOX
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2.5 activates N-CAM expression in vitro while HOX-2.4 represses N-CAM
expression (Jones et al., 1992b). Other members of the Ig superfamily,
such as L1, are thought to be involved in cerebellar granule cell
migration (reviewed in Reichardt and Tomaselli, 1991).

As mentioned earlier, some of the target genes for HOM-C genes
identified to date include growth factors. In Drosophila, genes encoding
growth factors or their receptors have been implicated in migratory
defects. breathless, an FGF receptor homolog, is necessary for correct
migration of tracheal cells and midline glial cells (Klambt et al., 1992).
spitz, an EGF-like growth factor, is involved in glial migration (Rutledge
et al., 1992). One possibility is that, like these genes, mig-13 encodes a
growth factor or growth factor receptor.

Cloning mig-13 -- which is being continued by Mary Sym who has
recently identified a specific cosmid capable of rescuing the mig-13 defect
-- will provide a great deal of information both on the process of directed
cell migration and on the regulation of downstream genes by HOM-C
genes.

The experiments with egl-20 and mig-1 provide a glimpse of how intricate
the regulation of migration can be. Cells that migrate anteriorward are
regulated differently than cells that migrate posteriorward: analysis of
the mig-1; mig-13 double mutant provides more evidence for the
hypothesis that the wild-type function of mig-13 is to promote
anteriorward migration. In any mutant combination with mig-13 (e.g.
mig-1; mig-13 or mab-5; mig-13), cells that start to migrate anteriorward,
whether these cells are on the right or the left, cannot migrate their full
distance. However, cells that start to migrate to the posterior, such as is
seen in a percentage of the mig-1; mig-13 mutants, have no difficulty in
conducting their posteriorward migration. Hence, the mig-13 mutation
only affects cells in the Q lineage that start to migrate anteriorward.

In egl-20, the fact that the QR and the QL descendants migrate
anteriorward but not their full distance (Harris et al., in prep.) could be
explained by several hypotheses. For example, it might be that in an egl
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20 background, cells migrate more slowly than normal and, therefore, do
not travel as far. Alternatively, migrating cells in egl-20 mutants might
have physical difficulty migrating in the anterior of the worm. However,
analysis of the egl-20; mig-13 double mutant provides compelling support
for yet a third hypothesis: an antero-posterior positional information is
shifted in egl-20 mutants. An extension of this model would be that the
migrating cells are “reading" their position at every point along the
antero-posterior axis.

The observation that the double mutants mig-1; mig-13 and egl-20; mig
13 have additive phenotypes is actually quite strange when one
remembers that mig-1 and egl-20 are upstream activators of mab-5 (see
Chapter 4). If mig-13 is downstream of mab-5, it should also be
downstream of mig-1 and egl-20, and the double mutants should have
the mig-13 phenotype. However, that is not the case; there is no clear
genetic epistasis. What does this mean? One possibility is that egl-20
and mig-1 are not just acting through mab-5 to control migration but also
affect migration through a mab-5 independent pathway (Figure 5-12).
This model is consistent with the phenotypes of mig-1 and egl-20
discussed in detail in the previous chapter. Most likely, multiple levels of
regulation exist to control the migratory behavior of the cells in the Q
lineage.
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EXPERIMENTAL PROCEDURES

General Procedures, Nomenclature, and Strains

Methods for routine culturing and genetic analysis are described by
Brenner (1974) and Wood et al. (1988). All analyses were performed at
20°C. In most cases, males were generated using him-5(e1490), which
increases the frequency of male self-progeny. Migrations were observed
at 20°C using standard Nomarski optics.

Screen

mig-13(mu31) was isolated in a screen for misplaced Q descendants.
Wild type (N2) worms were mutagenized with 50 mM EMS for 4 hours at
20°C and allowed to self-fertilize (Sulston and Hodgekin, 1988). The
right sides of 1014 F2's were screened by Nomarski optics. The original
isolate was then backcrossed to N2 three times.

Noncomplementation screens were conducted in order to isolate
additional alleles of mig-13. unc-24(e138); dpy-8(e130) hermaphrodites
were mutagenized with either 50 mM EMS (as described above) or 1M
psoralen as described by Yandell et al. (1994) with the exception that
that I used a UV Stratalinker 2400 to deliver a dose of 40 m.J. The

mutagneized hermaphrodites were then mated to lon-2(e678) mig
13(mu&1) males. Non-Unc F1 progeny were screened by Nomarski optics
for misplaced QR descendants (n=1920, EMS; n=1732, psoralen). No
additional alleles were isolated.

Mapping
mig-13 was identified as being on the X chromosome because males
carrying one copy of mig-13(mu31) were mutant while hermaphrodites of
the same genotype were not. In three point mapping with unc-9(e101)
and dpy-7(e.88), 10/10 Unc non-Dpy's carried mu31 while 7/8 Dpy non
Unc's did not carry mu31 (1/8 Dpy non-Unc's had a weird phenotype),
suggesting that mig-13 is to the left of unc-9 and dpy-7. In three point
mapping with dpy-7(e88) and unc-2(e55), 4/10 Unc non-Dpy's carried
mu■ 1 and 7/11 Dpy non-Unc's carried mu31, indicating that mig-13 is
between unc-2 and dpy-7. In three point mapping between lon-2(e678)
and unc-20(e112ts), O/11 Unc non-Lon's carried mu31 while 6/6 LOn
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non-Unc's carried mu31, suggesting that mig-13 is to the right of lon-2.
In three point mapping between unc-6(e.78) and dpy-8(e130), O/15 Dpy
non-Unc's carried mu31 while 15/15 Unc non-Dpy's carried mu31,
indicating that mig-13 is to the left of dpy-8. Finally, in three point
mapping between unc-6 and lon-2, 3/23 Lon non-Unc's carried mu31,
suggesting that mig-13 is about 1/3 of a map unit to the right of lon-2.
These map data place mig-13 between lon-2 and dpy-8, a distance of
about 2/3 of a map unit.

To map mig-13 relative to already cloned DNA, I took lon-2(e678)mig
13(mu31)dpy-8(e130) or lon-2(e678)mig-13(mu31)unc-6(e.78)
hermaphrodites and mated them with males from a strain N62, which is
highly polymorphic with respect to N2 (the parental strain of all mutants
used here). The recombinant Lon non-Dpy, Lon non-Unc, and Unc non
Lon animals were scored for the presence of mu31 and then probed by
Southern analysis with cosmids carrying RFLP's. With the cosmid
C38G9, three recombinants had the N2 pattern: one Lon Mig non-Unc,
One Lon non-Mig non-Unc, and one Unc Mig non-Lon, suggesting that
C38G9 is to the left of mig-13. With the cosmid CO1E12, seven Lon Mig
non-Dpy recombinants had the N2 pattern while three had the N62
pattern; three Lon Mig non-Unc recombinants had the N2 pattern; one
Unc Mig non-Lon recombinant had the N2 pattern; and one Unc non-Mig
non-Lon recombinant had the N62 pattern. These data suggest that
CO1E12 is to the right of mig-13. C38G9 and CO1E12 define a region
which is covered by 20 overlapping cosmids and contains one cosmid gap
which is covered by a YAC. I then probed recombinants which I knew
had recombination events between CO1E12 and C38G9 with the cosmid

KO2G10. Six Lon Mig non-Dpy's had the N2 pattern; one Unc non-Mig
non-Lon had the N62 pattern; and one Lon non-Mig non-Unc had the
N62 pattern. Therefore, I was not able to separate the polymorphism in
KO2G19 from mig-13, suggesting that the two are tightly linked.

Construction and Analysis of mu31/syDfI
The chromosomal deficiency syDfI uncovers dpy-8 through unc-78.
syDfl homozygous animals are nonviable; the deficiency was maintained
by balancing it over unc-2(eff3) lon-2(e678). mu31/Df mutants were made
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by mating him-5(e1490); mu31 males to syDfl/unc-2 lon-2
hermaphrodites. Individual F1's were scored for migratory defects. The
F2 phenotypes from the individual F1's were used to retroactively
determine the F1 genotype: mu31/syDfI F1's would produce dead eggs;
while mu31/unc-2 lon-2 would produce Unc Lon F2's.

Construction of Double, Triple, and Quadruple Mutants
All double and triple mutants with mu31 were made by mating e1490;
mu%.1 males with hermaphrodites carrying other mutant alleles. F2
individuals from the cross were characterized as containing two copies of
the mu■ 1 allele based on analysis of the SDQR and AVM migration
defects. Once the animals were shown to be mu31 homozygotes, their
progeny were monitered for the presence of other mutant alleles. For
example, the presence of mab-5(e2088) was determined by the presence
of deformed male tails (Male Abnormal), while the presence of egl
200m.585) was determined by the appearance of hermaphrodites bloated
with unlaid late-stage embryos (Egg-laying defective).

Construction and Analysis of lin-39-lacz Fusion
The construction of the lin-39-lacz construct and the description of the
strain mulsó containing an integrated version of the construct has
previously been detailed in Wang et al. (1993) and in chapter 3. To
transfer the construct to a mig-13 mutant background, him-5(e1490);
mig-13(mu31) males were mated into mu■ s6 hermaphrodites. Larvae
were fixed in a final concentration of 2.5% gluteraldehyde for three
minutes on slides. Coverslips were placed on the slides and excess liquid
aspirated off. The slides were then frozen on dry ice for at least five
minutes before the coverslips were pried off. The slides were immediately
dipped in acetone at room temperature for one minute. Larvae were then
stained as described by Fire (Fire et al., 1990), with the modification that
a 1M magnesium chloride solution was used.
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FIGURE LEGENDS

Figure 5-1: Positions of SD9R/L and A/PVM in wild-type,
mu■ 1/musl, and mu31/syllfl animals
Final positions of the Q descendants in wild type and mig-13 mutants.
The final positions of the Q descendants were determined by examining
additional animals after the migrations had been completed. Positions of
SDQR and AVM (left column)and SDQL and PVM (right column) are
shown in wild type N2 (n-50), mig-13(mu31) homozygous animals (n >50),
and mig-13(mu31)/syDfIanimals (n=23R; 14L). Animals were grown at
20°C and scored at the end of L1.
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Figure 5-2: Migrations of the 9 descendants in wild type and mig-13
(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position of Q division; large open triangle, position of Q.a division; small
stippled triangle, final position of Q.ap; large open square, position of
Q.p division; split line, position of Q.pa division; small stippled square,
final positions of Q.paa and Q.pap; x, cell death.

(B-C). Q migrations in individual wild-type and mutant animals. The
epidermal cells V1-V6 are labelled as references for position along the
body axis. QR, Q neuroblast on the right; QL, Q neuroblast on the left.
Arrows indicate antero-posterior movement, not dorso-ventral movement.
The N2 pattern is shown for comparison. All eleven drawings of mig
13(mu31) animals show the actual pattern of cell migrations in individual
worms. Each mig-13(mu31) animal in which complete migrations were
observed is depicted here.
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Figure 5-3: Migrations of cells in the 9 lineage in musl/syDfI
animals

(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position of Q division; large open triangle, position of Q.a division; Small
stippled triangle, final position of Q.ap; large open square, position of
Q.p division; split line, position of Q.pa division; small stippled square,
final positions of Q.paa and Q.pap; x, cell death.

(B). Q migrations in individual wild-type and mutant animals. The
epidermal cells V1-V6 are labelled as references for position along the
body axis. QR, Q neuroblast on the right; QL, Q neuroblast on the left.
Arrows indicate antero-posterior movement, not dorso-ventral movement.
Migrations in wild type N2 and a composite migration in mig-13(mu31)
homozgous mutants are shown for comparison. All three drawings of
mu■ 1/syDfI animals show the actual pattern of cell migrations in
individual worms. Each mul/syDfI animal in which complete
migrations were observed is depicted here. Animals carrying
mu■ 1/balancer (n=7) and syDfI/ balancer (n=7) exhibited normal
migration patterns.
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Figure 5-4: Final positions of the 9 descendants in mig-13 mutants,
mab-5 mutants, and mab-5; mig-13 mutants
Final positions of the Q descendants in mig-13(mu31) and mab-5(e2088)
single mutants as well as mab-5(e2088); mig-13(mu31) double mutants.
Positions of SDQR and AVM (left column)and SDQL and PVM (right
column) are shown. Animals were grown at 20°C and scored at the end
of L1 (n-50).
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Figure 5-5: Migrations of the 9 descendants in mig-13 mutants,
mab-5 mutants, and mab-5; mig-13 mutants
(A). The lineage of Q cells in wild-type animals at 20°C. Closed circle,
position of Q division; large open triangle, position of Q.a division; small
stippled triangle, final position of Q.ap; large open square, position of
Q.p division; split line, position of Q.pa division; small stippled square,
final positions of Q.paa and Q.pap; x, cell death.

(B). Migrations of cells in the QR lineage in mab-5(e2088); mig-13(mu31)
double mutants. Arrows indicate antero-posterior movement, not dorso
ventral movement. Migrations in mab-5 (Salser and Kenyon, 1992) and a
composite migration in mig-13 mutants are shown for comparison. Each
mab-5(e2088); mig-13(mu31) animal in which complete migrations were
observed is depicted here. As depicted in Figure 5-2, QR.ap can migrate
either anteriorward or posteriorward in mig-13 mutants. In this
representation, the dashed line indicated that QR.ap can be located
anywhere in the body region. Actual migrations in five mab-5; mig-13
mutants are shown. The percentage of time QR.ap migrated to the
posterior (2/5) was the same in mig-13 and mab-5; mig-13 mutants.
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Figure 5-6: Expression of lin-39 in mig-13 mutants
The top panel show a wild-type worm, 3-4 hrs old, expressing lin-39-lacz
on the right and left sides of the worm. The bottom panels show mig
13(mu31) animals of the same age expressing lin-39-lacz on the right and
left sides. In mig-13(mu31) animals, at 3–4 hrs after hatching, expression
was seen in the juvenile ventral cord neurons (62%), in either Q itself or
Q.a and Q.p (R, 45%; L, 57%), in P(3/4) (R, 6%; L, 2%), in P(5/6) (R,
77%; L, 53%), in P(7/8) (R, 87%; L, 81%), in V3 (R, 2%; L, 2%), in V4 (R,
4%; L, 4%), in V5 (R, 15%; L, 4%), in an anterior muscle cell (R, 9%; L,
0%), and in an unidentified cell in the pharynx (R, 55%; L, 34%). Total
number of worms analyzed was 47. These data are not significantly
different than those for wild type (compare to Figure 3-3 in chapter 3).
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Figure 5-7: Final positions of the 9 descendants in wild-type and
mutant animals

(A). Positions of SDQR and AVM (left column) and SDQL and PVM (right
column) are shown in wild type (N2), mig-13(mu31), and egl-20(n585)
mutants as well as in the egl-20(n585); mig-13(mu31) double mutant.
Animals were grown at 20°C and scored at the end of L1 (n-50).

(B). Positions of SDQR and AVM (left column) and SDQL and PVM (right
column) are shown in mig-13 mutant combinations with and without egl
20 activity. Animals were grown at 20°C and scored at the end of L1
(n->50). The strains compared are mab-5(e2088); mig-13(mu31) with mab
5(e2088); egl-20(n585); mig-13(mu31) and mab-5(e1239) egl-5(n945); mig
13(mu31) with mab-5(e1239)egl-5(n945); egl-20(n585); mig-13(mu31).
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Figure 5-8: Migration patterns seen in mig-13 mutants in egl-20 and
mab-5; egl-20 backgrounds
(A). The lineage of Q cells in wild-type animals at 20°C. The timing of
cell divisions in the double and triple mutants was sometimes abnormal.
Closed circle, position of Q division; large open triangle, position of Q.a
division; Small stippled triangle, final position of Q.ap; large open
Square, position of Q.p division; split line, position of Q.pa division;
Small stippled Square, final positions of Q.paa and Q.pap; x, cell death.

(B-C). Q migrations in individual wild-type and mutant animals. The
epidermal cells V1-V6 are labelled as references for position along the
body axis. QR, Q neuroblast on the right; QL, Q neuroblast on the left.
Arrows indicate antero-posterior movement, not dorso-ventral movement.
Migrations in wild type N2 and a composite migration in mig-13(mu31)
homozgous mutants are shown for comparison. All drawings of egl
200m.585); mig-13(mu31) and mab-5(e2088); egl-20(n585); mig-13(mu31)
animals show the actual pattern of cell migrations in individual worms.
Each mutant animal in which complete migrations were observed is
depicted here. Note that the last sketch in (C) illustrates a posteriorward
migration of QL.p.
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Yigure 5-9: Final positions of the 9 descendants in mig-13 and mig
1; mig-13 mutants
Y’ositions of SDQR and AVM (left column) and SDQL and PVM (right
column) are shown in wild type (N2), mig-13(mu31), and mig-1(e1787)
mutants as well as in the mig-1(e1787); mig-13(mu31) double mutant.
Animals were grown at 20°C and scored at the end of L1 (n-50).
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Figure 5-10: Genetic and physical map positions of mig-13
(A). The genetic map position of mig-13. mig-13 lies between lon-2 and
dpy-8 on the X chromosome. Below the genetic map is a representation
of the region covered by the contig.

(B). The physical region where mig-13 maps. Cosmids used for RFLP
mapping are in shadowed bold lettering. The two small vertical lines in
the middle of the map indicate a region which is not covered by cosmids.
mig-13 is between CO1E12 and C38G9 and is thought to be tightly
linked to KO2G10. The exact locations of lon-2 and dpy-8 have not been
identified. However, lon-2 is towards the left as indicated by the arrow
while dpy-8 is to the right of this region and is beyond the depicted
cosmids. For details in the mapping, see Experimental Procedures.
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Figure 5-11: Model for mig-13's being a downstream target of the
HOM-C genes
In this model, the wild-type activity of mig-13 is to promote anteriorward
migration and to inhibit posteriorward migration. As QL migrates
posteriorward, it turns on mab-5 which then inhibits mig-13 activity in
The QL descendants. Hence, QL.p and its descendants do not migrate
anteriorward while QL.ap migrates posteriorward. However, as QR
migrates anteriorward, it turns on lin-39 which then activates mig-13,
promoting farther anteriorward migration.
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Figure 5-12: Model for multiple levels of regulation in migration
Upstream regulators of mab-5, such as egl-20 and mig-1, may affect
migration of the QL descendants through a mab-5 independent pathway.



118

egl-20, mig-1

mab-5

mig-13

other migration genes



119

CHAPTER 6

Descendants of the Q neuroblasts
migrate too far when basement
membrane collagen is disrupted
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ABSTRACT

Collagen type IV is thought to play a role in directing cell migration. Here
I show that mutations in two collagen type IV genes, let-2 and emb-9,
affect the final positions of the QR.p descendants but not the QL.p
descendants. In these mutants, two QR.p descendants, SDQR and AVM,
were located farther anterior than in wild type. In addition, in emb-9
mutants, QR.p and QR.a divided anterior of their wild-type position.
Therefore, basement membrane collagen appears to be required for the
correct location of cell division and cell position.

INTRODUCTION

Type IV collagen is a prominent structural component of basal
laminae. The type IV collagen molecule is a heterotrimer
composed of two alpha 1 (IV) chains and one alpha 2 (IV) chain.
The collagen molecules interact with one another via triple helical
domains to form sheetlike meshworks surrounding cells. In
addition, collagen binds other extracellular matrix components
and cell-surface receptors (reviewed in Yurchenco and Schittny,
1990; reviewed in van der Rest and Garrone, 1991).

Six collagen type IV genes have been identified in humans. The
alpha 1 and alpha 2 chains appear to be ubiquitiously distributed
while the others have more restricted distributions. Mutations in

several of these genes have been linked to human diseases.
Alport syndrome, a progressive kidney disease which causes
hearing loss and ocular lesions, appears to be caused by
mutations in the alpha 3, alpha 4, and alpha 5 genes. These
mutations may either destabilize the triple helix or prevent its
formation. The localized defects in Alport syndrome may be due
to the restricted distribution of these chains (reviewed in Hudson
et al., 1993).

Collagen type IV has been implicated in migration in many
systems. For example, collagen type IV may play a role in neural
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crest cell migration as it promotes migration of these cells in vitro
and is distributed in vivo in the correct spatiotemporal manner
(Perris et al., 1991; Halfter et al., 1989.) In addition, hydra
nematocytes migrate on surfaces coated with collagen type IV
(Agosti and Stidwill, 1991). In the grasshopper limb, however,
initial axonal outgrowth is not affected by the enzymatic removal
of the basal lamina (Condic and Bentley, 1989).

Is type IV collagen involved in migration in C. elegans? Two
collagen type IV genes, let-2 and emb-9 (also known as clb-1 and
clb-2, respectively), have been isolated and cloned by Kramer and
his colleagues (Guo and Kramer, 1989; Guo et al., 1991; Sibley
et al., 1993.). emb-9 encodes the alpha 1 chain of collagen type
IV while let-2 encodes the alpha 2 chain. Alpha 3,4, and 5 chains
have not been identified in C. elegans; however, let-2 encodes
two developmentally regulated transcripts (Sibley et al., 1993).
Here I present evidence that cells in the Q lineage use signals
present in the basement membrane. An intact basement
membrane is necessary for the correct positioning of the QR.p,
but not the QL.p, descendants. Since null mutations in these
two genes are embryonic lethals, I used temperature-sensitive
alleles to study the Q cell migrations. Each of the two mutations,
emb-9(hc70) and let-2(g37), consists of a single nucleotide
substitution in the triple helical domain [hc70, Gly402Glu (Guo et
al., 1991); g37, Gly 1286Asp (Sibley et al., 1994)], resulting in the
replacement of a glycine in a Gly-X-Y repeat with another amino
acid. It is thought that these mutations probably interfere with
the stable triple-helical assembly of type IV collagen chains (Guo
et al., 1991; Sibley et al., 1994).

RESULTS

Cells in the 9 lineage appear to migrate along the basement
membrane

John White of the MRC in Cambridge, in collaberation with
Nichol Thomson, has done serial section electron micrographs of
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an L1 larva. I examined his micrographs, thinking that by
observing the appearance of the cells during migration we might
uncover clues about the signals cells used. In particular, I was
curious to see if the Q cells or their descendants extended
cytoplasmic processes along the surface of neighboring cells or
along the basement membrane.

When I examined the electron micrographs, I noticed that QR.a
and QR.p appear to extend large cytoplasmic proceses along the
basement membrane. The appearance of such processes
motivated me to investigate whether these cells obtained cues
through their contact with the basement mebrane.

Disruption of the basement membrane collagen affects
migration of cells in the 9 lineage
To examine the effect of collagen mutations on the Q lineage
migrations, I transferred let-2(g37) and emb-9(hc70) mutants to
the non-permissive temperature several hours before hatching
and then I observed the final positions of the Q cell descendants
after the completion of the Q lineage migrations. The QR
descendants SDQR and, to a lesser extent, AVM were consistently
located too far anterior (Figure 6-1) whereas the QL descendants
SDQL and PVM were in their wild-type positions.

To analyse this effect in greater detail, I observed the Q lineage
migrations in emb-9 mutants at the non-permissive temperature
and found that the placement of cell divisions was abnormal. QR
divided in its wild-tpe position over V4; however, Q.a and Q.p
divided near V1 rather than between V2 and V3. Q.ap then
migrated into the nerve ring while Q.p stayed in its abnormal
anterior position as it underwent all its cell divisions (Figure 6-2).
Hence, SDQR and AVM were born too far anterior in emb-9
mutants as compared to wild-type animals.
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The temperature-sensitive period for migration defects in the
g lineage occurs in the embryo
To see when the temperature-sensitive period for migration
defects ocurred, I shifted L1 animals to the non-permissive
temperature at different times, both before and after hatching.
For let-2(g37), the migration defect was seen if the embryos were
shifted to the non-permissive temperature at least five hours
before hatching (Figure 6-3). The same phenotype was seen in
emb-9(hc70) mutants shifted to the non-permissive temperature
even one hour before hatching (data not shown).

At the time of the temperature shift, the cells in the Q lineage are
the only migrating cells. Embryonic cell migrations, such as that
of the HSNs, have already been completed so I was not able to
determine if disruption of basement membrane collagen affected
other cell migrations. However, concurrent with the migrations of
the Q descendants are the nuclear migrations of the hypodermal
P cells. The P nuclei migrate from the ventral hypodermis into
the ventral cord. These nuclear migrations were variably affected
by the collagen mutations. In let-2 mutants shifted to the non
permissive temperature, the P nuclei failed to descend into the
cord 73% of the time (n=45); in emb-9 mutants, the P nuclei
failed to descend into the cord 47% of the time (n=53). Cell
divisions were also variably affected by these mutations. In a
wild-type animal, the six hypodermal V cells divide once during
L1. In these mutants, within a single animal some of the V cells
would divide and some would not. In some animals, none of the

V cell divisions took place (let-2, 24%, n=33; emb-9, 36%, n=55).
In addition, somatic gonad cells often did not divide (let-2, 72%,
n=36; emb-9, 49%, n=53).

DISCUSSION

The importance of extrinsic signals in guiding migrating cells has
been well documented in both vertebrate and invertebrate

Systems. It is not surprising to find data suggesting that cells in
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the Q lineage also use extrinsic Signals during their migrations.
The electron micrographs suggest that cells in the Q lineage
migrate along the basement membrane. Basement membrane
collagen may not be necessary for the physical act of migration as
the cells are capable of migrating even when the collagen is
disrupted. Instead the basement membrane collagen appears to
be required for the correct location of cell division of QR.p and for
the correct final positioning of its descendants. It is not known
whether the cells normally recognize a specific place to divide or
to stop, and an intact basement membrane is required for this
decision; or whether the cells are normally programmed to
migrate a certain distance, and the basement membrane
collagens are part of this program.

The shift in position of SDQR and AVM is not large, but we find it
interesting because it is so reproducible and because mutations
in both collagen genes lead to the same phenotype. Interestingly,
a similar phenotype in seen in unc-40 mutants where SDQR and
AVM are also located too far anterior (see Chapter 2). As
mentioned earlier, unc-40 encodes a molecule containing several
immunoglobulin repeats, a domain commonly found in cell
adhesion molecules.

Why are cells on the right affected but not cells on the left?
Perhaps the signals in the basement membrane are only
disrupted in the anterior and not in the posterior, or on the right
but not on the left. In fact, the final position of AQR, the
daughter of QR.a, is wild type even though QR.a divides in an
abnormal position. Perhaps this suggests that only a specific
region in the anterior body (in which QR.a and QR.p divide and
the descendants of QR.p find their final position) is disrupted.

Alternatively, perhaps QL.p is not affected by these mutations
because it does not migrate before dividing. QR.p and QR.a must
migrate a significant distance before dividing; and thus, perhaps
they have a requirement that QL.p does not for signals in the



basement membrane specifying where to stop migrating and to
divide. To address this possibility, it would be of interest to
observe the migration patterns of QL.a, which migrates before
dividing. It is possible that QL.a divides in an abnormal position.

Why does the temperature-sensitive period for migration defects
occur during embryogenesis? Q itself is not born until just before
hatching; and all of the migrations in the Q lineage occur during
the first larval stage. It might be that collagen has a long half-life
and that a significant amount of time is needed to break down
the normal collagen and allow the newly-made malformed
collagen to replace it. Alternatively, the signals used by the
migrating cells might actually be secreted into the basement
membrane in late embryogenesis.

It is not clear from these results what the mechanism is by which
collagen exerts its effect on cell migration. Does collagen (or
another molecule that binds to collagen) act as a "stop sign" for
these cells? Is UNC-40 that "stop sign" or a receptor for the "stop
sign"? If unc-40 is part of the extracellular matrix, it is possible
that collagen binds the UNC-40 molecule, keeping it accessible to
migrating cells. Alternatively, does collagen create a gradient
along which the cells can migrate? Is that gradient disturbed in
let-2 and emb-9 mutants such that the cells keep migrating
anteriorward until they reach a nonpermissive substrate, leaving
them in a more anteriorward position than normal? Or are these
effects on cell migration due to a secondary effect of collagen
disruption? For example, is the extracellular matrix not as tightly
woven, allowing cells to migrate faster through it? Whatever the
mechanism, these results suggest that the basement membrane
is involved in migration of the Q cell descendants.
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EXPERIMENTAL PROCEDURES

General Procedures, Nomenclature, and Strains
Methods for routine culturing and genetic analysis are described
by Brenner (1974) and Wood et al. (1988).

Temperature Shift Experiments
let-2(g37) and emb-9(hc70) animals were raised at 20°C. Before
migrations were scored, the animals were shifted to 25°C at one,
four, five, six, seven, and eight hours prior to hatching. Number
of animals scored at those times is labelled in the graph.
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FIGURE LEGENDS

Figure 6-1: Descendants of QR migrate too far when
basement membrane collagen is disrupted
Shown are schematics and photographs of the the migration
defect in let-2 and emb-9 mutants. let-20937) animals were
shifted to 25°C at different times during embryogenesis. SDQR
and AVM were located too far anterior 82% of the time (n=49).
emb-9 (hc70) animals were shifted to 25°C one to two hours prior
to hatching. SDQR and AVM were located too far anterior in 51%
of the animals (n=32). The same phenotype could be seen (7%) in
emb-9(hc70) animals raised at 20°C (n=29). PVM and SDQL were
wild type at all temperatures (20°C: n=21, emb-9. 25°C: n=25,
emb-9; n=22, let-2).



128

:;



8>■ 25

■----■



130

Figure 6-2: 9 lineage and migrations in emb-9 mutants
(A). The lineage of Q cells in wild-type animals at 20°C. The timing of
cell divisions was abnormal in emb-9 (hc70) mutants. Closed circle,
position of Q division large open triangle, position of Q.a division; small
open triangle, final position of Q.ap; large stippled square, position of
Q.p division; split line, position of Q.pa division; small stippled box,
final positions of Q.paa and Q.pap; x, cell death.

(B). Q migrations in individual wild-type and emb-9 animals.
The epidermal cells V1-V6 are labeled as references for position
along the body axis. QR, Q neuroblast on the right. Arrows
indicate antero-posterior movement, not dorso-ventral movement.
Each emb-9(hc70) mutant in which complete migrations were
observed is depicted here. Hermaphrodites were raised at 20°C,
and their progeny in which migrations were followed were shifted
to 25°C one hour before hatching. All lineages were done at room
temperature, about 23-25°C.
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Figure 6-3: SDQR position in let-2 mutants shifted to the
non-permissive temperature before hatching
let-20937) animals were raised at 20°C and then shifted to 25°C at
different times in embryogenesis. Percentage of animals
exhibiting the mutant phenotype was correlated with how early
the animals were shifted. When animals were shifted six hours

or earlier, 100% of them exhibited the mutant phenotype. The
numbers indicate the number of animals scored at the various

time points.
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The Q neuroblasts give rise to three neurons each, two of which are
involved in the worm's ability to respond to light mechanical stimuli. The
two Q neuroblasts, with their identical cell divisions, cell deaths, and cell
fates, appear so similar yet they have one crucial difference -- they and
their descendants migrate in opposite directions. What controls this
difference? How do the cells know in which direction they should
migrate?

The decisions required for cells to migrate to the correct positions go
beyond determination of the direction in which they should travel. This
is clear from the range of phenotypes seen in migration mutants. In
different migration mutants, cells not only migrate in the wrong direction
but may also stop in the wrong places along the anteroposterior axis,
sometimes travelling too far and sometimes not travelling far enough. In
addition, cells may be located in aberrant positions on the dorso-ventral
axis. A whole range of phenotypes are seen among the more than twenty
migration mutants affecting cells in the Q lineage, implying that
migration patterns may be affected by a large number of different factors.

QR and QL are born in identical positions on opposite sides of the
animal. The first difference observed between the two cells is that prior
to migrating, QL and QR extend cytoplasmic processes in the direction of
their subsequent migrations. Presumably, these processes may be
looking for confirmatory signals before nuclear movement in one
direction or the other. The gene unc-40 affects this early cytoplasmic
extension, suggesting that the wild-type UNC-40 protein acts very early
to establish asymmetry.

The UNC-40 protein contains homologies that suggest that it may act as
a cell adhesion molecule (Chan et al., 1995). One hypothesis for unc-40's
effect on the initial migration of QR and QL is that this process might be
controlled by differential adhesiveness. In the absence of strong adhesive
properties in unc-40 mutants, QL either fails to migrate posteriorward or
migrates anteriorward. In another model, unc-40 may provide posterior
positional information for the Q cells, in the absence of which QL does
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not extend a process posteriorward, and, therefore, either does not
migrate at all or migrates anteriorward.

Once the initial asymmetry of QR and QL is established, the HOM-C
genes lin-39 and mab-5 begin to regulate the migration patterns of the Q
cells and their descendants. It has previously been shown that activity of
the HOM-C gene mab-5 is sufficient to control the direction of migration
of the Q descendants (Salser and Kenyon, 1992). mab-5 acts as a switch:
if mab-5 is ON in Q, then Q's posterior daughter will stop migrating while
its anterior daughter will migrate posteriorward. In the wild-type animal,
this is what is seen on the left side. If mab-5 is OFF, as it is on the right
side in wild-type animals, then Q's descendants will migrate
anteriorward. So mab-5 appears to act as a simple ON/OFF switch to
control the direction of migration.

The HOM-C gene lin-39 also affects cell migration through its domain of
function in the central body region. lin-39 is expressed in QR and its
descendants and controls their anteriorward migration. However, its
expression pattern is more complex than that of mab-5. lin-39 is also
expressed in QL and its descendants although those cells do not migrate
through the lin-39 domain of function. What role could lin-39 be playing
on the left side? And how does lin-39 interact with mab-5 in these cells?

The data suggest that mab-5 activity overrides lin-39 activity to promote
the posteriorward migration of the QL descendants. The fact that mab-5
can act as a switch supports this idea; either a gain-of-function allele or
heat-shock expression of mab-5 will promote the posteriorward migration
of QR.ap, a cell that expresses lin-39 and normally requires lin-39 for its
correct anteriorward migration. Furthermore, null mutations in lin-39 do
not affect the migrations of the QL descendants, suggesting that
although lin-39 is expressed in these cells, it does not have a role in
controlling the migration of the QL descendants.

A different sort of gene interaction appears to control the migratory
behavior of QL itself. Here mab-5 and lin-39 seem to function
redundantly. In wild-type animals, QL migrates a short distance
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posteriorly and then divides. In both lin-39 and mab-5 single mutants,
the migration of QL is usually unaffected. However, in the lin-39 mab-5
double mutant, QL migrates too far posteriorly, turns around, and
migrates anteriorly again before dividing. Apparently, either lin-39 or
mab-5 activity alone is sufficient to prevent this circling behavior in QL
before its division; thus lin-39 and mab-5 can compensate for one
another's activity in a cell located where their domains overlap. Within
different cells in the Q lineage, lin-39 and mab-5 interact differently to
control migratory behavior. Interestingly, the existence of this circling
behavior suggests that multiple cues direct QL to divide over V5. In the
absence of lin-39 and mab-5, although the cell does not reach its wild
type destination directly, additional cues apprently exist to cause it to
reverse direction to find the position in which it normally divides.

How are these HOM-C genes activated in migrating cells? The answer is
not simple; we have found that many genes are implicated in this
process. In unc-40 mutants, the QL descendants do not always express
MAB-5 (Harris et al., in prep.). It is possible that unc-40 directly
regulates mab-5 in these cells. Alternatively, this defect may be a
secondary consequence of QL's failure to migrate posteriorward in unc-40
mutants.

One gene that is more likely to be a direct regulator of HOM-C activity is
mig-1. Mutations in mig-1 can reverse the direction of migration of the
QL descendants, causing SDQL, PVM, and PQR to be located in the
anterior of the animal. This phenotype can be suppressed by
constitutive mab-5 activity, suggesting that mig-1 acts upstream of mab-5
in the migrating cells. Consistent with this hypothesis is the observation
that in mig-1 mutants, mab-5-lacz expression in QL.a and QL.p is greatly
reduced or absent. mig-1 may also regulate the activity of another HOM
C gene, egl-5. However, other mig-1 phenotypes, such as an alteration in
the position of division of the QR descendants, do not appear to be
explained by effects on mab-5 or egl-5.

mig-1 is not a general activator of mab-5; mutations in mig-1 do not affect
expression of mab-5 in most cells; in addition, mig-1 mutations exhibit
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only some aspects of the mab-5 phenotype, namely the abnormal
migratory behavior of the QL descendants. Therefore, it is unlikely that
the MIG-1 protein is, for instance, an extracellular matrix molecule
located only in the posterior whose function is to identify the posterior
body region. It is possible that mig-1 encodes a receptor present on the
cell surface of QL and its descendants that allows these cells to receive
such a signal identifying the posterior body region. Alternatively, mig-1
could be another homeobox gene required to turn on mab-5, perhaps
similar to the gap, segment polarity, or pair-rule genes found in
Drosophila.

mig-1 is one of four genes necessary for mab-5 activation in QL and its
descendants (Harris et al., in prep.). The four genes fall into two classes.
The genes lin-17 and mig-1 represent one class. In lin-17 mutants, as in
mig-1 mutants, SDQL and PVM can be located either in the anterior or
the posterior; and, in addition, lin-17 mutants only partially affect mab-5
expression, suggesting that the migratory defect in lin-17 is due to partial
loss of mab-5 activity. In egl-20 and mig-14 mutants, in contrast, SDQL
and PVM are always located in the anterior; in addition, mab-5
expression is completely absent in QL.a and QL.p (Harris et al., in prep.).
Unfortunately, it is difficult to establish any clear genetic epistasis
between these four genes. Only mutations in one gene, egl-20, have been
shown to be null alleles by gentic criteria (J. Harris, pers. comm.). All
these genes could encode molecules ranging from surface receptors to
zinc finger proteins.

egl-20 is particularly interesting because its analysis suggests that there
may be a system of positional information used by cells in the Q lineage
during their migrations. In egl-20 mutants, the anteriorward migrations
of both the QR and the QL descendants are shortened. One possible
interpretation of this shortened migration on both sides is that positional
values along the antero-posterior axis are shifted posterior in egl-20
mutants. As a result, the position which the migrating cells perceive as
their “wild-type final position" is, in fact, shifted posteriorly from their
actual wild-type position. In egl-20 mutants, it is possible that either
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positional values along the axis are shifted or that the cells' perceptions
of those values are shifted.

Analogous to mig-1 and other upstream regulators, there must also be a
gene(s) that activates lin-39. Are there different genes to activate lin-39 in
QR and its descendants and in QL and its descendants? As of yet, no
upstream activators of lin-39 have been identified although there is at
least one potential candidate (I. Zipkin, pers. comm.).

Once HOM-C genes are activated, how do they control migration? The
answer lies in the downstream effectors, of which mig-13 may be one.
The wild-type activity of mig-13 appears to be to promote the
anteriorward migration of the QR descendants. In a mig-13(mu31)
mutant, the anteriorward migration of the QR descendants is inhibited
and sometimes QR.ap migrates posteriorward. mig-13(mu31) mutants do
not have global defects in cell migration; rather, they are primarily
defective in the Q lineage. If mu31 is a loss-of-function mutation, then
its phenotype raises the tantalizing possibility that mig-13 functions
specifically to direct the migratory behavior of those cells. Analysis of the
mab-5; mig-13 double mutant raises the possiblity that mig-13 functions
as a downstream target for mab-5: on the left side, mab-5 may turn off
mig-13 in the Q cell descendants, allowing them to migrate
posteriorward. Consistent with the possibility of mig-13 being a
downstream target of the HOM-C genes is the observation that lin-39
expression is unaffected in mig-13 mutants. In addition, the migration
defect in QL itself in mig-13 mutants is reminiscent of the defect seen in
lin-39 mab-5 double mutants, again consistent with the hypothesis that
mig-13 functions downstream of both mab-5 and lin-39. Our current
model is that mig-13 activity is inhibited by mab-5 in Q cells that migrate
towards the posterior while it could be activated by lin-39 in cells that
migrate towards the anterior.

What could the mig-13 gene product be? mig-13 could be another
transcription factor. Alternatively, mig-13 could function as a receptor to
receive signals in the extracellular matrix. Or, mig-13 could encode a
growth factor or extracellular molecule. It is clear that a number of
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molecules are known to be involved in migration in many systems, and
we expect to find homologies to at least some of them in C. elegans.
However, through genetic screens to isolate mutants such as mig-13, we
might also identify new molecules or molecules not previously known to
be involved in migration.

It is not known whether mig-13 acts within migrating cells or in their
environment. However, it does appear that the cell's environment has a
role in Q cell migrations since mutations in basement membrane
collagen affect migrations. Mutations in let-2 and emb-9, two collagen
type IV genes, cause SDQR and AVM to be located too far anterior. One
might expect that disrupting the basement membrane would cause major
defects in migration, however, these mutants have only subtle migration
defects. It is not clear from the experimental data how collagen might
exert its effect on cell migration. Does collagen (or another molecule that
binds to collagen) act as a "stop sign" for these cells? Is UNC-40 that
"stop sign" or a receptor for the "stop sign"? If unc-40 is part of the
extracellular matrix, it is possible that collagen binds the UNC-40
molecule, keeping it accessible to migrating cells. Alternatively, does
collagen create a gradient along which the cells can migrate? Is that
gradient disturbed in let-2 and emb-9 mutants such that the cells keep
migrating anteriorward until they reach a nonpermissive substrate,
leaving them in a more anteriorward position than normal? Or are these
effects on cell migration due to a secondary effect of collagen disruption?
For example, is the extracellular matrix not as tightly woven, allowing
cells to migrate faster through it? Whatever the mechanism, these
results suggest that the basement membrane is involved in migration of
the Q cell descendants.

What might we observe in an egl-20; let-2 double mutant? One
possibility is that the axis shift due to egl-20 mutants is caused by a
signal in the basement membrane being shifted. In this case, disruption
of the basement membrane might abolish the shift, and one would
predict that in the egl-20; let-2 double mutant, the QL descendants would
migrate anteriorward (due to lack of mab-5 activation in an egl-20
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background) but SDQL and PVM would be located in the far anterior (as
in the let-2 mutant on the right side).

It is clear that many genes are required to control the migrations of the Q
cells and their descendants through the complicated environment of cells
and extracellular matrix. In this thesis, I have described a few among
what will indubitably be a conglomerate. These genes appear to affect
primarily the regulation of migration and not the physical ability of cells
to migrate. Mutations in all these genes still allow cells to migrate long
distances, especially the cell Q.ap. Even mutations in the basement
membrane which disrupt other cell divisions and nuclear migrations do
not affect the ability of the cells to migrate. In fact, the SDQR and AVM
are located farther anterior in these mutants than in wild type.

Why are so many genes required to regulate the migration of just a
subset of cells? One possibility is that many genes are required in order
to precisely dictate the migratory behavior of cells. Each cell in the
lineage may require its own regulation and set of instructions. For
example, it has been shown that mab-5 expression is tightly regulated
within cells in one hypodermal V cell lineage (Salser and Kenyon, in
prep.). Therefore, at each division, a whole new set of genes (or the same
genes once again) must be activated.

The cells in the Q lineage must obtain information from their
environment. Mutations in unc-40, a putative extracellular matrix
molecule or receptor, disrupt the asymmetry of the initial migrations: QL
sometimes migrates anteriorward rather than posteriorward. QR has
difficulty in its own initial migration. In addition, both unc-40 mutations
and mutations that disrupt the collagen genes let-2 and emb-9 cause the
QR descendants SDQR and AVM to be located too far anterior. Signals
in the extracellular environment -- collagens and UNC-40-like proteins
(whether present in the extracellular environment or involved in
mediating signals from that environment) -- play an important role in
controlling the initial migration of QR and QL and in determining the
final position of SDQR and AVM. Is this haptotaxis (migration along an



142

adhesive gradient in the extracellular matrix)? The egl-20 data raise this
possibility; the answer to this question awaits further research.

Much of what I have discussed relates to anterior-posterior differences.
However, the cells in the Q lineage not only exhibit anterior-posterior
differences but also left-right differences, as they are born on opposite
sides of the animal. What is responsible for the difference on the left and
the right sides? Are the same signals present on the right and the left?
Or are the differences due to the presence of different signals? There is
much data to suggest that, in fact, many of the same signals are present.
For example, under certain mutant conditions, cells on the right which
normally migrate anteriorward will behave as cells on the left which
normally migrate posteriorward. Ectopic activation of mab-5 on the right
side will cause posteriorward migration. Moreover, lack of mab-5 or egl
20 in a mig-13 background will promote posteriorward migration on the
right. These observations suggest that although there is differential
regulation of cells on the right and left sides, both sets of cells are
capable of reading similar signals along the entire antero-posterior axis.

Are the genes that are involved in controlling the migration of the cells in
the Q lineage also responsible for controlling other migrations? Several
of these genes affect other cell migrations: mab-5 controls the migration
of the male ray precursor cells; mig-1 affects migration of HSN; and unc
40 affects axonal outgrowth. Clearly these genes also function in
regulating other migrations. Yet, the ray precursor cells, the HSNs, and
axons all follow different paths from each other and from the Q cells and
their descendants. Therefore, for all these migrations, different
combinations of genes must be activated to ensure the unique patterns
of migration. In addition, temporal and spatial regulation of the same set
of genes could allow for different migratory outcomes.

I have taken a genetic approach to understand the signals and regulation
of directed cell migration. Analysis of the phenotypes of double mutants
allows us to place genes in a genetic pathway. For example, genetic
epistasis tests revealed that mig-1 acts upstream of mab-5 and that mig
13 might act downstream of mab-5. Yet a full understanding of the
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function and interaction of these genes will come only with their cloning.
The identification of mig-1 as an activator of a HOM-C gene was only
possible because mab-5 was cloned. Similarly, the importance of mig-13
as a downstream target of the HOM-C genes was also only possible
because of the cloning of mab-5 and lin-39. In addition, molecular data
on the genes mig-1 and mig-13, as well as on all the other genes, will
provide crucial data in unravelling the complicated interactions of these
genes.

We are interested in identifying and characterizing all the genes involved
in regulating the migration of a particular subset of cells -- the Qs and
their descendants. Since the Q cells and their descendants on the two
sides of the animal migrate in opposite directions and since the several
descendants stop at different final locations, analysis of the migratory
behavior of these cells allows us to study not only the process of
migration but also the regulation of its direction and the determination of
final stopping points.

Molecules and mechanisms involved in controlling migration appear to
be conserved between vertebrates and invertebrates. By fully
understanding all the components of one system, we will be better able to
understand all other systems.
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