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1. Introduction

1.1. Cell Migration in Health and Disease

The evolutionary step from unicellular to multicellular organisms, not only required the
development of adhesive systems that allowed the formation of cell layers due to homotypic cell-cell
interactions, but also the ability of cells to segregate from each other and to reversibly interact with
their extracellular environment. This change in cell morphology and behavior has been named
epithelial to mesenchymal transformation (EMT) and is key to the development of a third germinal
layer (the mesenchyme) during the process called gastrulation (Fig. 1) (Duband et al., 1995; Hay,
1995). EMT is not only crucial for gastrulation, it is implicated in the development of all organs that
form by inductive mechanisms between two epithelial or an epithelial and a mesenchymal tissue.
While the changes in gene expression associated with these inductive events are in the process of
being understood, the mechanisms that lead to changes of cell shape or remodeling of cell-cell or
cell-substrate interactions remain elusive. Although EMT is the process that gives rise to migrating
cells, continuous and efficient control of the segregated cells is paramount to the survival of the entire
organism.

The immune system is another example where cell migration is of importance. Millions of
cells that constantly patrol to fight possible intruder, depend on efficient adhesion mechanism that are
regulated by soluble or cell surface bound signaling proteins of the chemokine family (Baggiolini,
2001). In addition, after tissue damage, cleaning of cellular debris and recruitment of new cells by
proliferation and migration requires very efficient control over the motile apparatus of each cell (Fig.
1).

Since cell motility is paramount to immune surveillance, tissue regeneration and homeostasis,
pathological conditions are frequently associated with the loss of regulated cell migration. While in
some situations, like during the formation of metastasis, the molecular causes that lead to the
dispersion of tumor cells are not well understood, there has been progress in the identification of
genes, that if mutated, can cause the reduction of cell adhesion and migration of cells of the immune
system. Such conditions are often reflected by the failure of the immune or the hematopoietic system
to function properly and have resulted in significant progress in the understanding of cell migration.
For example, the Wiskott Aldrich Symptome protein (WASP) has been identified as an important
regulator of the actin cytoskeleton of migrating macrophages, while defects in platelet glycoprotein

GPIIb/IIIa, a member of the integrin family of cell-substrate receptors, results in bleeding disorders
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such as the Glanzmann disease (Badolato et al., 1998; Chen et al., 1992; Jones, 2000; Nurden and
Nurden, 2001). In other cases, naturally occurring mutations of growth factors or their receptors, and
the specific knockout of signaling molecules of the chemokine receptor family have demonstrated the
strict requirement of specific subsets of migratory cells on these signals for survival and migration
(Debard et al., 1999; Dietrich et al., 1999; Forster et al., 1996; Schuchardt et al., 1994).

Here in this thesis, I will concentrate on the neural crest derived melanocyte lineage and
show, how genetic analysis has helped to identify key proteins and cellular components required for
melanocyte migration. In addition, these genetic studies are complemented by an in vitro approach to
quantitatively analyze the role of crucial structural proteins in directed melanocyte migration.

I will demonstrate here, that despite limited information about the mechanisms of cell
migration, the development of new therapeutic strategies targeting the various cellular and
extracellular components involved in the regulation of motility may have an impact on the treatment
of melanoma, one of the most aggressive type of cancers, and other pathological situations involving

insufficient or superfluous cell motility.

Cell Migration —J

N

Wound Healing
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(e.g. diapedesis)
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Fig. 1. Cell migration is implicated and plays a major role during development (e.g. gastrulation), tissue
homeostasis, wound-healing, immune surveillance (represented by diapedesis) and pathological conditions such
as metastasis formation.

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 5



1.2. Mechanisms of Cell Migration

Although cell migration is an extremely complex biological phenomenon, it requires three
basic ingredients (Fig 2). First, attractive or repulsive signals stimulate migration and guide cells
through the tissue. Growth factors, chemokines, or bacterial products mediate attractive or
chemotactic signals. In contrast, repulsive behavior is induced by ligands of the Ephrin family (Krull
et al., 1997; Wang and Anderson, 1997; Wilkinson, 2000). The second component is the cell, which
captures these signals with specific cell surface receptors, that often belong to the family of receptor
tyrosine kinase (RTK) or G-protein coupled receptors. Whether a signal is attractive or repulsive
depends on the how the cell is able to transform this information into cell shape changes. Specifically,
forward movement is generated by the polymerization of the actin cytoskeleton at specific sites in the
cell called lamellipodia or filopodia (Ridley et al., 1992; Small et al., 2002). In contrast, repulsive
signals induce the actin-myosin dependent contraction of the polymerized actin cytoskeleton leading
to the retraction of cellular processes (Ridley and Hall, 1992; Wahl et al., 2000). However, without
the third component, represented by the physical interaction with the extracellular environment, a cell
will not be able to transform cytoskeletal changes into motility. In order to reversibly link the
polymerized actin cytoskeleton to the extracellular matrix, the cell employs heterodimeric
transmembrane receptors of the integrin family (Hynes, 1992). The coordinated interactions of these
three components determine when, how and where a cell will migrate.

Here I will first analyze the individual role of these three different components during

melanocyte migration and will subsequently link them to a comprehensive model of cell migration.

The Cell (2) Signal (1)
1

Y ©

=

Substrate (3) (extracellular matrix)

actin-myosin

driven migration

Fig. 2. The process of cell migration can be reduced to three essential components. A signal (1) stimulates and
gives directional information for migration. The cell (2) provides receptors for these signals, which result in the
specific reorganization of the cytoskeleton. The extracellular substrate (3) provides physical anchor points, in
order to transform cell shape changes into motility.

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 6



1.3. Choosing a Model System: Neural Crest Derived Melanocytes

As mentioned above, migrating cells can be isolated from almost all organs and tissues.
However, dependent on their origin and initial function, the manner in which cells migrate can vary
extensively. For example, polymorphonuclear neutrophils (PMN) derived from the immune system
migrate very fast towards a source of chemokine, maintaining a globular shape with a short
protruding trail also called uropode (Niggli, 1999). While these cells hardly touch the substrate
during migration, equally fast migrating fish keratinocytes exhibit large fan shaped flat lamella,
which give the impression of an elegant gliding over the substrate (Lee and Jacobson, 1997; Lee et
al., 1994). Due to their regular and flat lamellipodia these cells are ideally suited for histochemical
analysis (Verkhovsky et al., 1999). On the other hand, slow moving fibroblasts can be genetically
manipulated with ease, however advance by cycles of lamellipodia extension and retraction
(Lauffenburger and Horwitz, 1996).

The ideal model system for the study of cell migration should combine all of the above
features such as (i) directed migration in response to specific signaling molecules, (ii) flat and fast
advancing lamellipodia that allow precise microscopic analysis and (iii) the accessibility to genetic
and biochemical manipulations. Neural crest derived cells of the melanocyte lineage fulfill these
requirements and are therefore ideally suited to analyze cell migration at the tissue as well as the
single cell level.

The neural crest is specified by and forms between the neural plate and the ectoderm. During
neural tube closure, cells from the dorsal neural tube are undergoing EMT and move into the
extracellular matrix filled space bordered by the somites, ectoderm and neural tube, called the
migration staging area (MSA) (Derby, 1978; Duband et al., 1995; Erickson et al., 1992; Loring and
Erickson, 1987; Weston, 1991). The emigrated cells behave as stem cells migrating along stereotypic
pathways to join their specific destinations where they are giving rise to peripheral neurons and glia,
connective tissue and melanocytes (Le Douarin and Kalcheim, 1999; Selleck et al., 1993; Stemple
and Anderson, 1993; Wehrle-Haller and Weston, 1997) (Fig. 3). Specifically, cells that will give rise
to neural crest derived melanocytes migrate along the dorsolateral pathway that is bordered by the
dermamyotome and the overlaying ectoderm. After a first phase of migration through the
mesenchymal dermis, melanocyte precursors penetrate the basement membrane of the overlaying
epidermis and continue to disperse over the entire surface of the embryo on the epidermal side of this
basement membrane (Mackenzie et al., 1997; Nishikawa et al., 1991; Wehrle-Haller and Weston,
1995). After embryonic day 15 of mouse development, melanocyte precursors are beginning to

migrate towards and into the forming hair bulbs (Jordan and Jackson, 2000b). Hair bulbs that fail to
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get populated by the spreading melanocyte precursors will remain un-pigmented throughout live.
Due to the precise timing and pattern of this migration, mouse mutations that affect coat pigmentation
can give valuable information about the mechanism and the regulation of melanocyte migration
(Jordan and Beermann, 2000). In chapter 2, I will discuss how the analysis of the Steel (Mgf") and
Dominant White Spotting (Kit") mouse mutations that code for Stem Cell factor (also known as
MGF, mast cell growth factor; KL, kit-ligand) and its respective receptor tyrosine kinase (RTK) c-kit,
allowed to understand the regulation of melanocyte precursor migration by external signals in great
detail.

In addition to the analysis of melanocyte migration in vivo, melanocyte precursors or
transformed melanoma cells can be easily cultured and analyzed by live microscopy in vitro. While
melanoma cells constitutively migrate by employing large flat lamellipodia, c-kit expressing
melanocyte precursors (Sviderskaya et al., 1995) can be stimulated to migrate in response to added
Stem Cell factor (Ballestrem et al., 2000). Since these cells can be transfected with wildtype or
mutant forms of green fluorescent protein tagged proteins, the role of particular proteins in cell
migration can be analyzed at a cellular or sub-cellular level. In chapter 3 and 4, experimental data is
presented, that demonstrate the role of the actin and microtubule cytoskeleton in melanocyte
migration and how migration dependent changes of the actin cytoskeleton are transmitted to the

underlying extracellular matrix through heterodimeric receptors of the integrin family (Hynes, 1992).

Fig. 3. Graphic representation of the different
stages of neural crest cell migration in the trunk.
Neural crest cells (NC) emigrate from the dorsal
neural tube (NT) and transiently accumulate in
the migration staging area (MSA). The
"intersomitic pathway" (black arrow, upper
graphic) is used prior to the segregation of the
spherical somites into a medial sclerotome and
dorsolateral dermamyotome (D/M). Neural crest
cells subsequently invade the rostral portion of
the sclerotome (RS) on the "medial pathway"
(black arrow, middle graphic), reaching locations
where sympathic and sensory ganglia will form.
Neural crest cells will migrate along the dorso-
lateral pathway (black arrow, lower graphic) that
forms between the dermamyotome and the
overlying ectoderm (ECT), almost a day later
compared to the medial pathway. Neural crest
cells migrating on this pathway will mainly
develop into melanocytes, subsequently
dispersing all over the surface of the embryo.
Notochord (n), caudal somite (CS).
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2. Directed Melanocyte Migration Induced by Growth Factor Signals
2.1. Stem Cell factor and its receptor c-kit

Pioneering work by Elisabeth Russell had led to the discovery of mouse mutants that
specifically affected the fate and survival of neural crest derived melanocytes, but not melanocytes
derived from the central nervous system (CNS), resulting in the characteristic black-eyed/white-coat
phenotype of homozygous Steel and Dominant White Spotting mutants (Russell, 1979). This is in
contrast to mutations of the tyrosinase gene which block the synthesis of melanin in neural crest and
CNS derived melanocytes resulting in the albino phenotype (Silvers, 1979). In addition to the
absence of melanocytes in the skin and hair, Steel and Dominant White Spotting mutant mice display
also defects in their germ cells resulting in sterility, a reduction of hematopoietic stem cells in the
bone marrow leading to anemia and a lack of peripheral mastocytes in the tissues (Morrison-Graham
and Takahashi, 1993; Williams et al., 1992). While the genetic defect in the Steel mutation was traced
to the tissue environment in which the affected cell populations were localized, the Dominant White
Spotting mutation caused the loss of these cell populations even when transplanted into a normal
environment (Russell, 1979). In 1990 several laboratories simultaneously identified the gene affected
by the Steel mutation, encoding for a membrane-bound growth factor named Stem Cell factor (SCF)
but also called (Mast cell growth factor, MGF or kit-ligand, KL) (Anderson et al., 1990; Copeland et
al., 1990; Flanagan and Leder, 1990; Huang et al., 1990; Martin et al., 1990; Williams et al., 1990;
Zsebo et al., 1990a; Zsebo et al., 1990b). In contrast, the receptor tyrosine kinase (RTK) c-Kit is
encoded at the Dominant White Spotting locus and is structurally related to the RTK's c-fms, PDGF
receptor alpha and beta, arranged pair wise on two related chromosomes (PDGFRo/c-kit and
PDGFRp/c-fms) (Kataoka et al., 1997; Qiu et al., 1988; Yarden et al., 1986; Yarden et al., 1987). The
fact that c-Kit originates from a duplication of the PDGFR locus during the evolution of the
vertebrates sheds some light on the evolutionary mechanisms involved, in order to create new cell
populations with novel functions to increase the complexity and capacities of new organisms (see
below). SCF is most homologous to the macrophage colony-stimulating factor (M-CSF or CSF-1),
which binds to its receptor c-fms (Bazan, 1991). Similar to CSF-1, SCF is expressed as a dimeric
membrane-bound precursor generated from two differentially spliced transcripts of which the longer
one is readily cleaved by cell surface proteases to generate soluble SCF (Huang et al., 1992). The
complex of SCF bound to c-Kit has recently been crystallized and reveals the common structure of a
bundle of four a-helices linked by two intra-molecular disulfide bridges (Fig. 4) (Bazan, 1991; Jiang
et al., 2000; Zhang et al., 2000). An interest in the differentially spliced forms of SCF and its
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transmembrane and cytoplasmic domains has been generated due to the molecular characterization of
a naturally occurring Steel allele (Steel-dickie) (Mgf*") exhibiting a phenotype almost as severe as
the null mutations (Brannan et al., 1991; Flanagan et al., 1991). The Mgf*"* allele represents a
deletion of the transmembrane and cytoplasmic domain of SCF, resulting in the secretion of a fully
functional form of SCF from cells transfected with the mutant SCF construct. Based on these data it
was speculated that the membrane bound splice variant of SCF that lacks the major proteolytic
cleavage site (Huang et al., 1992) is responsible for the survival of c-Kit expressing SCF-dependent
cell populations in vivo (Brannan et al., 1991; Flanagan et al., 1991). Consequently, we (J.A. Weston
and myself) began to speculate whether the soluble or proteolytically shed form of SCF may have a
chemotactic function in attracting or guiding c-kit expressing cell populations such as melanocytes,
that have been recognized to extensively migrate through the embryonic and adult tissue.

Particularly, it has been demonstrated in vitro, that PDGFRa, 3, c-Kit and c-fms expressing
motile cells show chemotactic responses towards concentration gradients of their ligands (Allen et al.,
1997; Blume-Jensen et al., 1991; Kundra et al., 1995; Ueda et al., 2002). In addition, a c-Kit
expressing small cell lung carcinoma cell line responds chemotactically to SCF in vitro (Sekido et al.,
1993). Mast cells, which express high levels of c-Kit on their surface, respond to SCF stimulation by
spreading on adhesive substrates. However, a 100-fold higher SCF concentration is required to obtain
proliferation of these c-Kit expressing mast cells (Dastych and Metcalfe, 1994; Kinashi and Springer,
1994). These results suggest that both motogenic and mitogenic responses can be induced by SCF
presentation towards responsive cells.

We conducted several experimental approaches to understand the role of SCF in melanocyte
precursor migration in order to elucidate the role of the soluble and membrane bound forms of SCF
(chapter 2.2). In addition, the presence of SCF proofed to be critical for melanocyte precursor
migration and survival on the lateral pathway (chapter 2.3), which led us to hypothesize that growth
factor dependent survival and chemotactic activities direct the migration and specific localization of
other neural crest cell derivatives (chapter 2.4). In chapter 2.5 we provided the proof that SCF is the
only chemotactic cue generated on the lateral neural crest migration pathway that is able to induce
migration of melanocyte precursors in vivo. These data are complemented by studies on the role of
the cytoplasmic tail of SCF for efficient presentation towards c-Kit expressing cells such as migrating
melanocyte precursors (chapter 2.6 and 2.7). Furthermore, a short chapter discusses the potential role
of pathological changes in SCF localization and production, and the respective changes in the
behavior of c-kit expressing responsive cells of the mastocyte and melanocyte lineage (chapter 2.8).

In addition, this chapter contains a paragraph suggesting, that SCF localization and expression may
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provide a new therapeutic target to reduce hyperpigmented lesions in the skin and/or allergic

reactions.

Fig. 4. Crystal structure of head to head dimerized SCF. Figure adapted from Jiang et al., 2001.

(A) Ribbon diagram. (B) Ca stereodiagram of the AB dimer. Note that the bundle of four o-helices
joined by two beta-strands and intra-molecularly cross-linked by two S-S bridges (yellow). The linker
region and C-terminal sequences are not part of the crystal structure.
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2.2. Distinct activities of soluble and membrane bound Stem Cell factor
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Soluble and cell-bound forms of steel factor activity play distinct roles in

melanocyte precursor dispersal and survival on the lateral neural crest

migration pathway

Bernhard Wehrle-Haller and James A. Weston

Institute of Neuroscience, University of Oregon, Eugene, OR 97403, USA

Email: Weston@UONEURO.UOREGON.EDU

SUMMARY

Trunk neural crest cells segregate from the neuroepithe-
lium and enter a ‘migration staging area’ lateral to the
embryonic neural tube. After some crest cells in the
migration staging area have begun to migrate on a medial
pathway, a subpopulation of crest-derived cells remaining
in the migration staging area expresses mRNAs for the
receptor tyrosine kinase, c-kit, and tyrosinase-related
protein-2, both of which are characteristic of melanocyte
precursors. These putative melanocyte precursor s ar e sub-
sequently observed on the lateral crest migration pathway
between the der matome and overlying epithelium, and then
dispersed in nascent dermal mesenchyme.

Melanocyte precursors transiently require the c-kit
ligand, Steel factor for survival. Although Steel factor
MRNA is transiently expressed in the dorsal dermatome
before the onset of trunk neural crest cell dispersal on the
lateral pathway, it is no longer produced by dermatomal
cells when melanocyte precursors have dispersed in the
dermal mesenchyme. To assess the role of Steel factor in

migration of melanocyte precur sorson thelateral pathway,
we analyzed melanocyte precursor dispersal and fateon the
lateral pathway of two different S mutants, Sl, anull allele,
and SI9, which lacks cell surface-associated Stee! factor but
produces a soluble form. No melanocyte precursors were
detected in the der matome of embryos homozygousfor the
Sl allele or in W mutants that lack functional c-kit. In
contrast, in embryos homozygous for the SI9 allele,
melanocyte precursors appeared on the lateral pathway,
but subsequently disappear from the dermis. These results
suggest that soluble Steel factor isrequired for melanocyte
precursor dispersal on the lateral pathway, or for their
initial survival in the migration staging area. In contrast,
membrane-bound Sted factor appears to promote
melanocyte precursor survival in the dermis.

Key words: Steel factor, melanocyte precursor, neural crest, c-kit,
TRP-2

INTRODUCTION

In the trunk of vertebrate embryos, neural crest cells segregate
from the neura epitheium and transiently reside in a
‘migrating staging area (MSA) delimited by the neural tube,
the somite and the overlying epithelium. Crest cells immedi-
ately begin to disperse from the MSA on a ventromedia
pathway along the myotome and into rostral sclerotomal mes-
enchyme (Erickson and Loring, 1987; Weston, 1991). Later,
crest cells remaining in the MSA disperse on a dorsolateral
pathway, migrating between the dermatome and the epidermis
(Erickson et al., 1992). The crest cells on the lateral pathway
subsequently become interspersed with dermal mesenchyme
and cross the epithelial basement membrane to localize in the
epidermis. In the mouse, these cells remain in the epithelium
for many days before they undergo melanogenesis postnatally.
Before early markers for pigment cell precursors were
available, the timing of melanocyte precursor dispersal and
localization in the skin was inferred by testing for the ability
of cultured or grafted tissue to produce melanocytes (Rawles

1947; Derby 1978). Results of such studies revealed that the
first melanocyte precursors are present on the lateral pathway
of the embryonic trunk at about €11 and reach the limb buds
by €12. At a lateral trunk level most of the melanocyte pre-
cursors enter the epidermis between el3 and €14 (Mayer,
1973). Recently, histochemical reagents that intensify pigment
in melanosomes of otherwise undifferentiated melanocytes, or
probes for melanocyte markers such as the tyrosine kinase
receptor, c-kit, and tyrosinase-related protein-2 (TRP-2)
confirmed these inferences, and revedled the presence of
melanocyte precursors in the head as early as €10.5 (Manova
and Bachvarova, 1991, Steel et a., 1992; Pavan and Tilghman,
1994).

Several mouse mutations affecting coat pigmentation have
been described and their molecular defects characterized. Two
of the best studied, Sedl (4) and Dominant spotting (W), are
embryonic lethals as homozygotes, due to failure of erythro-
poiesis, whereas heterozygous embryos are viable but eventu-
ally show a white spotting coat color pattern. The defective
genein W mutants codes for a receptor tyrosine kinase (c-kit;
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Geissler et al., 1988) and its growth factor ligand, variously
called Steel Factor (SIF), Stem cell factor (SCF), mast cell
growth factor (MCF) or kit ligand (KL) (Anderson et al., 1990;
Copeland et al., 1990; Huang et a., 1990; Nocka et al., 1990a;
Williams et al., 1990; Flanagan and Leder, 1990) is encoded
at the 9 locus. For both genes, less severe aleles have been
described that are viable as homozygotes, but show a white
coat, anaemia and dterility (see Morrison-Graham and
Takahashi, 1993; Copeland et a., 1990; Flanagan et al., 1991;
Brannan et a., 1991; Duittlinger et al., 1993).

A number of in vivo and in vitro approaches have been
initiated to pinpoint the critical period when SIF or c-kit
activity is required for survival of pigment precursors. For
example, an early function for c-kit and SIF is suggested by
expression of c-kit mRNA in cells found dorsal and lateral to
the somites (Manova and Bachvarova, 1991) and the presence
of SIF mRNA in the somitic dermatome at around €10.5
(Matsui et al., 1990). In utero injection of c-kit blocking
antibody has revealed an early (€10.5), an intermediate (€14.5)
and alate effect of c-kit function on melanogenesis (Nishikawa
et a., 1991; Yoshidaet al., 1993). Consistent with these infer-
ences, analysis of melanogenesis in vitro has shown that SIF
is transiently required for melanogenic precursor survival
between day 2 and 6.5 in culture (equivaent to €11.5-16;
Morrison-Graham and Weston, 1993).

SIF is normally expressed in two splice-variants, both of
which are initialy localized to the cell surface. The larger
variant contains an extracellular proteolytic cleavage site,
which permitsrelease of SIF from the cell surface. The smaller
splice-variant is usualy not cleaved and normally remains
associated with the cell surface (Flanagan et al., 1991; Huang
et al., 1992; see dso Williams et a., 1992). Although frag-
mentary distribution and mutational analysis of the influence
of the c-kit/SIF system on melanocyte precursors exists (Steel
et a., 1992), it is not yet clear whether the functions of alter-
natively spliced SIF are different, or even what such functions
might be.

An opportunity to addressthisissueis provided by assessing
the early morphogenetic behavior and fate of melanocyte pre-
cursors in embryos carrying various mutations at the Steel
locus. For example, in the Steel-dickie (99) dlele, the trans-
membrane and cytoplasmic domains of SIF are deleted so that
only asecreted form of SIF is produced (Flanagan et a., 1991;
Brannan et al., 1991). In spite of the presence of SIF activity
(Brannan et al., 1991), mice heterozygous for 99 exhibit a
distinct coat color phenotype. Embryos homozygous for this
allele are viable but exhibit characteristic phenotypesincluding
lack of coat pigmentation. In these mutants, melanocyte pre-
cursorsareinitialy present in the head but fail to survive (Steel
et a., 1992). It is not yet known, however, how these pheno-
types arise, or if the migration behavior and growth factor
requirements of trunk and head melanocyte precursors are
different.

In the present study, we have examined the early dispersal
and fate of melanocyte precursorsin 9 (null) and S99 mutants
to elucidate the function of SIF in determining the early
pigment patterns, and to distinguish the role(s) of the soluble
and cell-bound forms of SIF in regulating the early migration
behavior of pigment cell precursors. Thus, we have character-
ized melanocyte precursor appearance in the MSA, and their
dispersal and fate in relation to the time and location of SIF

MRNA expression in norma embryos and embryos homozy-
gous for two Stedl alleles. Our results indicate that migrating
melanocyte precursors respond to cues provided by diffusible
(soluble) SIF, through activation of the c-kit receptor. We
conclude that soluble SIF is sufficient for responsive
melanoblast precursorsto initiate their dispersal onto the lateral
pathway in vivo, but that cell-bound SIF is necessary for sub-
sequent survival of pigment cells in the newly formed dermal
mesenchyme.

MATERIALS AND METHODS

Genotyping mouse embryos

Inbred colonies of B6, B6SI9, WBReSl and WBW were maintained
in our laboratory. Dated matings were set up in the evening and plugs
checked the following morning. The presence of a plug was consid-
ered as €0.5.

Since 9, 99 and W homozygous are sterile, we mated heterozy-
gous mice to obtain homozygous embryos. 9, 99 or W homozygous
embryos can only be recognized by morphological criteria after about
€l15.5, when their liver appears pale compared to wild-type or “het-
erozygous littermates. In order to identify the genotype of the 9 and
949 embryos earlier, we amplified a genomic sequence present in the
Seel gene, which is deleted in the 9 (Copeland et a., 1990) and 9
(Flanagan et a., 1991) mutations. According to Steel et al. (1992) we
used a set of primersfrom the 7th and 8th exon respectively to amplify
a 700 bp fragment containing mainly intron sequences. Genomic
DNA was isolated from excised limb buds by proteinase K and 0.5%
SDS extraction and ethanol precipitation. Following an amplification
with 35 cycles (45 seconds at 93°C, 1 minute at 56°C, 1 minute at
72°C) a 700 bp fragment was detected on a 1% agarose gel. Both S/9
and 9999 embryos could be identified by the absence of that
amplified band. As a control for the quality of the genomic DNA as
well as the amplification reaction (PCR), we used an alternative set
of primers, amplifying a 500 bp genomic fragment from the gene
coding for PDGFRa located on chromosome 5 (Orr-Urtreger et al.,
1992). We performed separate amplifications with the same template
DNA or included both sets of primers in one reaction. The following
primers were used: 9  forward primer CCATG-
GCATTGCCGGCTCTC (bases 665 to 684; Huang et al., 1990) and
9 reverse primer CTGCCCTTGTAAGACTTGACTG (complement
of bases 757 to 736). PDGFRa forward primer ACCTCCTTTCG-
GACGATGAC (bases 2417 to 2436; Wang et a., 1990, Acc#
M57683) located within the interkinase region and a reversed
genomic primer corresponding to a sequence located within an intron
500 bp apart ATCACTTCAGAATGGCTCCA (Peter Lonai; personal
communication).

Embryos homozygous for the W gene, could not be identified using
aPCR approach sincethe W (null) alleleisapoint mutation in asplice
site (Hayashi et al., 1991), which generates a nonfunctional c-kit
protein (Nocka et a., 1990b). Therefore, all embryos from a litter
produced by mating heterozygotes were treated identically, and their
mutant phenotype assessed by the localization of melanocyte precur-
sors (see below). As expected, a quarter of all the embryos scored by
PCR were homozygous for either S or 99, or were identified as W
homozygotes by their pigment pattern.

cDNA probes and antibodies

cDNAs for c-kit were kindly provided by Dr Robert J. Arceci
(Boston), for Steel factor (KL-M1) by Dr John Flanagan (Boston) and
TRP-2 by Dr lan Jackson (London). Polyclonal anti-fibronectin and
laminin were obtained from Collaborative Research. Rhodamine goat
anti-rabbit was from Cappel.

Digoxigenin (DIG)-labeled sense and antisense riboprobes were
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generated using a standard protocol (Boehringer Mannheim) from lin-
earized plasmids and used for whole-mount in situ hybridization at
concentrations of 1 pg/ml. RNA synthesis was checked by agarose
gel electrophoresis.

Whole-mount in situ hybridization and antibody staining

Whole-mount in situ hybridization was performed according to
Yamaguchi et a. (1992; Y. Takahashi, personal comm.). The hybrid-
ization of DIG-labeled single-stranded RNA probes was detected with
anti-DIG antibodies coupled to akaline phosphatase. Details of the
protocol will be provided upon request.

Asacontrol for the specificity of our in situ protocol, we hybridized
with senseriboprobesfor KL-M1 and c-kit under identical conditions.
We were not able to generate a sense probe from our plasmid con-
taining the TRP-2 probe. No staining could be detected in embryos
hybridized with any of the sense probes. In experimental and control
embryos, occasionally unspecific stain could be detected in the lumen
of the spinal cord, otic vesicle and brain vesicles. Puncture of the
hindbrain did reduce this unspecific trapping of stain. Embryos from
€9.5 to e13.5 were treated identically with the exception of prolong-
ing the proteinase K treatment for older embryos to enhance penetra-
tion of the probes. It must be emphasized that complete penetration
could only be achieved with embryos of €9.5 to €10.5. In older
embryos the detection of mMRNAs was limited to the surface of the
embryos. Fig. 3E roughly indicates the limit of penetration of the
probes and antibodies. Sensitivity of the whole-mount in situ hybrid-
ization was comparable to in situs on sectioned material, since we
were able to visualize every previously published source of SIF and
c-kit MRNA in €9.5 to €10.5 embryos. However, compared to hybrid-
ization of tissue sections, the temporal and spatia resolution of the
whole-mount in situ hybridizations is superior.

For immunohistochemistry, whole-mount in situ hybridized
embryos were equilibrated in 20% sucrose and embedded in Tissue
Tec, frozen and sectioned at 16 pm. Sections were dried on
gelatin/alum-subbed slides and blocked with 0.5% BSA in PBT,
incubated for 45 minutes with anti-fibronectin or anti-laminin rabbit
antisera at 1/50 dilution in 0.5% BSA in PBT. After washing,
secondary rhodamine-labeled goat anti-rabbit was added for 45
minutes diluted 1/100 in 0.5% BSA in PBT. Sections were washed
and embedded in glycerol containing 1% n-propylgallate.

RESULTS

Cells expressing c-kit and TRP-2 mRNA (melanocyte
precursors) in the migration staging area disperse
on the dorsolateral pathway in a rostral-caudal
sequence
Asin previous reports (Keshet et a., 1991; Motro et al., 1991,
Orr-Urtreger et al., 1990), cells expressing c-kit mMRNA were
observed in the head and trunk of €9.5 embryos (not shown).
Although whole-mount in situ hybridization revealed c-kit
MRNA in cellsat various|ocations of €9.5 embryos, their neural
crest origin could not be established. No hybridization signa
was revealed by using the TRP-2 riboprobe (not shown), so
melanocyte precursors could not be unequivocally identified.
By €10.5, cells located in sites usualy occupied by
migrating cranial crest cells can be seen to express the TRP-2
MRNA. These cells were detected between the forebrain-
midbrain junction and the eye (Fig. 1B), at the level of the
midbrain-hindbrain junction, and posterior to the otic vesicle.
Cells expressing c-kit mMRNA were also detected in these
locations (Fig. 1A). Based on the time of appearance and their
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locations (compare with Steel et al., 1992), cells expressing
both mRNAs seem likely to be the earliest crest-derived
melanocyte precursors. It should be emphasized, however, that
at this stage, c-kit mMRNA-expressing cells were also detected
in the olfactory pit, and the clefts of branchial arches I-IV,
where TRP-2 mRNA expression was not detected (Fig. 1A,B).
At thisstage, only afew cellsexpressing TRP-2 or c-kit mMRNA
were detected at more posterior axial levels between the otic
vesicle and the most rostral somites (Fig. 1A,B).

At el1, localization of TRP-2 and c-kit mMRNA-expressing
cells in the head is dramatically different. These cells were
present in the head mesenchyme particularly in the region
between the eye, forebrain and nose, and at the posterior
regions of the branchial and hyoid arch. In addition, many
TRP-2 aswell as c-kit MRNA-expressing cells are localized in
a dtripe originating at the mid-to-hindbrain junction and
extending towardsthe eye (Fig. 1E,F; arrowheads). In contrast,
no TRP-2 mRNA-expressing cells could be detected in facia
structures. Within the trunk, cells expressing TRP-2 mRNA
were observed from the first somites to the level of the hind
limb buds (Fig. 1D) in the same locations as cells expressing
c-kit mMRNA (Fig. 1C). These cells were varioudly localized in
the migration staging area (MSA) just lateral to the neural tube
at posterior axial levels, or further lateral over the somites at
more anterior levels (Fig. 1C,D). Groups of TRP-2 or c-kit
mRNA-expressing cells were present in a segmented pattern
along the axisfrom very rostral to mid trunk levels. In addition,
c-kit mRNA-positive cells were detected in the lateral mes-
enchyme, the dorsal neural tube (arrow in Fig. 1E), limb buds,
and the posterior gut where no TRP-2 mRNA-expressing cells
could be detected (Fig. 1D).

By €11.5, as previously reported (Steel et al., 1992), TRP-
2 mRNA-expressing cells were detected at locations in the
head mesenchyme anterior and posterior to the eye, over the
hindbrain, around the otic vesicle and at the posterior aspect
of the hyoid arch (Fig. 2B). In the trunk, all cells expressing
TRP-2 mRNA were found distributed over the entire somite
surface, but no cells were detected in the lateral mesenchyme
and in the limb buds (Fig. 2A). In contrast, individual c-kit
MRNA -expressing cellswere found dispersed over the somite
surface, but also more lateral within the lateral mesenchyme
(Fig. 2C). This cell population never expressed TRP-2
MRNA. We do not yet know if these cells are crest-derived
or represent a mesodermally derived population, which will
require more specific probes to distinguish. Expression of c-
kit MRNA in mesenchymal cells was similar to that seen at
earlier stages (Fig. 1C). More caudally, at the base of the tail,
cells expressing TRP-2 mRNA were localized in the MSA
lateral to the neural tube, and just one or two somites more
rostral cells were found over the somite lateral to the MSA
(Fig. 2D). In progressively older (more rostral) somites,
incrementally more cells were localized laterally, and fewer
TRP-2 mRNA-expressing cells remained near the neural tube
(Fig. 2E). In embryos of this age, TRP-2 mRNA-expressing
cellswerefirst observed at the base of the hind limb bud (Fig.
2E).

Thetemporal differences between devel oping segments are
most distinct at the level of the hindlimb of €11.5 embryos.
Accordingly, this axial region best displayed the various
stages of the migration of crest cells on the lateral pathway.
Therefore, embryos that had been stained as whole mounts
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for TRP-2 mRNA were sectioned trans-
versely and stained with antibodies against
laminin and fibronectin to reveal the archi-
tecture of the somites (see Methods). Thus,
Fig. 3A shows a bright-field view of a
section at the base of the tail where two
groups of TRP-2 mRNA-expressing cells
can be seen (corresponding to A-B in Fig.
2D). One group of cellsresidesin the MSA
lateral to the neural tube, and the other
group was localized within the dermatome.
The staining for laminin revealed the
borders of the neural tube and the der-
matomal epithelial tissue (Fig. 3B). A
section of a different embryo at a slightly
older (more rostral) axial level (corre-
sponding to C-D in Fig. 2D) shows
elongated TRP-2 mRNA-positive cells on
the laminin-positive basement membrane
(arrows in Fig. 3C,D). At an even more
rostral level (corresponding to E-F in Fig.
2D), the epithelial dermatome has aready
transformed into the mesenchymal dermis,
made obvious by the intense fibronectin
staining (Fig. 3F). TRP-2 mRNA contain-
ing cells are evenly spread throughout the
dermal mesenchyme at this axial level (see
also Pavan and Tilghman, 1994, Fig. 2a).

By €12.5, cells expressing TRP-2 and c-
kit mMRNA were detected bordering the
whisker fields and localized over the nose
(Fig. 4C). The regions around the ear were
also densely populated by TRP-2 mRNA-
expressing cells (Fig. 4A-C). In the trunk at
this stage, TRP-2 mRNA-expressing cells
were present between the neural tube and the
lateral midline, and some cells were seen as
far ventrad as the base of the forelimb bud
(Fig. 4A,B,D). No TRP-2 mRNA was
detected on the ventral side of the body (Fig.
4D). Many TRP-2 mRNA-expressing cells
were present on the posterior side of the
hindlimb (Fig. 4C, arrow) as well as on the
lateral sides of the tail.

Steel factor mRNA is expressed in a
rostrocaudal sequence in the dorsal
portion of the dermatome in €10.5-
12.5 mouse embryos

At €9.5, whole-mount in situ hybridization
reveals SIF mRNA expression in various
places in the embryo: the head mesenchyme,
branchial arches, the mesenchyme posterior
to the last arch, part of the gut, the tail and
the kidney primordium. At this stage, no SIF
MRNA could be detected within the somitic
tissue of the trunk (not shown).

In the head of €10.5 embryos, SIF mRNA
was detected in the mesenchyme between
the telencephalon and the olfactory pit, and
in the mesenchyme surrounding the otic

Fig. 1. c-kit and TRP-2 mRNA-expressing cells show asimilar distribution pattern in
€10.5 and €11 embryos. c-kit (Ieft panel) and TRP-2 (right panel) antisense whole-
mount in situ hybridization of €10.5 (A,B) and €11 (C,D) mouse embryos. (Note almost
identical localization of punctate staining at arrowheads between c-kit and TRP-2
hybridized embryos, and the absence of forelimb and hindlimb in C and D,
respectively.) The arrow in E points to c-kit mMRNA expression in the spina cord. ba,
first branchial arch; e, eye; fb, forebrain; fl, forelimb; ha, hyoid arch; hb, hindbrain; hl,
hindlimb; mb, midbrain; op, olfactory pit; ov, otic vesicle. Bar, 400 um.

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 16



vesicle (see also Steel et a., 1992). SIF mRNA was also
detected in the first and second branchial arches at their most
posterior proximal edges (arrowheads in Fig. 5B). In the
trunk of €10.5 embryos, the dermatomes express SIF mMRNA
in their dorsal portions. In slightly less-advanced embryos at
that gestational stage, SIF mRNA was detected in der-
matomes from the first somite to the midtrunk level (Fig. 5A),
whereas in developmentally more advanced embryos, SIF
MRNA expression was detected in dermatomes from the first
somite back to somites at the hindlimb level. Transverse
sections of whole-mount embryos counterstained with apoly-
clonal antiserum against laminin (Fig. 5K) or fibronectin (Fig.
5H) clearly localizes the SIF mRNA to the dorsal epithelial
dermatome (Fig. 5G-K; see also Matsui et a., 1990). In pro-
gressively older dermatomal tissue, the location of SIF
MRNA expression is shifted from the mediodorsal portion to
a more dorsal location in the epithelia dermatome (Fig.
5G,I).

Embryos obtained half a gestational day later, at ell,
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revedled persistent SIF mRNA in the telencephalon, but
expression in the cranial mesenchyme could no longer be
detected. In the trunk, SIF MRNA expression is diminished in
cervical somites, whereas the dorsal dermatome of all the
posterior somites down to the base of the tail were strongly
positive (Fig. 5C). No cells expressing SIF mRNA could be
detected in the MSA (Fig. 5D).

At ell.5 SSF mRNA could no longer be detected in the head
mesenchyme and the trunk somites. However the expression
in the telencephalon and tail somites persisted (Fig. 5E). In
addition, SIF mRNA expression was present in the posterior
region of the hindlimb bud (Fig. 5F, arrow).

By e12.5, SIF mRNA expression in the telencephalon till
persists, and new expression is detected in the interdigital mes-
enchyme of the limb buds. Expression in dorsal dermatome
was detected only in the tail somites. At this stage, no hybrid-
ization signal for SIF mMRNA could be detected in dermal mes-
enchyme associated with developing somites at more rostral
axial levels (not shown).

Fig. 2. Distribution of melanocyte precursorsin e11.5 mouse embryos. TRP-2 and c-kit antisense whole-mount in situ hybridization of €11.5
embryos. (A,B) Lateral view of a TRP-2 antisense hybridization. (C) Lateral view of the mid trunk of an embryo hybridized with c-kit
antisense probe. (D) Dorsal view of the tail and hindlimb buds of an embryo hybridized with TRP-2 antisense probe. The inset displays cellsin
the MSA that are at a higher focal level than the cells dispersing laterally on the dorsal migration pathway. (E) Lateral view of the hindlimb
region of the embryo shown in A and B. The dashed line roughly indicates the lateral limit of the MSA. Note that many c-kit-positive cells can
be detected in the lateral mesenchyme (arrow in C), which can not be detected with the TRP-2 probe (arrow in A). A-B, C-D and E-F
approximately indicate the axial levels of transverse sections shown in Fig. 3. fl, forelimb; hl, hindlimb. Bar, 400 umin A,B and E; 250 umin

Cand 275 uminD.

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 17



736 B. Wehrle-Haller and J. A. Weston

Fig. 3. Melanocyte precursor migration on the lateral pathway. Immunohistochemistry for laminin and fibronectin on transverse sections from
an €11.5 TRP-2 antisense whole-mount in situ hybridization. Axial levels of each section areindicated in Fig. 2D. (A,C,E) Bright-field
illuminations of sections corresponding to levels A-B, C-D and E-F, respectively. The sections are stained with either anti-laminin antiserum
(B,D) or fibronectin antiserum (F). Note: TRP-2-positive cell elongated along alaminin-positive basement membrane (arrow in C and D).
Arrowheads in E point to the penetration limit for the detection of mMRNA in that particular embryo. Ln, laminin; Fn, fibronectin; nt, neural
tube; dm, dermatome; s, sclerotome; MSA, migration staging area; sg, sensory ganglia. Bar, 25 umin A-D and 100 pmin E,F.
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Migration and localization of TRP-2 mRNA-
expressing cells is different in embryos
homozygous for Steel alleles compared to wild-type
embryos

The 9 null mutation and the less severe S9 alele were used
to revea the function of SIF during melanocyte precursor
migration on the lateral pathway. As above, the hindlimb level
of €115 embryos was selected to compare melanocyte
precursor migration and localization in norma and mutant
embryos.

Fig. 6B shows the hindlimb level and the base of the tail of
a 9/9 (null) embryo. Individual TRP-2 mRNA-expressing
cells were detected in the MSA over a length of four to five
segments (Fig. 6B, brackets). No cells were found more
laterally on top of the dermatome. With the exception of afew
cellslocalized to the mid-hindbrain
border, no other TRP-2 mRNA-
expressing cells were found in
€l11.5 embryos (not shown).

A 99/99¢e11.5 embryo reveals a
strikingly  different  distribution
pattern of TRP-2 mRNA-express-
ing cells. In addition to cells
localized in the MSA, many cells
were found dispersed over the
somites (Fig. 6C). However, no
TRP-2 mRNA-expressing cells
were detected anterior to the level
of the hindlimb (Fig. 6C), with the
exception of some cells at the mid-
hindbrain border (not shown). In
contrast, in wild-type embryos, a
higher density of TRP-2 mRNA-
expressing cells were localized
over the dermatome compared to
the 9999 mutant embryos (Fig.
6A).

As a further test of the role of
SIF  function in  promoting
melanocyte precursor dispersal,
embryos homozygous for the W
mutation (phenotypically null for
c-kit activity) were examined.
Such embryos showed a pattern of
TRP-2 mRNA-expressing cells in
the tail region comparable to the
pattern observed in 9/9 (null)
embryos (Fig. 6D).

A O

DISCUSSION

Melanocyte precursors arise

in the migration staging area
(MSA) prior to their dispersal

on the lateral pathway

At €10.5, cells expressing TRP-2
and c-kit mRNA have been
reported lateral to neural tube in
the head (Steel et a., 1992). In the
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trunk c-kit-positive cells have been reported to be lateral to the
neural tube between €10.5 and ell (Manova and Bachvarova
1991). At later stages, we have observed c-kit and TRP-2
MRNA-positive cells at trunk levels posterior to the hindlimb
buds (at the base of the tail). In addition to their presence in
the MSA of the trunk, melanocyte precursors are known to be
present initialy in a few regions in the head, including the
regions between brain vesicles and posterior to the otic vesicle.
As has been suggested by Stedl et a. (1992), it is very likely
that these cells are melanocyte precursors and that they co-
express both c-kit mMRNA and TRP-2 mRNA. It is not yet
known, but will be important to learn, what local environmen-
tal cues induce the expression of melanocyte specific genes,
and when crest cells in the MSA respond to such cues.
Assuming that our marking studies do, in fact, reveal
melanocyte precursors, it is of particular interest to note that

Fig. 4. Distribution of melanocyte precursorsin €12.5 embryos. TRP-2 antisense whole-mount in
situ hybridization of €12.5 mouse embryos. Alternative views are shown of one embryoin A-C.
From B, the embryo is turned clockwise (A) or counter-clockwise (B) to reveal lateral and frontal
views of the embryo. The lateral side of a different embryo is shown in D. Note: Arrow in C points
to a population of TRP-2-positive cells entering the posterior aspect of the hindlimb. fl, forelimb;
hl, hindlimb. Bar, 500 pm in A-C; 320 pmin D.
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these cells appear belatedly as a subpopulation among crest-  hasbegun onthelateral crest migration pathway. In thisregard,
derived cellsin the MSA. They seem to arisein the MSA after it is also of interest to note that Erickson and Goins (1995;
most of the neurogenic crest-derived cells have dispersed on  personal communication) have also recently shown that older
the medial pathway (see Weston, 1991), but before dispersal crest-derived cells that have become specified as melanocyte

Fig. 5. Rostrocaudal sequence of SIF mRNA expression in the dorsal dermatome. SIF (KL-M 1) antisense whole-mount in situ hybridization
of €10.5, €11 and e11.5 mouse embryos and immunohistochemistry for laminin and fibronectin of €10.5 transverse sections. (A,B) Lateral
view of two e€10.5 embryos, A is slightly younger than B. Arrowheads point to mesenchymal SIF mMRNA expression at the posterior border
of thefirst and second branchial arches. (C) Lateral view of an el1 embryo. (D) Dorsal view of an el1 embryo. (E) Lateral view of an €11.5
embryo, a closeup of thetail region is shown in F. Note the expression of SIF mRNA in the posterior aspect of the hindlimb (arrow).
Transverse sections of an €10.5 SIF whole-mount in situ hybridization from a midtrunk (G,H) and cervical (1,K) level. The dermatome
shown in G,H is developmentally younger than that in | and K. Arrows mark the limits of the SIF mMRNA expression. ba, first branchial
arch; hyoid arch; fl, forelimb; hl, hindlimb; d, dermatome; m, myotome; s, sclerotome; nt, neural tube. Bar, 300 pm in A-C, E and F, 470 um
inD and 25 umin G-K.
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precursors can precociously invade the lateral migration
pathway when they are grafted heterochronicaly into avian
host embryos.

Transient expression of Steel Factor mRNA by
dermatomal epithelial cells precedes dispersal of
melanocyte precursors on the lateral pathway

Whole-mount in situ hybridization with a probe for SIF mRNA
has confirmed earlier reports of its presence in the dorsa
dermatome (Matsui et a., 1990). In addition, however, this
method has revealed the precise expression pattern relative to
the pattern of dispersal of putative melanocyte precursors. In
particular, our results demonstrate, first, that SIF mRNA
expression is transiently localized to the dorsal epithelia
dermatome and, second, that this expression precedes the onset
of melanocyte precursor dispersal on the migration path
towards the dermatome. Finally, our results indicate that SIF
MRNA is down regulated in the epithelial dermatome as it de-
epithelializes to produce dermal mesenchyme. It is not known
how long SIF protein persists in the dermal mesenchyme, or
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when SIF mMRNA is re-expressed by these cells (Keshet et al.,
1991; Motro et a., 1991; Orr-Urtreger et al., 1990). In utero
injection of anti-c-kit antibodies (Nishikawa et al., 1991) has
revealed a SIF-dependent period at around €14.5, correspond-
ing to the time (e13-14) when melanocyte precursors localized
in the dermal mesenchyme are known to enter the epidermis
(Mayer, 1973). Since melanocyte precursors transiently
depend on SIF for survival (see aso Morrison-Graham and
Weston, 1993), SIF protein must be retained and made acces-
sible for the migrating melanocyte precursors in the newly
formed dermis. No data are yet available on the presence and
location of SIF protein after the transformation of the
dermatome into dermal mesenchyme is completed.

Melanocyte precursors in the MSA initially disperse
toward the site where SIF mRNA is transiently
produced

In the head, at €11 c-kit/TRP-2 mRNA-positive cells localize
to regions where SSIF mMRNA was detected at €10.5 (Steel et al.,
1992). Likewise, melanocyte precursors disperse from the M SA

Fig. 6. Melanocyte precursorsinitially appear but behave differently in Steel mutant embryos. TRP-2 antisense whole-mount in situ hybridization
of e11.5 mouse mutant embryos. The tail and hindlimb bud region is shown of embryos being wild type (A, +/+), homozygous for SIF null allele
(B, 9/9), homozygous for 9 dickie (C, 9999) or homozygous for c-kit functional null allele (D, W/W). The litter that contained embryo D was
developmentally slightly younger than other ‘€11.5' litters so that cells were seen over awider area along the A-P axis compared to the
developmentally older embryo seen in B. In addition, this embryo was stained longer than the other embryos, which affected the appearance of
the stained cells. The dashed lines roughly indicate the lateral limits of the MSA. In C, the location of the limb bud, which was removed for
genotyping (see Methods), is indicated with parentheses; dirt particles are marked with asterisk. hl, hindlimb; t, tail. Bar, 200 um.
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to siteswhere SIF mRNA had been transiently expressed about
6-12 hours previously, suggesting an influence of SIF protein
on the migration and localization of melanocyte precursors.
Interestingly, melanocyte precursors migrating on the lateral
pathway seem to follow existing basement membranes, as do
the medially migrating crest cells (Tosney et al., 1994). Two
extreme models could explain the observed migration pattern.
First, TRP-2/c-kit mMRNA-expressing cells could migrate on
both the medial and lateral pathways and survive only at
locations expressing SIF. This model would imply a passive
role of SIF on initial cell migration stressing only the survival
effect of SIF on dependent cell populations. Alternatively, cells
that express functional c-kit receptors, as implied by c-kit
MRNA expression, could be selectively attracted onto the
lateral pathway by SIF that is locally produced by dermatomal
epithelium and diffuses from its site of expression. This notion
is supported by the reportsthat c-kit-expressing carcinomacells
as well as c-kit transfected endothelial cells show chemotaxis
towards SIF in vitro (Blume-Jensen et al., 1991; Sekido et al.,
1993), and is consistent with the belated appearance of cellsin
the MSA that express c-kit and the corresponding delay in onset
of migration on the lateral pathway. Although the initial onset
of dispersal of melanocyte precursors on the lateral pathway is
consistent with a chemotactic response to a source of SIF in the
dermatome, the subsequent dispersal of melanocyte precursors
that occurs after €11.5 in the dermal mesenchyme of the trunk,
limb buds or ventral body wall, cannot be explained by agraded
or localized source of SIF.

Melanocyte precursors fail to disperse or survive in
Steel null mutant embryos

If SIF were required for initial dispersal of melanocyte pre-
cursors, then these cells would be predicted to remain in the
MSA in mutants that do not produce this molecule. This pre-
diction has been verified by our observations of the behavior
of TRP-2 mRNA-expressing cellsin Steel null embryos. Such
cells appear in the MSA in a timely way, but never disperse,
and ultimately disappear. The fate of these melanocyte pre-
cursors is not known. Alternatively, their apparent failure to
disperse may be the result of failing to surviveinthe MSA long
enough to do so. We know that melanocyte precursorsin vitro
require transient trophic support from SIF for about 5 days
(Morrison-Graham and Weston, 1993). Since the time interval
during which melanocyte precursors are generated in the MSA
is not known, however, it is difficult to estimate how long indi-
vidual TRP-2/c-kit mRNA-expressing cells can survive in the
MSA in the absence of SIF. If this period were brief, however,
SIF-dependent cells would prabably not survive long enough
to leave the MSA. In this regard, mast cells, which are also
dependent on c-kit/SIF activity, begin to degenerate in vitro
within 5 hours after SIF is removed from their culture medium
(lemura et al., 1994; Caceres-Cortes et al., 1994). Survival of
individual melanocyte precursors in the MSA of SIF null
mutants might be even shorter because these cellswould never
have received an SIF stimulus.

The conclusion that crest-derived melanocyte precursors
require atimely SIF stimulus in the MSA is supported by our
observations that TRP-2 mRNA-expressing melanocyte pre-
cursors are initialy present in the MSA, but are never found
on the lateral pathway of embryos that are homozygous for the
W mutation. Thus, cells that lack functional c-kit receptors are

unable to detect the presence of SIF, and therefore either fall
to survive in the MSA or are unable to depart on the lateral
pathway in response to a directional SIF signal.

Soluble SIF is sufficient to permit initial dispersal of
melanocyte precursors from the MSA onto the
lateral pathway, but not for eventual survival and/or
differentiation

The Steel dickie (99) mutation results in a truncated but bio-
logically activeform of SIF that lacks atransmembrane domain
(Brannan et al., 1991). The lack of a transmembrane anchor
results in the secretion of SIF by cells from 99 homozygotes
(Flanagan et al., 1991). Since 99 homozygotes exhibit an inter-
mediate phenotype compared to 9 null mutants, the
membrane-bound SIF appears to be required for normal devel-
opment of these cells.

Paradoxically, neural crest cell cultures are able to give rise
to melanocytes in vitro when cultured in the presence of
exogenous soluble SIF (Morrison-Graham and Weston, 1993),
or on detergent-extracted (cell-free) extracellular matrix
(ECM) deposited by wild-type embryonic skin fibroblast in
vitro (Morrison-Graham et al., 1990). ECM deposited by such
cells seems to contain enough SIF to satisfy the SIF-dependent
melanocyte precursorsin vitro. In contrast, detergent-extracted
ECM deposited by cultured fibroblasts from 99 homozygotes
fail to support melanogenesisin vitro (Morrison-Graham et al.,
1990), suggesting that the truncated SIF is not incorporated or
retained in ECM secreted by these cells to permit survival
and/or differentiation of melanocyte precursors.

Heterochronic grafting experiments (Erickson and Goins,
1995; personal communication) indicate that melanocyte pre-
cursors arise late and invade the dorsolateral migration
pathway in response to some localized cue(s) in the avian
embryo. It seems likely that the soluble form of SIF may be at
least one such cue. Thus, in the present report, it is of particu-
lar interest that crest-derived melanocyte precursors do, in fact,
leave the MSA on the lateral pathway in S99 homozygotes, sug-
gesting that the truncated (soluble) SIF produced by the dorsal
dermatome is sufficient for crest cells to initiate dispersal on
the lateral pathway. However, since these dispersing
melanocyte precursors fail to survive in the dermal mes-
enchyme, the truncated SIF appears not to provide an appro-
priate survival stimulus in the dermatomal ECM.

Taken together, the behavior and fate of melanocyte pre-
cursorsin the null mutant compared to that in normal embryos
or the 99 homozygotes suggests that cell-bound and soluble
SIF have distinct functions. Although it is not known how
much SIF is normally released by dermatomal cells and is
present ininterstitial crest migration spaces, it scemslikely that
soluble SIF might be required to promote dispersal of c-kit
mMRNA-expressing melanocyte precursors, or to attract them to
itslocal source. Likewise, the behavior and fate of melanocyte
precursors in 99 embryos suggests that an ‘immobilized’ form
of SIFisrequired for survival of the responsive cell type. Three
published reports support our inference that soluble and cell-
bound SIF play distinct roles in cell dispersal and survival,
respectively. First, in the head of 99 embryos, TRP-2 mRNA-
expressing cells appear initialy and disperse, but then
disappear (Steel et al., 1992). Second, germ cells, which are
known to require SIF and c-kit for survival can be found in
small numbers at the genital ridges in 9/99 embryos
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(McCoshen and McCallion, 1975), whereas in Seel null
mutant embryos, germ cells do not proliferate and are retarded
in their migration to the genital ridges (Mintz and Russell,
1957). Finally, on afibronectin substratum in vitro, motility of
mast cells, which are strictly dependent on c-kit for survival,
is stimulated by an SIF dose which is 100-fold less than that
required for survival (Kinashi and Springer, 1994; Dastych and
Metcalf, 1994). Therefore different concentration of SIF in the
cell environment may induce motogenic versus mitogenic
responses (Blume-Jensen et a., 1993).
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2.3. Limiting Stem Cell factor supply affects melanocyte migration and

survival

In addition to the Steel (Mgf*') and Dominant White Spotting (Kit") mutations, a number of
other dominant "spotting" mouse mutants have been acquired and kept in the various mouse
husbandries. The affected genes for some of these pigment pattern mutants have been identified as
being crucial for the differentiation and proliferation of neural crest and melanocyte precursors. The
genes that affect differentiation, survival and proliferation of melanocytes in their mutated forms
include transcriptional activators such as the Sox 10 (Dominant megacolon) (Kapur, 1999; Southard-
Smith et al., 1998) or Pax3 (Splotch) (Conway et al., 1997; Tassabehji et al., 1994) and the G-protein
coupled receptor endothelin receptor B (Piebald spotting) (Hosoda et al., 1994) and its ligand
endothelin3 (Lethal spotting) (Baynash et al., 1994). In addition to these genes that specifically affect
melanocyte function, a number of dominant spotting mutations have been localized close to the c-Kit
locus (Nagle et al., 1994; Stephenson et al., 1994). However, although pigment patterns were
disturbed in a dominant fashion the c-kit expression in melanocyte precursors was not seemingly
altered. The Rumpwhite and Patch mutation fall into this category. Although Patch mutant animals

exhibit a very similar pigment pattern defect as one of the Kit alleles (Kit" **"

), it was speculated that
the PDGFRa gene (deleted in the Patch mutant (Stephenson et al., 1991)) plays a very important role
in melanocyte survival or migration (Morrison-Graham et al., 1992). We have demonstrated however,
that this large deletion of the PDGFRa locus induces the ectopic expression of the c-Kit receptor in
dermal fibroblasts originating from the dermamyotome (see below). Interestingly, the ectopic
expression of c-Kit mirrors precisely the normal endogenous expression pattern of the PDGFRa

gene. A similar ectopic expression of c-Kit is observed in the Kir"**"

mutant (Duttlinger et al., 1995;
Duttlinger et al., 1993), caused however by a genetic inversion with one of its breakpoints located in
the c-Kit promoter (Nagle et al., 1995). It is therefore plausible, that the pigmentation defect in the

Patch as well as the Kit" "

mutation is caused by the deletion or separation of a silencer element that
suppresses c-Kit expression in dermal fibroblasts or more generally in PDGFRa expressing cell

populations.
Due to the collection of these rather peculiar pigment pattern mutants we can gain a glimpse

of the mechanics of evolution and the development of the vertebrates in particular. In fact, the

duplicated gene cluster consisting of three receptor tyrosine kinases (PDGFRa, c-Kit, Flkl;
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PDGFRp, c-fms, Flk2) have arisen by multiple gene- and one chromosomal-duplication (Kataoka et
al., 1997). All six receptor tyrosine kinases (RTK) share a split tyrosine-kinase domain, while 4 of
these RTK's exhibit 5 extracellular IgG-like domains (PDGFR's, c-Kit, c-fms) and 2 exhibit 7 IgG-
like domains (Flk's). PDGFR's are expressed and required in mesenchymal cells of the connective
tissue. Flk's are expressed and required for the proliferation of the hemangioblasts and endothelial
cells and c-Kit and c-fms have important functions for the maintenance of the hematopoietic system

(Kataoka et al., 1997).

Therefore we can hypothesis that during evolution, the birth of new mesenchymal cell types
required not only gene duplications (promoter and coding region) but also adaptation to a new
extracellular ligand (coding sequence) and new promoter elements allowing for cell type specific
expression (promoter). In the case of c-kit, however, the acquisition of a silencer element that
suppressed mesenchymal expression of the PDGFRa/c-Kit ancestral gene was pivotal for the usage
of c-Kit in cell types that depend on mesenchymal expression of growth factors. The Patch deletion
reveals the existence of such a mesenchymal silencer in the c-Kit promoter (Berrozpe et al., 1999). In
its absence, ectopic expression of c-Kit in mesenchymal cells is consuming limited amounts of SCF
produced by the same dermal mesenchyme leading to a change in the migration pattern and the
subsequent loss of melanocyte precursors from the entire trunk region. However, due to the limitation
of the ectopic c-Kit expression to the dermal mesenchyme, melanocyte precursors that succeeded to
penetrate the epidermis in the head and tail regions proliferate in this SCF rich epidermal
environment and move posterior and anterior to narrow the band of melanocyte free coat (Jordan and

Jackson, 2000a).
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Ectopic c-Kit Expression Affects the Fate of
Melanocyte Precursors in Patch Mutant Embryos
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The Patch (Ph) mutation in the mouse, a deletion that includes the gene for PDGFRa;, is a recessive lethal that exhibits
a dominant pigment phenotype in heterozygotes. To assess whether the Ph mutation acts cell-autonomously or non-
autonomously on melanocyte development, we have examined the melanogenic potential of neural crest populations from
normal and mutant crest cells in vitro and the pattern of dispersal and survival of melanocyte precursors (MPs) in vivo.
We report that trunk neural crest cells from homozygous Ph embryos give rise to pigmented melanocytes in vitro in
response to Steel factor (SIF). In vivo, homozygous Ph embryos contain a subpopulation of crest-derived cells that express
c-kit and tyrosinase-related protein-2 characteristic of MPs. These cells begin to migrate normally on the lateral crest
migration pathway, but then fail to disperse in the dermal mesenchyme and subsequently disappear. Although dermal
mesenchyme is adversely affected in Ph homozygotes, SIF mRNA expression by the cells of the dermatome is normal in
Ph embryos when neural crest-derived MPs start to migrate on the lateral pathway. In contrast, mRNA for the SIF receptor,
c-kit, was observed to be ectopically expressed in somites and lateral mesenchyme in embryos carrying the Ph mutation.
Based on this ectopic expression of c-kit in Ph mutant embryos, and the observed distribution of SIF protein in normal
and mutant embryos, we suggest that competition for limited amounts of SIF localized on the lateral neural crest migration

pathway alters melanocyte dispersal and survival. © 1996 Academic Press, Inc.

INTRODUCTION

Several mouse pigment pattern mutants have been de-
scribed and their defects analyzed at the molecular level.
Two of the best characterized are the Dominant spotting
(W) and the Steel (SI) mutations, which encode the c-kit
receptor tyrosine kinase (Geissler etal., 1988) and its ligand,
Steel factor (SIF, also known as stem cell factor, mast cell
growth factor, or kit ligand), respectively. Both mutations
affect development of pigment cells as well as hematopoi-
etic and germ cells (Anderson et al., 1990; Copeland et al.,
1990; Huang et al., 1990; Williams et al., 1990).

Another pigment pattern mutant, Patch (Ph), is a reces-
sive lethal that shows a dominant pigment phenotype in
heterozygotes. Homozygous Ph embryos die between €8-9
and e16-17 depending on the genetic background (Morrison-
Graham et al., 1992; Orr-Urtreger et al., 1992). In Ph homo-
zygotes, characteristic defects in mesenchymal tissues are
accompanied by cleft palate, epidermal blisters, kinky neu-
ral tube, and failure of heart septation (Gruneberg and Trus-
love, 1960; Erickson and Weston, 1983; Morrison-Graham
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et al., 1992; Orr-Urtreger et al., 1992; Schatteman et al.,
1992). The Ph locus is located on chromosome five in the
mouse, adjacent to the W locus that encodes c-kit, and has
been shown to be a deletion of about 200 kb spanning the
entire coding region of PDGFRa (Smith et al., 1991; Ste-
phenson et al., 1991, 1994; Nagle et al., 1994). Although
much is known about the role of the c-kit gene for melano-
cyte development and survival (Nishikawa et al., 1991;
Steel et al., 1992; Morrison-Graham and Weston, 1993;
Wehrle-Haller and Weston, 1995; Reid et al., 1995), it is not
yet known how the lack of the PDGFRa gene results in the
pigment pattern phenotype seen in Patch heterozygotes.
Since PDGFRa transcripts are normally expressed by cra-
nial ectomesenchyme in branchial arches and the cardiac
outflow tract, but not by neurons of the central nervous
system or the crest-derived peripheral nervous system (Mor-
rison-Graham et al., 1992; Schatteman et al., 1992), the
defects in Ph homozygous embryos, like cleft palate and the
absence of conotruncal septation, may be directly caused by
the failure of nonneurogenic neural crest-derived cells to
survive or proliferate in these locations. Similarly, since a
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subset of nonneurogenic crest-derived cells normally under-
goes melanogenesis, the pigment phenotype observed in
Patch heterozygotes might result cell-autonomously from
a lack of PDGFRa expression in mutant melanocyte precur-
sors (MPs). However, since melanocytes disperse and prolif-
erate in the dermal mesenchyme (Wehrle-Haller and Wes-
ton, 1995), which is known to require PDGFRa activity
(Morrison-Graham et al., 1992; Schatteman et al., 1992),
the Patch mutation might alter the pigment pattern non-
cell-autonomously by adversely affecting the environment
in which melanocytes develop.

Thus, various alternative hypotheses can explain the pig-
ment phenotype in Patch mutants. First, as is the case for
c-kit, PDGFRa might act cell-autonomously to promote MP
survival and development. Second, loss of PDGFRa activity
might indirectly affect the production or localization of SIF
or other growth factors (Murphy et al., 1994) required for
MP migration, proliferation, and/or survival. Alternatively,
the genomic deletion in Patch mentioned above might dis-
rupt adjacent genes, such as c-kit (Nagle et al., 1994; Dut-
tlinger et al., 1995; Bucan et al., 1995), directly or indirectly
causing the pigment phenotype.

In order to distinguish among these possibilities, we used
a variety of techniques to examine melanogenesis in vivo
and in vitro. We show that melanocyte precursors from
Patch homozygotes can survive, express c-kit, and undergo
melanogenesis in a supportive environment in vitro. We
further demonstrate that the initial appearance of melano-
cyte precursors in vivo is hormal, but their ultimate distri-
bution and survival is altered in Ph mutant embryos. These
results are not consistent with the hypothesis that PDGFR«
acts cell-autonomously on crest-derived melanocyte precur-
sors. We also show that expression of SIF mMRNA and protein
by the dermatome is not perturbed in Patch homozygotes.
Finally, we show that c-kit is ectopically expressed in Patch
embryos, which, taken together with our observations on
the pattern of distribution of SIF protein in these embryos,
suggests that melanocyte precursors might compete with
mesenchyme cells that ectopically express c-kit for a lim-
iting amount of ligand. We suggest that such a competition
for SIF might explain the observed Patch pigment pheno-

type.

MATERIALS AND METHODS

Embryos

The Patch mutation has been carried on a C57BI6 inbred back-
ground for many generations. In order to promote fecundity of the
highly inbred strain we backcrossed it once with our C57BI6 line
and subsequently maintained it by brother sister mating. The Patch
mutation within this background does not yield homozygous em-
bryos older than el11.5. In order to obtain Ph/Ph homozygous em-
bryos with a cleft palate phenotype (viable embryos older than
el1.5), we mated F1 animals from a Ph X Balb/C cross (Morrison-
Graham et al., 1992). All embryos used for in situ hybridization
and antibody staining were derived from such matings. E9.5 homo-

Wehrle-Haller, Morrison-Graham, and Weston

zygous Ph embryos were identified by their Kinky neural tube and
occasional blisters in the trunk. Alternatively, a 500-bp band could
be amplified as previously described (Wehrle-Haller and Weston,
1995) by PCR from genomic DNA of wildtype and heterozygous
littermates, but not from homozygous embryos, using a forward
primer ACCTCCTTTCGGACGATGAC from the interkinase do-
main of PDGFRa (bases 2417-2436; Wang et al., 1990, Accession
No. M57683) and a reverse primer from within the flanking intron
ATCACTTCAGAATGGCTCCA (Dr. Peter Lonai; personal com-
munication). A control PCR band, obtained in the same reaction
with primers specific for the Sl gene (forward CCATGGCATTGC-
CGGCTCTC; bases 665-684; and reverse CTGCCCTTGTAA-
GACTTGACTG; complement of bases 757-736; Huang et al.,
1990; Steel et al., 1992), verified the quality of the DNA (Wehrle-
Haller and Weston, 1995). Homozygous embryos identified by PCR
also exhibit kinky neural tube, blisters, and cleft palate when e11.5
orolder. Heterozygous embryos were identified either by their mel-
anocyte phenotype or by PCR analysis of genomic DNA obtained
from a limb bud or tail by digestion in 50 xl of 10 mM Tris, pH 8,
2mM EDTA, 0.2% Triton X-100, 200 mg/ml proteinase K for 3 hr
at 55°C. Samples were boiled for 5 min and 10 pl was amplified
with PCR using primer pairs for the D5MIT135 locus (Research
Genetics). This primer pair maps just outside of the Ph deletion
and produces a 241-bp band from the Ph chromosome which origi-
nated in a C57BI6 background and a 217-bp band from the Balb/C-
derived chromosome (mouse genome database (MGD); Whitehead
Institute/MIT Center for Genome Research (WI/MIT CGR); Die-
trich et al., 1994; Copeland et al., 1993).

Neural Tube Cultures

C57BI6 embryos were used to determine SIF-dependent survival
of c-kit expressing neural crest cells. To determine the number of
c-kit expressing cells in Ph neural tube cultures, we used homozy-
gous Patch and heterozygous or wildtype littermates as controls
from a F1 Ph X Balb/C mating (see above). All Patch crest cell
cultures used to assess the ability to form pigment were derived
from embryos produced by Ph X C57BI6 mating. e9.5 embryos were
dissected and cultured as described (Morrison-Graham and Weston,
1993). Recombinant SIF (obtained from Dr. D. Williams) was added
at 100 ng/ml when indicated. c-kit expressing cells (putative mela-
nocytes) were visualized as follows: Live cells were exposed to
rat monoclonal antibody against mouse c-kit (ACK-2 conditioned
medium; generously supplied by Dr. S. Nishikawa) for 45 min at
37°C, washed, and fixed in 4% paraformaldehyde. After blocking
with 5% goat serum, biotinylated goat anti-rat antibody followed
by avidin—-Texas red was used to detect bound ACK-2 antibody.
Neuronal cells were identified by staining with an anti-Hu mono-
clonal antibody (Marusich and Weston, 1992) as described (Mor-
rison-Graham and Weston, 1993). In order to visualize melanocytes
in culture prior to overt pigmentation, we fixed and stained cultures
with p,L-DOPA (Sigma) as described (Morrison-Graham and Wes-
ton 1993).

RNA Probes and Whole Mount in Situ
Hybridization

Digoxigenin-labeled riboprobes were synthesized according to
standard protocols (Boehringer-Mannheim) from linearized cDNAs
coding for mouse SIF (KL-M1; kindly provided by Dr. John Flanagan,
Boston); mouse c-kit (bp 745-2380; obtained from Dr. Robert J.
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Arceci, Boston), mouse PDGFRa (bp 952-1837; Wang et al., 1990;
obtained from Dr. Dan Bowen-Pope, Seattle) and mouse tyrosinase-
related protein-2 (TRP-2; obtained from Dr. lan Jackson, London,
UK). Whole mount in situ hybridization was performed according
to Conlon and Rossant (1992) with the following minor modifica-
tions: Proteinase K treatment was prolonged for older embryos,
hybridization was performed at 68°C, and some embryos were de-
veloped in the presence of 5% polyvinyl alcohol (low molecular
weight, Aldrich) to enhance color development. Detailed protocols
will be provided upon request. Color photographs were taken on a
Wild stereo microscope, scanned, and converted to grayscale in
Photoshop 3.0 (Adobe). In all cases figures shown were representa-
tive of the typical appearance of at least three embryos per stage,
genotype, and riboprobe.

Antibody Production and Immunostaining

Affinity-purified mouse SIF antiserum was prepared from rabbit
immunized against a fusion protein of SIF with bacterial glutathi-
one S-transferase (GST-SIF). Mouse SIF DNA was PCR amplified
from KL-M1 plasmid (kindly provided by Dr. J. Flanagan; Flanagan
et al., 1991) using primers TATGGATCCAAGGAGATCTGC-
GGG and TATGGATCCTTATGCAACAGGGGGTAACAT. The
obtained fragment was cleaved and inserted at the BamHI site of
pGEX-2T expression vector (Pharmacia). GST-SIF present in inclu-
sion bodies was denatured with 8 M urea and 10 mM DTT, rena-
tured in 50 mM Tris, pH 8, and 0.5 M NaCl, and purified with
glutathione Sepharose 4B (Pharmacia). In order to enhance the spec-
ificity of the GST-SIF antiserum we affinity purified SIF-specific
antibodies with double-tagged recombinant SIF lacking GST se-
guences. Two complementary oligonucleotides (GTCCCGAGC-
AGAAGCTTATCTCC-GAGGAGGACCTCG and GACCGAGG-
TCCTCCTCGGAGATAAGCTTCTGCTCGG) coding for an epi-
tope recognized by the c-myc antibody (9E-10; Evans et al., 1985)
were annealed and cloned into the PpuMI site in KL-M1 (Flanagan
et al., 1991) located in the extracellular domain of SIF (KL-M1/
myc). From KL-M1/myc a PCR fragment was amplified with the
same primers used to construct the GST-SIF fusion protein and
cloned into pTrcHisA (Invitrogen) at the BamHI site, which re-
sulted in the addition of six N-terminal histidines and a linker to
the myc-tagged SIF. His/myc-tagged SIF was affinity purified from
bacterial lysates with Ni?"-agarose (Quiagen) and coupled to Cn-
activated Sepharose 4B (Pharmacia). Anti-SIF-specific antibodies
were affinity purified from GST-SIF antiserum and eluted with 0.1
M glycine, pH 2.5, and immediately neutralized with 1 M Tris,
pH 8.0. Specificity of the affinity-purified antiserum was tested on
Western blots with crude bacterial extracts from induced bacteria
transformed with His/myc-tagged SIF in pTrcHisA.

For whole mount immunostaining, embryos were fixed for 2-5
hr in 4% paraformaldehyde in phosphate-buffered saline (PBS) at
4°C, washed in PBS, and transferred and stored in methanol at
—20°C. Embryos were rehydrated in Tris-buffered saline, 0.1%
Tween 20 (TBST), heat inactivated for 30 min at 70°C, and then
blocked in 10% heat-inactivated normal goat serum (hiNGS) in
TBST, 0.5% Triton X-100 (TBSTT). Embryos were incubated in
1:200 affinity-purified anti-SIF antiserum in 5% hiNGS in TBSTT
at 4°C overnight. Primary antibody was absorbed with embryo ace-
tone powder from el15.5 SI/SI embryos, which lack SIF protein.
Embryos were extensively washed in TBSTT and incubated at 4°C
in affinity-purified goat anti-rabbit alkaline phosphatase (Bio-Rad)
diluted 1:2000 in 5% hiNGS in TBSTT, previously absorbed with
e13.5 mouse acetone powder. After washing in TBSTT embryos
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were equilibrated in 100 mM Tris, pH 9.5, 25 mM MgCl,, 100
mM NacCl, 0.1% Tween 20, 0.5% Triton X-100, and 5% polyvinyl
alcohol. Embryos were stained in the same buffer in the presence
of NBT and BCIP, washed in TBST, dehydrated through methanol,
rehydrated in TBST, and equilibrated in 30% sucrose in PBS or
80% glycerol in PBS. Embryos in sucrose were embedded in Tissue-
Tek OCT (Miles) and cryosectioned at 16 um. In order to enhance
morphological structures, sections were counterstained with 1:200
rabbitanti-laminin serum (Collaborative Research) and 1:200 Texas
red-conjugated goat anti-rabbit antiserum as described (Wehrle-
Haller and Weston, 1995). Color photographs of whole mounts and
sections were taken on a Wild stereo microscope and Zeiss Axi-
oplan, respectively. Photographic transparencies were scanned and
converted to grayscale in Photoshop 3.0 (Adobe). Contrast and
brightness was adjusted to improve presentation of visual appear-
ance of stained tissue. All changes were made identically in wild-
type and mutant material so that no artifactual differences were
introduced.

RESULTS

Cultures of Crest Cells from Ph Homozygotes
Contain c-kit Expressing Cells, Which Undergo
Melanogenesis in the Presence of SIF

The melanogenic subpopulation of neural crest cells
transiently depends on SIF for its survival in vivo and
in vitro (Morrison-Graham and Weston, 1993) and hence
must express functional c-kit. To confirm that c-kit
staining specifically marks melanocytes in vitro, we cor-
related c-kit antibody staining with SIF-dependent sur-
vival in cultures of normal mouse neural crest cells. Cells
that express c-kit are first detected in a subpopulation of
crest-derived cells by Day 2 of culture. Initially, neither
the intensity of the staining nor the number of positive
cells are affected by the addition of SIF. However, the
persistence of c-kit expressing cells depended upon SIF
(Fig. 1). In cultures containing exogenous SIF (100 ng/
ml), the numbers of c-kit-positive cells increased over the
next few days (Days 2-5). By Day 6, both c-kit expression
(ACK-2 staining) and melanin granules could be detected
in melanocytes. In contrast, following the initial appear-
ance of ACK-2-immunoreactive cells at Day 2, the num-
bers of c-kit-positive cells in cultures deprived of SIF (for
example, in the presence of antibody to SIF in the culture
medium) decreased progressively between Days 2 and 5,
and by Day 6, no positive cells were detectable (Fig. 1).
Since no neurogenic (anti-Hu-immunoreactive) neural
crest-derived cell ever expressed c-kit immunoreactivity
(c-kit-IR) (Figs. 2A and 2B), we conclude that the c-kit
expression reliably marks melanocyte precursors in our
cultures and that the loss of c-kit immunoreactive cells
in the absence of SIF represents a loss of melanocyte pre-
cursors (see Morrison-Graham and Weston, 1993; Reid et
al., 1995).

Using c-kit-IR as a marker for melanocytes and their pre-
cursors, we then cultured Ph/Ph neural tubes in the pres-
ence of exogenous SIF and examined them for c-kit expres-
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FIG. 1. The number of c-kit expressing cells decreases in the ab-
sence of SIF in mouse neural crest cultures. The number of ACK-
2-immunoreactive cells (c-kit expressing cells) per neural tube cul-
ture was plotted against the time in culture in the presence of SIF
(100 ng/ml) (squares) and in the absence of SIF (anti-SIF antibody)
(filled circles). The standard deviation is given for Days 1 and 2 (n
= 2); for all other data points the standard error is given (n = 3).
In the presence of SIF at Days 6 and 8 the number of ACK-2-
IR cells exceeded 1000 per culture and has not been determined
accurately.

sion after 4-5 days. Although crest cell outgrowth from
explanted neural tubes of Ph homozygotes was smaller than
outgrowth from neural tubes of wildtype or heterozygous
littermates, c-kit expressing cells were observed in all cul-
tures. (Ph/Ph: 279 + 192; n = 3; +/+ or heterozygotes: 754

Wehrle-Haller, Morrison-Graham, and Weston

+ 204; n = 3). Thus, the Patch mutation does not prevent
expression of c-kit by a subset of crest-derived cells (pre-
sumed melanocyte precursors). To determine if such cells
could undergo melanogenesis, some cultures were left for
a 10-day culture period. Pigmentation in such cultures was
diminished, but not absent. Pigmented cells were observed
in approximately half of the cultures (5/12), suggesting that
PDGFRa is not required for the initial differentiation of
melanocytes.

The Patch Mutation Alters Dispersal of MPs in the
Dermis, but Not Their Initial Migration on the
Lateral Pathway

To follow the initial migration and subsequent dispersal
of MPs in vivo, we used whole mount in situ hybridization
to detect melanocyte-specific mMRNA for TRP-2 (Steel et

al., 1992; Wehrle-Haller and Weston, 1995) in e11.5-e13.5
wildtype, Ph/+, and Ph/Ph embryos. At ell.5, MPs have
already reached lateral positions in the head and anterior
trunk but have just begun to migrate onto the lateral crest
migration pathway in the posterior trunk. In the posterior
trunk, TRP-2 mRNA expressing cells are initially distrib-
uted within the dorsal aspect of the lateral crest migration
pathway extending from the migration staging area (MSA:
Wehrle-Haller and Weston, 1995) to the dorsal aspect of the
dermatome. In contrast to wildtype, MPs of Ph/Ph embryos
did not reach the base of the hind limb bud (Fig. 3A; compare
with Figs. 2A and 2E in Wehrle-Haller et al., 1995). At devel-
opmentally more advanced (more rostral) axial levels, TRP-
2 mRNA-positive cells were clustered in a segmental pat-
tern dorsolaterally in mutant embryos (Fig. 3B, arrow), com-
pared to the more uniform distribution of cells observed in
wildtype embryos (Fig. 3C).

The patterns of MP distribution were qualitatively simi-

FIG. 2.

Melanocyte precursors (c-kit*) and neurogenic cells (Hu™) represent distinct neural crest subpopulations. Neural tube explants

cultured in the presence of SIF (100 ng/ml) were cultured for 8 days and stained with ACK-2 rat monoclonal antibody (A) and with anti-
Hu mouse monoclonal antibody (B) as described under Materials and Methods. (C) Bright-field photo reveals pigmented melanocytes.
Arrows point to the same ACK-2-reactive, Hu-negative, and pigmented melanocyte. Bar, 66 um.
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FIG. 3. Melanocyte phenotype of wildtype and Ph mutant embryos. TRP-2 mRNA in situ hybridization of e11.5 (A-C) and e13.5 (D-1)
+/+ and Ph mutant embryos. (A) Lateral view of hind limb bud and tail of a Ph/Ph embryo. (B) Lateral view of the mid-trunk of a Ph/Ph
embryo. (C) Lateral view of the mid-trunk region of a +/+ embryo. (D, E) Lateral view of the shoulder and ear of +/+ and Ph/+ embryos,
respectively. (F) Magnified view of the ear from a Ph/Ph embryo. (G, H) Hind limb bud and tail region of a +/+ and Ph/+ embryo
respectively. (I) Magnified view of the tail of a Ph/Ph embryo. Arrow points to clusters of MPs in e11.5 Ph/Ph embryos. Note the presence
of only a few MPs in the ear (F) and tail (1) of €13.5 Ph/Ph embryos. In H, two pictures taken at different focal levels of the tail region are
combined into a montage. e, ear; fl, fore limb bud; hl, hind limb bud; t, tail. Each photograph is representative of the reproducible staining
pattern seen in multiple embryos, as follows: A, B,n=3;C,n =6; D, n=3;E,F,n=4;G, n = 3; H, |, n = 4. Bar corresponds to 0.6
mm in A, B, C, F; t0 0.93 mm in D, E; to 1.08 mm in G, H; and to 0.46 mm in I.
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FIG. 4. SIF mRNA expression in Ph/Ph e10.5 embryo. Lateral
view of the trunk of a whole mount in situ hybridization with the
antisense SIF riboprobe. The photograph represents the reproduc-
ible staining pattern seen in three different mutant embryos. fl,
fore limb bud. Bar, 360 um.

lar in €12.5 and e13.5 embryos. Generally, the number of
MPs was reduced in heterozygotes and was almost absent
from homozygotes compared to wildtype (Figs. 3D-3l). In
the trunk of heterozygotes, MPs were present at the shoul-
der, absent in the mid-trunk region, reduced at the base of
the hind limb, and present in the tail (Fig. 3H; compare to
wildtype, Fig. 3G). In Patch homozygotes, a few cells could
be found at shoulder level at e12.5, but were no longer pres-
ent at e13.5. MPs were not detected in the trunk of e12.5
and e13.5 embryos, but remain in small numbers in the ear
(Fig. 3F) and in dorsolateral locations in the tail (Fig. 3I).

SIF mRNA Expression Pattern Is Not Affected in
Ph/Ph Mutant Embryos

Melanocytes start to disappear in Ph embryos when SIF
is known to be required for survival of melanocytes in vivo
(Nishikawa et al., 1991; Wehrle-Haller and Weston, 1995)
and in vitro (Morrison-Graham and Weston, 1993). To deter-
mine whether expression patterns of SIF by somite-derived
mesenchymal cells was affected in mutant embryos, we
used whole mount in situ hybridization to examine the
distribution of SIF mRNA in Ph/Ph embryos. At €10.5,
when SIF mRNA is known to be expressed at sites which
are later populated by melanocytes in wildtypes (Wehrle-
Haller and Weston, 1995), the expression pattern of SIF
MRNA in Ph/Ph was comparable to those of wildtype or
heterozygous littermates (Fig. 4; compare with Figs. 5A and
5B in Wehrle-Haller and Weston, 1995).

SIF Protein, Initially Localized to the Epithelial
Dermatome, Is Subsequently Found at Low Levels
in the Dermal Mesenchyme

In order to test for possible changes in SIF protein distribu-
tion in Patch mutant tissue, we used immunohistochemis-

Wehrle-Haller, Morrison-Graham, and Weston

try to determine SIF protein distribution along the lateral
crest migration pathway of mutant and wildtype embryos.
At e10.5 (35-36 somites), SIF protein pattern in both mu-
tant and wildtype embryos was similar to the localization
of its mMRNA. In the trunk, SIF protein was detected in the
dorsal aspect of the epithelial dermatome (Figs. 5A and 5F).

At ell (39-40 somites), in wildtype and Patch embryos,
SIF protein is expressed in dorsal aspects of the dermatome
at hind limb levels (not shown), whereas at more anterior
axial levels, SIF immunoreactivity (SIF-IR) associated with
the epithelial dermatome decreases as the epithelial derma-
tome transforms into mesenchymal dermis (Figs. 5B and
5G). When these whole mounts were sectioned and SIF-IR
was compared between wildtype and Ph/Ph embryos, weak
SIF-IR was consistently detected in the newly transformed
dermal mesenchyme of wildtype embryos (Figs. 5C and 5E),
whereas under identical staining conditions, SIF-IR could
not be detected in corresponding dermal mesenchyme of
Patch homozygotes (Figs. 5H and 5)).

c-kit mMRNA Expression Is Altered in Ph/Ph and
Ph/+ Embryos Compared to Wildtype

In the course of studying c-Kit expression by MPs in vivo,
we observed altered c-kit mMRNA expression patterns in Ph
mutant embryos. Specifically, at e10.5 in Ph mutant em-
bryos, c-kit mMRNA expression can be detected in MPs in
the head similar to that of wildtype embryos (Steel et al.,
1992; Wehrle-Haller and Weston, 1995). However, in mu-
tant embryos, c-kit mMRNA expression was strongly en-
hanced in the dorsal aspect of the spinal cord compared to
wildtype embryos (Figs. 6A and 6B). Likewise, mesenchy-
mal c-kit expression in the first and second branchial arches
(not shown), the lateral mesenchyme, and the limb buds
was dramatically enhanced in Ph mutant embryos (compare
Fig. 6A with 6B). In addition, in mutant embryos c-kit
MRNA was expressed ectopically in the newly transformed
dermis at mid-trunk levels (arrow in Fig. 6B) and the limb
bud apical ectodermal ridge (AER) (Fig. 6B). Interestingly,
the ectopic c-kit expression pattern in Patch mutant em-
bryos was similar to the expression pattern of PDGFR«
mRNA in wildtype embryos (Fig. 6C).

By el1.5, the c-kit mMRNA staining initially detected in
wildtype mesenchyme had disappeared, whereas it was still
strongly expressed in Ph mutant embryos, especially within
the developing ear pinna, the limb buds, and the lateral and
dermal mesenchyme. The enhanced expression of c-kit in
the neural tube as well as ectopic expression in the AER
seen at €10.5 was still evident in ell.5 mutant embryos
(Fig. 6D).

In e12.5 and e13.5 Ph mutant embryos, in contrast to
wildtype, ectopic mesenchymal c-Kkit expression persisted
in the ear pinna, the limb buds, the dermal mesenchyme,
and the neural tube (Fig. 7). These results suggest that em-
bryos carrying the Ph mutation express c-kit mRNA not
only in MPs but also ectopically in tissues adjacent to the
lateral neural crest migration pathway.
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FIG. 5. SIF protein distribution in €10.5 and ell wildtype and Ph/Ph mutant embryos. Lateral view of €10.5 +/+ (A) and Ph/Ph (F)
embryos processed for whole mount immunohistochemistry with anti-SIF antiserum. Lateral view at the fore limb level of el1 +/+ (B)
and Ph/Ph (G) embryos processed for anti-SIF antiserum whole mount immunohistochemistry. Control embryos treated with secondary
antibodies, but not anti-SIF antiserum, were unstained (not shown). Cross section of whole mount immunostained ell embryos. 16-um
cryostat sections of +/+ (C) and Ph/Ph (H). Boxed areas in C and H are magnified in D,E and 1,J respectively. Boxed areas D, | correspond
to the epithelial dorsal aspect of the dermatome. Boxed areas E, J correspond to the mesenchymal mediolateral aspect of the dermis.
Approximate plane of sections shown in C and H are indicated in B and G, respectively. Each photograph is representative of the
reproducible staining pattern seen in three different embryos. Bar corresponds to 0.8 mm in A, F; to 0.69 mm in B, C; to 0.16 mm in C,

H; and to 0.06 mm in D, E, I, J.

DISCUSSION

We and others have shown that MPs transiently require
SIF signaling via c-kit for survival in vivo and in vitro
(Nishikawaetal., 1991; Steel et al., 1992; Morrison-Graham
and Weston, 1993; Lahav et al., 1994; Reid et al., 1995).
Although Patch homozygotes do not survive long enough
to observe pigmentation, a function for PDGFRa in MP
development has been suggested since altered pigment pat-
terns are observed in Patch heterozygotes. As discussed be-
low, we have now elucidated how the PDGFRa deletion in
Patch mutants might affect pigment pattern in the trunk.

The Patch Mutation Acts Non-Cell-Autonomously
with Respect to Melanogenesis

In order to understand whether the PDGFR« signal-trans-
duction mechanism acts cell-autonomously in MPs, we de-

termined the melanogenic ability of neural crest popula-
tions from mouse embryos homozygous for the Ph muta-
tion. We have shown that c-kit-positive MPs disappear
within 3 days when normal neural crest cells are cultured
in the absence of the c-kit ligand SIF. In cultures of both Ph/
Ph and wildtype neural crest cells, however, melanocytes
survive in the presence of SIF well beyond this critical pe-
riod and terminally differentiate. This suggests that
PDGFRa, which is absent in Ph homozygotes, is not re-
quired for the initial expression and maintenance of c-kit
in MPs, nor is it absolutely required for terminal differentia-
tion. It is possible that PDGFRa activity is required for
some aspect of early neural tube development or later in
melanocyte differentiation or survival. However, since pig-
ment cells do differentiate in cultures of Ph/Ph neural crest
cells, it seems likely that the Ph pigment pattern results
from an initially non-cell-autonomous defect. This conclu-
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FIG. 6. c-kit mRNA expression pattern is altered in Ph mutant embryos. Lateral views of whole mount in situ hybridizations with
c-kit and PDGFRa antisense riboprobe. Trunk of e10.5 embryos of +/+ (A) and Ph/+ (B) genotypes stained with c-kit riboprobe. Trunk
of an €10.5 wildtype embryo stained with PDGFRa riboprobe (C). (D) c-kit mMRNA localization in embryos of an e11.5 Ph litter, showing
+/+ (left), Ph/+ (middle), and Ph/Ph (right). Arrows in B and C point to the newly transformed mesenchymal dermis expressing ectopic
c-kit in Ph mutant and PDGFRea in wildtype embryos. All embryos stained for c-kit mMRNA were treated identically to reveal differences
in the staining pattern and intensities. Each photograph is representative of the reproducible staining pattern seen in multiple embryos,
as follows: A,n=5;B,n=7;C,n=4; D, (+/4) n =4, (Ph/+)n = 7, (Ph/Ph) n = 7. Bar corresponds to 0.75 mm in A, B; t0 0.8 mm in

C;and to 2.2 mm in D.

sion is consistent with our inability to detect PDGFRa tran-
scripts in migrating melanocytes in vivo and in vitro and
the lack of PDGFRa expression by various melanoma cell
lines (Halaban, 1994).

Since PDGFRa function is thought to be required in glial
cells of the central and peripheral nervous systems (Barres

et al., 1992; Morrison-Graham et al., 1992), it is interesting
to note that PDGFRa appears to be absent in one of the
lineages believed to segregate from a crest-derived glial/mel-
anocyte precursor (Weston, 1991; Stocker et al., 1991). This
would suggest that the putative glial/melanocyte precursor
lacks functional PDGFR«, but that this receptor and the
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requirement for its ligand arises later in the glial cell lin-
eage, but not in the melanocyte. This notion remains to be
tested using appropriate markers for the crest-derived glial
lineage in older embryos.

SIF Localization, but Not Production, Is Altered in
Patch Mutant Mice

Initial dispersal of MPs onto the lateral migration path-
way and subsequent survival of melanocytes in the der-
mis both depend on SIF activity (Steel et al.,, 1992;
Wehrle-Haller and Weston, 1995). In the Ph mutant em-
bryos, the initial SIF-dependent melanocyte precursor
migration appears to be the same as that in wildtype em-
bryos (see Wehrle-Haller and Weston, 1995). This sup-
ports our conclusion (above) that c-kit expression in mel-
anocytes and SIF expression by target tissues are initially
not affected in embryos homozygous for the Ph mutation.
However, by el11.5, subsequent dispersal of MPs within
the newly formed mesenchymal dermis of Ph embryos
is dramatically different from that in wildtype embryos.
This corresponds to a time when SIF is still required by
migrating MPs (Nishikawa et al., 1991; Morrison-Gra-
ham and Weston, 1993), but before SIF is expressed by
the overlying epidermis, which is reported to occur at
el2.5-el13.5(Motro etal., 1991; Bedell etal., 1995). Inter-
estingly, beginning at €10.5, wildtype embryos begin to
express PDGFRa in the lateral dermatome as it starts
to transform into dermal mesenchyme (Fig. 6C). In the
absence of PDGFRa the newly transformed dermal fi-
broblasts fail to thrive (Morrison-Graham et al., 1992;
Schatteman et al., 1992), which could possibly affect lo-
calization of SIF or other growth factors required for mel-
anocyte development. It should be emphasized, however,
that possible changes in the structure of the dermis are
not sufficient to explain changes in pigment pattern since
melanocytes are absent in the mid-trunk level of Patch
heterozygotes where dermal mesenchyme appears to be
normal.

Whether the absence of PDGFRa activity has an effect
on the localization or presentation of SIF by the dermal
mesenchyme can best be tested by immunohistochemi-
cal detection of SIF protein. In wildtype embryos, SIF-IR
is detected in the dorsal aspect of the dermatome and
ventrolaterally in the newly formed mesenchymal der-
mis. In contrast, SIF-IR in Ph/Ph embryos can be detected
in the dorsal epithelial dermatome, but is absent from
the newly formed ventrolateral mesenchymal dermis.

The loss of SIF-IR in the ventrolateral mesenchymal
dermis might be related to our observation that c-Kit is
ectopically expressed by these cells in embryos carrying
the Patch deletion. Thus, based on the appearance of the
SIF-immunostained epithelial dermatome and the ven-
trolateral mesenchymal dermis (see Fig. 5), we suggest
that some cell-bound SIF is retained by the dermatome
and some is normally released by the epithelial derma-
tome and diffuses ventrolaterally. We further suggest

Wehrle-Haller, Morrison-Graham, and Weston

that c-kit, which is ectopical ly expressed by dermal mes-
enchyme in Patch embryos, mediates internalization and
degradation of the diffusible SIF initially expressed and
released by the dermatome as it transforms into mesen-
chyme. As a consequence of ectopic c-kit expression,
therefore, the limiting amounts of SIF activity provided
by diffusible SIF protein normally present in the dermal
mesenchyme would be reduced in the mutant tissue. The
fate of MPs in mutant embryos is consistent with this
interpretation, since they are seen to cluster (Fig. 3B) in
the area of the dorsal epithelial dermatome, where SIF
remains (see Fig. 5l), but do not disperse as in wildtype
embryos (Fig. 3C) in ventrolateral mesenchyme, which
lacks the SIF-IR that is present in wildtype embryos
(compare Figs. 5E and 5J). It is presently not clear why
the MPs also eventually disappear from these dorsal loca-
tions. We postulate, however, that after complete trans-
formation of the epithelial dermatome into mesen-
chyme, the levels of SIF activity also decline in dorsal
locations because of ectopic c-kit expression in mesen-
chymal cells (Fig. 7).

The Ph Deletion Might Interfere with Regulatory
Elements of the c-kit Gene

Recently, two dominant pigmentation mutations, map-
ping to the Patch locus have been molecularly character-
ized. Rump-white, (Rw) and W**", characterized by a white
sash/belt at mid-trunk level, have been shown to be large
chromosomal inversions (Nagle et al., 1994; Stephenson et
al., 1994; Bucan et al., 1995; Duttlinger et al., 1995). In
both of these inversions, one of the breakpoints is located
between the PDGFRa and the c-kit gene, apparently in the
same genomic region that contains one end of the deletion
in Patch. An analysis of the c-Kit expression pattern has not
been performed in the Rw embryo. However, in W
c-kit mRNA and protein are ectopically expressed in somi-
tic mesenchymal derivatives in a pattern that resembles
that of Patch (Duttlinger et al., 1993, 1995; Besmer et al.,
1993). In W= where the heterozygous adult pigment pat-
tern is similar to that of Patch heterozygotes, the phenotype
might also be caused by a disruption of MP migration onto
the lateral pathway as observed in Patch. Interestingly, in
Patch as well as in W*", c-kit is ectopically expressed in
locations that normally express PDGFRa (Duttlinger et al.,
1993, 1995; Besmer et al., 1993).

Since Ph and W**" pigment pattern phenotypes are almost
identical in vivo, the behavior of MPs might also be similar
in vitro. Indeed, it has been shown that neural crest explants
from W homozygous embryos can undergo pigmentation
in vitro similar to that of Ph-derived neural crest cells
(Huszar et al., 1991). However, a possible non-cell-autono-
mous defect in W" is apparently not supported by a mosaic
analysis of melanocyte development (Huszar et al., 1991).

Taken together, these results suggest that the pigment
defect in Patch mutants is likely to be caused by a competi-
tion for limited amounts of SIF on the lateral crest migration

Copyright © 1996 by Academic Press, Inc. All rights of reproduction in any form reserved.
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pathway. This competition results from ectopic expression
of c-kit by dermal mesenchyme, possibly caused by the re-
moval of c-kit regulatory elements by the Patch genomic
deletion. This inference is supported by the phenotype of
mice carrying a targeted mutation in the PDGFRa gene,
which, unlike the Patch deletion, do not exhibit a pigmenta-
tion phenotype as heterozygotes (P. Soriano, personal com-
munication). This result suggests that the Patch mutation
acts non-cell-autonomously to affect the development of
MPs and further emphasizes the importance of characteriz-
ing the role of c-kit regulatory elements for c-kit expression
in vivo.
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Problems and paradigms

Summary

How different neural crest derivatives differentiate in distinct embryonic locations in
the vertebrate embryo is an intriguing issue. Many attempts have been made to
understand the underlying mechanism of specific pathway choices made by
migrating neural crest cells. In this speculative review we suggest a new mechanism
for the regulation of neural crest cell migration patterns in avian and mammalian
embryos, based on recent progress in understanding the expression and activity of
receptor tyrosine kinases during embryogenesis. Distinct subpopulations of crest-
derived cells express specific receptor tyrosine kinases while residing in a migration
staging area. We postulate that the differential expression of receptor tyrosine
kinases by specific subpopulations of neural crest cells allows them to respond to
localized growth factor ligand activity in the embryo. Thus, the migration pathway

taken by neural crest subpopulations is determined by their receptor tyrosine kinase Acoepied

response to the differential localization of their cognate ligand.

Introduction

The neural crest is a transient embryonic structure which is
formed by the epithelial to mesenchymal transformation of
cells derived from the dorsal neural tube(". In the avian and
mammalian embryonic trunk, after crest cells separate from
the neural epithelium, they transiently reside in an extracellu-
lar matrix-rich space, the migration staging area (MSA?), bor-
dered by the neural tube, somites and ectoderm(@3). In the
cranial region, after separation from the neural tube and initial
migration, crest cells reside transiently in a space underlying
the ectoderm and extending laterally towards the level of the
pharynx, an area functionally equivalent to the MSA in the
trunk6). Neural crest cells disperse from the MSA along
temporally and spatially distinct pathways and ultimately give
rise to a variety of derivatives in specific embryonic locations,
including neurons and glia of the peripheral nervous system,
gland cells, connective tissue in branchial arch-derived cran-
iofacial structures, and melanocytes (Fig. 1).

In the trunk, neural crest cells begin to migrate ventrally on
an intersomitic and a medial pathway through the rostral part
of the sclerotome(?), giving rise to both neuronal and nonneu-
ronal derivatives. About a day later, a second wave of crest

TAbbreviations: MSA, migration staging area; RTK, receptor tyrosine kinase;
NGF, nerve growth factor; SCF, stem cell or Steel factor; GDNF, glial cell line-
derived neurotrophic factor; PDGF, platelet-derived growth factor.
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cells migrates on the lateral pathway, between the dermatome
and the overlying epidermis®, primarily giving rise to
melanocytes. In the head, the MSA extends more laterally
compared to the trunk® (Fig. 1A). From the MSA, an E/C8
immunoreactive cell population migrates on a dorsolateral
pathway underlying the epidermis, ultimately forming the
ectomesenchyme of the branchial arches and associating with
the heart outflow tract. A medial population, immunoreactive to
the HNK monoclonal antibody, migrates medioventrally to
form the sympathetic ganglionic complex, and associates with
pharynx and gut® (Fig. 1B). Significantly, as in the trunk, a
small population of neural crest cells undergoes a delayed
migration laterally underneath the epidermis; these cells will
give rise to melanocytes in the skin and inner ear®. Various
reviews further discuss the unique migration, proliferation and
differentiation events of developing neural crest cells(3:4:10-15),

Different mechanisms might control the migration of
neural crest cells along their specific pathways. For example,
it has been suggested that extracellular matrix molecules
favorable for adhesion and migration form a pathway for
neural crest cell migration(1216.17) Recently, several mem-
bers of the semaphorin family of inhibitory guidance proteins
have been identified bordering the neural crest migration and
peripheral nerve pathways(18.19), suggesting that neural
crest cell guidance is regulated by restricting the random

BioEssays Vol. 19 no. 4
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. Problems and paradigms

Fig. 1. Schematic representation of the neural crest
‘migration staging area' and neural crest migration A
routes. (A) Suggested location for the cranial and
trunk neural crest ‘migration staging area’ (MSA) (red
area) in an approximately 2-day-old avian embryo.
Neural crest cells have segregated from the neural
epithelium and occupy a cell-free space lateral to the

neural tube. In order to visualize the MSA at all axial _ neural tube
levels in one drawing, the mesencephalic crest is somite

shown at an earlier stage of its migration, compared (paraxial

to postotic neural crest. From the MSA, neural crest mesoderm)

cells begin to migrate in directions indicated by the
arrows. Mesencephalic crest cells migrate anteriorly
over the eyes towards the nose and laterally to form
the mandibular and maxillary arches. Preotic neural
crest cells segregate from rhombomere 4 and
migrate laterally into the hyoid arch, whereas postotic
crest cells migrate both laterally and medioventrally.
(B) Graphic representation of the MSA and
subsequent migration pathways of the postotic
(vagal) neural crest cells. On the left side, the
approximate location of the MSA is indicated (red
area). The right side shows the spatially and B
temporally distinct migration pathways of vagal neural
crest cells leaving the MSA. Blue, lateral migration
into branchial arches 3-6 (craniofacial
ectomesenchymal precursor); purple, lateral pathway
along aortic arches towards the heart outflow tract
(smooth muscle and mesenchymal precursor); green,
ventro-medial migration into the pharynx and gut
(enteric ganglion precursors); pink, ventro-medial
pathway towards dorsal aorta (sympathetic
precursor); orange, dorso-medial pathway (neuronal
and glial precursor of cranial ganglia); yellow,
dorsolateral pathway (melanocyte precursors). For
migration pathways in the trunk, refer to refs 3 and 7).

migration of neural crest cells onto specific pathways.
Although these are probably important general mechanisms
that influence neural crest cell migration, they do not provide
sufficient specificity to account for the observed spatial and
temporal complexity of neural crest migration, nor do they
account for the stereotyped differentiation of specific neural
crest derivatives in precise embryonic locations.

Advances in our understanding of receptor tyrosine
kinase (RTK) expression and the activities of specifically
localized growth factors such as sevenless and boss,
respectively29), however, suggest a new cellular mecha-
nism to explain stereotyped patterns of neural crest migra-
tion and differentiation. The aims of this review are therefore
firstly, to discuss recent data on the expression and activity
of RTKs in neural crest subpopulations and secondly, to
suggest a general mechanism for the patterning of neural
crest migration, based on differential RTK expression by
neural crest cells and the requirement for localized, path-
way-specific activity of cognate ligands.

Neural crest-derived subpopulations express different
receptor tyrosine kinases

Since the discovery of nerve growth factor (NGF)@1), it has
been known that some neural crest derivatives require

338 Vol. 19 no. 4 BioEssays
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growth factor activity for survival@). RTKs have been identi-
fied in embryonic and adult neural crest derivatives. These
include the neurotrophin (NGF, BDNF, NT-3, NT-4 and 5)
receptors trkA, B and C(@2), the neuregulin (glial growth fac-
tor, heregulin, ARIA) receptors erbB2, erbB3 and erbB4(23),
the receptors for PDGF, PDGFR (o and B)24), the receptor
for Stem cell factor (SCF; also known as Steel factor, mast
cell growth factor and kit-ligand)5) and c-ret, which
responds to GDNF(8) in the presence of GDNFRo(27:28),

Several mutations and gene knockouts in the mouse have
demonstrated that RTK function is required for survival of
subsets of neural crest derivatives, since the lack of growth
factor activity or absence of growth factor receptors results
in the failure of specific derivatives to persist(25:29-36), This
suggests that different neural crest-derived subpopulations
develop distinct dependencies on growth factors. The pres-
ence of such distinct factor-dependent subpopulations
suggests that acquiring RTK dependency is a critical step in
the differentiation of multipotent neural crest precursor cells
into specific neural crest derivatives.

Since the roles of RTK expression and activity in neural
crest cells are largely unknown, the spatio-temporal identifi-
cation of RTK activity may provide insights into the mecha-
nism involved in early neural crest migration and segrega-
tion into various derivatives along their pathways of
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migration. Accordingly, we will discuss recent discoveries
concerning the role of RTK function and ligand localization
in the morphogenetic behavior of several neural crest sub-
populations.

Problems and paradigms .

depend on SCF for migration and survival on the lateral
pathway almost as soon as they start to express this RTK
and other melanocyte-specific markers (e.g. tyrosinase
related protein-2)(9.39:40) (summarized in Fig. 2).

SCF is transiently produced by the epithelial dermatome
and localized on the lateral migration pathway in the trunk of
the mouse(40-42) prior to the onset of melanocyte precursor
dispersal. Subsequent expression of SCF in the overlying
epidermis precedes the invasion of c-kit-expressing
melanocyte precursors into the skin. Analysis of Stee/ muta-
tions has shown that in the absence of SCF, melanocyte
precursor cells appear in the MSA but fail to migrate. Mutant
analysis has further revealed that a secreted form of SCF is

Melanocyte precursors express c-kit, which is

required for their initial dispersal on the lateral
pathway and subsequent survival

Melanocyte precursors transiently depend on Steel factor
(SCF), the kit-ligand, for survival of melanocytes in
vitrol®7:38). In vivo, neural crest-derived melanocyte precur-
sors express the RTK, c-kit, in the MSA, and appear to

ube

neural crest cell

c-kit expressing neural crest cell
SCF protein

dermal fibroblast

myoblast
ectopic c-kit expressing
dermal fibroblast

SYSI (null)

Sdickie /S [dickie Ph/Ph; /sash/\\fsash

Fig. 2. Graphic representation of the stages of trunk melanocyte precursor migration on the lateral crest migration pathway and perturbations in mutant
environments in the mouse. (A) Premigratory crest cells (open circles) accumulate in the MSA lateral to the dorsal neural tube. Neural crest cells begin to
disperse on the medial pathway by e10.5, as soon as the epithelial somite transforms into the medial scierotome. (B) At that time, crest cells have not begun to
disperse on the lateral pathway, but the dorsal aspect of the dermatome begins to express SCF (small open circles). (C) Dermal mesenchyme forms by epithelial
to mesenchymal transformation of the lateral aspects of the dermatome. SCF protein is secreted dorsally and ventrally, while a subpopulation of neural crest cells
located in the MSA starts to express the receptor tyrosine kinase c-kit at e11 (filled circles). (D) As soon as c-kit is expressed in melanocyte precursors, these
cells start to migrate on the lateral pathway, which has completely transformed into mesenchymal dermis, and no longer expresses SCF mRNA (e11.5). Note,
however, that membrane bound SCF protein (small open circles) may still be attached to mesenchyme cell surfaces. (E) By e12.5, SCF is expressed in the
overlying epidermis. Melanocyte precursors begin to enter the epidermis by e13.5. (F) In the absence of SCF, in Steel (S)) mutant embryos, melanocyte
precursors initially differentiate (filled circles) but fail to migrate and ultimately disappear(9). (G) In the presence of secreted SCF only, as in SKickie mutant
embryos, melanocyte precursors begin to migrate on the lateral pathway but disappear subsequently(0). (H) As a consequence of ectopic c-kit expression in
dermal fibroblasts (but not dermatome), in Patch (Ph) and Wsash mutant embryos(40-42), SCF distribution and melanocyte precursor localization is altered2:43).
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Table I. Growth factor ligands discussed in the text, and their receptor tyrosine kinases expressed in crest-derived

subpopulations

Growth factor ligand Ligand source/location Receptor Migrating neural crest subpopulation

SCF (Steel factor) Dermatome, epidermis/lateral pathway c-kit Melanocyte precursor

NT-3 (neurotrophin-3)* Neural tube/medial pathway trk C Subset of medial migrating trunk neurogenic crest cells
GDNF Gut mesenchyme GDNFRo/c-ret Subpopulation of cranial crest cells (enteric precursor)
Neuregulin Motorneurons/ventral roots; rhombomeres 2,  erbB2/erbB3 Schwann cell precursor; subpopulation of cranial and trunk

4 and 6; migrating cranial crest and
distinct branchial arch cells

PDGF (AA, AB, BB) Epidermis

erbB2/erbB4t

PDGFRa

neural crest cells

Subpopulation of cranial neural crest cells (ectomesenchymal)

*Other neurotrophins and their receptors are expressed later in neural crest derivatives(@2. 29),

ferbB4 is not expressed in migrating neural crest cells(®2).

sufficient to direct initial melanocyte precursor migration
onto the lateral pathway, whereas a membrane-bound form
of SCF is required for the survival of melanocyte precursors
on that pathway“0 (Fig. 2A-E).

Essentially then, the localization of SCF on the lateral
pathway forms a prepattern, which is reflected by the sub-
sequent distribution of c-kit-expressing melanocyte pre-
cursors on that pathway. When the distribution of SCF
activity (SCF protein) on the lateral pathway is perturbed
either by ectopic expression of c-kit in dermal mes-
enchyme, as in the Wsash(43) and Patch mutations(42:44), or
by altering SCF production, as in different Steel alleles,
melanocyte migration pattern is changed and subsequent
survival is affected(“2-44) (Fig. 2F-H). This demonstrates
that c-kit-expressing melanocyte precursors not only
require SCF activity for survival, but also change their
migration pattern in response to altered SCF availability in
the tissue. This suggests that SCF exerts a chemotactic
signal toward c-kit-expressing melanocyte precursors.
This model is further supported by studies demonstrating
that SCF can elicit chemotactic responses by c-kit
expressing cells in vitrol45:46),

Thus, the control of pathway selection, migration and sur-
vival of melanocyte precursors by c-kit/SCF signaling, rep-
resents a clear example of RTK control of neural crest cell
behavior. We suggest that the control of differential
expression of RTKs in neural crest cells, combined with
localized growth factor activity, may also provide the neces-
sary specificity for the specific migration of other neural
crest-derived subpopulations.

As implied above, differential expression of RTKs accom-
panies initial differentiation of specified cells, inducing par-
tially restricted subpopulations. As these subpopulations
arise, the ligands for their differentially expressed RTKs
often appear concurrently in the embryonic environment.
Several mechanisms may regulate ligand availability, includ-
ing localized synthesis of ligand, dominant negative
expression of receptors, differential expression of splice
variants and presentation or sequestration by extracellular
matrix. Below, we will suggest examples of such mecha-
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nisms as they affect development of other neural crest deriv-
atives (Table 1).

trkC function is required for proliferation, migration
and survival of some crest-derived neurogenic
precursors

As early as e10.5 (embryonic day 10.5) of mouse develop-
ment, embryos lacking NT-3, the ligand for trkC, exhibit an
increase in cell death in the nascent sensory ganglia com-
pared to wild type(#?). Consistent with this result, the appli-
cation of neutralizing antibodies to NT-3 in avian embryos
induces the loss of a subpopulation of neural crest cells in
developing sensory ganglia as early as e3(8). These results
suggest that a subpopulation of neural crest-derived cells
has acquired dependence on trkC function at the earliest
stages of gangliogenesis and possibly even prior to ganglio-
genesis, while the crest-derived precursors are still dispers-
ing on the medioventral pathway.

Consistent with that notion, trkC is expressed by subsets
of premigratory and migratory neural crest cells(4950). Inter-
estingly NT-3 has several different effects on neural crest
cells including proliferation, survival and differen-
tiation(60.51). These pleiotropic effects might be explained by
differential expression of trkC isoforms@9) with respect to
developmental stages of the embryo and developmental
state of neural crest derivatives. For example, different iso-
forms of trkC expressed in cultured neurons appear to medi-
ate different responses to NT-3(52),

Alternatively, pleiotropic effects of NT-3 in trkC-dependent
neural crest cells could also be mediated by different concen-
trations of NT-3. Consistent with this notion, application of
pharmacological concentrations of NT-3 to e3 chick embryos
during the formation of sensory and nodose ganglia, results
in a severe reduction of ganglia size®3. This might be
explained by a premature differentiation of trkC-dependent
neuronal precursors(®3. These results suggest that regula-
tion of the levels of growth factor activity available to crest
cells in precise embryonic locations is important for their nor-
mal behavior. That growth factor dosages influence cell
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behavior in RTK-expressing cells has also been demon-
strated in c-kit-expressing mast cells. Thus, low concentra-
tions of SCF are sufficient for survival and induce spreading
on extracellular matrix, whereas a 100-fold higher concentra-
tion of SCF is required for mast cell proliferation(54.55). We
suggest that low concentrations of NT-3 and other growth
factors are sufficient to ensure initial dispersal and survival of
neurogenic precursors, whereas higher local concentrations
lead to overt neuronal differentiation and subsequent depen-
dence on target-derived growth factor signaling. Elevated
levels of NT-3 may therefore affect the normal differentiation
program of neurogenic precursors(3). It will be interesting to
learn whether NT-3 application or overexpression before the
start of neural crest cell migration influences the location and
behavior of trkC-expressing neural crest cells in vivo.
Neurogenic neural crest-derived cells disperse primarily
on the medial pathway. If neurotrophin activity plays a role
in directing the choice of pathway by these cells, such
activity would need to be localized to the medial and absent
from the lateral pathway. It is not immediately clear, how-
ever, how local differences in NT-3 activity can be estab-
lished and maintained when NT-3 appears to be diffusible
and uniformly released from the neural tube?). Two possi-
ble mechanism are plausible. First, differential distribution
of NT-3 binding extracellular matrix components(12) may
create local differences in concentration and availability of
NT-3. Second, it has recently been shown that besides a
subpopulation of medial-migrating neural crest cells, trkC is
also expressed in the dermatome, which borders the lateral
crest migration pathway. At this time trkC-positive neural
crest cells migrate solely on the medial pathway(49.56),
Based on our observation that ectopic c-kit expression
reduces the levels of SCF-immunoreactivity and activity(42),
we suggest that the expression of the trkC receptor on the
lateral pathway reduces NT-3 availability to neural crest
cells in that location, and thereby limits the location where
NT-3-dependent (trkC-expressing) neural crest cells can
migrate, survive and proliferate in response to NT-3.

c-ret function is required for colonization of the gut by
crest-derived enteric ganglion precursors
Subpopulations of cranial neural crest cells begin to express
c-ret between €9 and e10 of mouse development. Some of
these cells make contributions to the enteric ganglia in the
gut and ganglia in the head(®7:58). In the absence of a func-
tional c-ret gene, the superior cervical ganglia is absent, and
the enteric ganglia and myenteric plexus lack both neuronal
and glial contributions at mid and hindgut levels(34.58), Thus,
although c-ret is expressed very early in different subsets of
migrating neural crest cells, its activity appears to be
required only by cells in the superior cervical ganglia, and by
crest-derived cells that enter the gut and eventually give rise
to neuronal and glial cells of enteric ganglia(58).

Disruption of GDNF expression yields the same develop-
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mental defects as seen in c-ret-deficient mice(33:35.36) sug-
gesting that secreted GDNF could be a ligand of c-ret. It
has recently been shown, however, that the functional lig-
and for c-ret is probably a complex of GDNF with a GPI-
anchored receptor, GDNFRo.(27:28), This GDNF/GDNFRa.
complex can remain bound to the cell surface or be
released@”). In principle, therefore, the complex can acti-
vate c-ret expressed at the surface of the same cell or on
adjacent cells(27:28), Thus, neural crest cells that express c-
ret will respond to GDNF only if GDNFRa is co-expressed
in the same cell, or produced by other cells in the vicinity,
which in the case of neural crest cells, is not yet known.

GDNF is normally expressed in the gut mesenchyme at
high levels in close proximity to the enteric ganglia(@8.36)_ |t
has been reported that GDNFRo. is expressed in the smooth
and striated muscles, surrounding the enteric ganglia at
e15.5 of mouse development(28); however, the expression
pattern of GDNFRa in enteric precursors themselves has
not yet been clearly established. Thus, it is not known
whether GDNFRu. is co-expressed with c-ret in neural crest-
derived cells or in surrounding tissue prior to the depen-
dence of crest-derived cells on c-ret/GDNF signaling. Like-
wise, it is not known whether GDNF-dependence is
acquired when GDNFRo. is expressed in enteric precursors.

Based on our model that specific crest-derived subpopula-
tions respond to differentially localized growth factor, we
speculate that tissue expressing GDNFRa. influences the
local level of GDNF activity and thereby locally affects behav-
ior of cells that depend on c-ret signaling. Thus, the fate of c-
ret-expressing neural crest cells that do not coexpress
GDNFRo. may be influenced by released and membrane
anchored GDNF/GDNFRo, reminiscent of c-kit-expressing
melanocyte precursors, which normally encounter both
secreted and membrane-bound SCF on the lateral pathway.
Specifically, the migration and proliferation of c-ret express-
ing enteric precursors, which are known to depend on local-
ized GDNF expression by the gut mesenchyme(33:35.36) may
be influenced by GDNFRo. expressing cells in the gut. Exper-
imental manipulation of the localization of GDNF activity in
the gut, either by changing GDNF levels or by ectopic
expression of GDNFRo, has not yet been attempted. Never-
theless, GDNF expression in the target tissue of c-ret-
expressing neural crest cells strongly suggests that both
tropic and trophic roles of c-ret-mediated GDNF signaling
might be regulated by localized GDNFRa expression during
enteric ganglion precursor migration into the gut.

Subpopulations of cranial and trunk neural crest cells
express erbB2/erbB3 and require localized neuregulin
signaling for migration and survival

Neural crest-derived Schwann cell precursors respond to
neuregulin signaling on ventral root nerve fibers
Neuregulin, also known as glial growth factor(?), is the lig-
and which activates the erbB family of receptor tyrosine
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kinases(22). ErbB4 binds neuregulin and induces tyrosine
phosphorylation(?2), ErbB2 is necessary for tyrosine phos-
phorylation, but not sufficient for signal transduction(@?). It
does not bind neuregulin; conversely, erbB3 binds neu-
regulin, but lacks a functional tyrosine kinase domain. Thus,
a heterodimeric complex of erbB2/B3 or erbB2/B4, or a
homodimeric complex of erbB4, is necessary for signal
transduction of the cognate ligand neuregulin.

In the trunk, many neural crest cells migrating on the
medial pathway express erbB3(32). Subsequently, some of
these cells are found in the sensory ganglia, and others
associate as Schwann cell precursors with the ventral
nerve root and the growing peripheral nerve. Mice carrying
a deletion in the neuregulin®? or the erbB2 gene(®! lack
erbB3-expressing Schwann cell precursors associated
with the ventral root and peripheral nerves in e10.5
motornerves(®1:32), put still express erbB3 in the sensory
ganglia. This suggests that the regulatory system involving
erbB2/B3 is necessary to attract Schwann cell precursors
to the peripheral nerves. At e10.5, erbB3-expressing cells
in the sensory ganglia are not affected in embryos lacking
erbB2 and neuregulin(®1.32). Therefore, these cells must
either lack neuregulin signal transduction machinery
(erbB2) or neuregulin dependence. Conversely, this result
suggests that only the Schwann cell precursors coexpress
erbB2 and erbB3 and are dependent on neuregulin signal-
ing. We suggest, therefore, that localized neuregulin
activity may be required for the initial association, prolifera-
tion and migration of neural crest cells along peripheral
nerves.

Neuregulin is expressed in various differentially spliced
forms, and is expressed both as a secreted and a mem-
brane-bound growth factor(39:60), In the trunk, migrating
neural crest cells do not express neuregulin, nor is it
expressed by tissues bordering their migration pathways(32),
In contrast, spinal motor neurons located in the ventral horn
and forming axonal projections express neuregulin begin-
ning at €10.5(9). Later in development, neuregulin is also
expressed in neurons of the sensory ganglia®®9, where it
might be involved in glial/neuron specification, as suggested
by in vitro experiments(®1). It is likely, therefore, that neu-
regulin protein is localized to or secreted from the surfaces
of growing motor and sensory nerves, where it regulates
migration, survival and proliferation of a neural crest
derived-subpopulation of neuregulin-dependent Schwann
cell precursors(62),

A subpopulation of cranial crest cells requires differential
erbB2 expression and localized neuregulin activity to
promote its contribution to cranial ganglia

Cranial ganglia consist primarily of neurons of placodal ori-
gin and of neural crest-derived glial cells(®3). In the head, a
subpopulation of cranial neural crest cells expressing erbB3
emerge from rhombomeres 2, 4 and postotic levels of the
hindbrain at e9 of mouse development. At e10.5, erbB3-
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expressing cells are associated with the cranial ganglia and
afferent nerves(®2). Mice that lack neuregulin or erbB2, lack
the neural crest cell-derived neuronal and nonneuronal con-
tributions to cranial ganglia at €10.5(3132). Defects are
apparent as early as €9.5 of development(32), suggesting
that neuregulin dependence (and, by inference, co-
expression of erbB2) begins in erbB3-expressing neural
crest cells as soon as they emerge from the neural tube.
Other cranial neural crest cells which express a general
neural crest marker, AP-2, and neurons of placodal origin,
are not affected in mutant embryos(32).,

Neuregulin is expressed by cells in rhombomeres 2, 4
and 6 and in a subpopulation of neural crest cells emanating
from these levels(®2). In addition, neuregulin is expressed in
a distinct subset of cells of the branchial arches in €9 mouse
embryos(®9 prior to emigration of erbB3-expressing crest
cells. 1 day later (e10), neuregulin is strongly expressed in a
subpopulation of cells in cranial ganglia®®9). Although neu-
rons of placodal origin normally express neuregulin(32), they
do not require it for survival, since they survive in neu-
regulin-negative embryos. Thus, the development of the dis-
tally located placode-derived neurons in the cranial gan-
glia®d) is not affected in neuregulin- or erbB2-deficient
embryos(®1:32), We suggest, therefore, that placode-derived
neurons support the development of erbB2/3-expressing
neurogenic neural crest-derived cells in the proximal portion
of the cranial ganglia, and the non-neurogenic crest-derived
cells in the distal portion of the ganglia. This conclusion
suggests an important role for localized paracrine neu-
regulin signaling between neuronal and glial precursors
within a developing cranial ganglia.

Neural crest-derived cells do not migrate (or fail to
survive) adjacent to rhombomeres 3 and 50). Although
neuregulin expression correlates well with cranial crest
migration, it is not apparent whether or how the activity of
secreted neuregulin can be restricted to the destination of
these migrating cells. We suggest that due to their binding
activity for neuregulin, either erbB3 or erbB4, can act as
dominant negative regulators of neuregulin activity. There-
fore, tissue or cells which express either erbB3 or erbB4
could negatively regulate the availability of neuregulin to
dependent cells and thereby affect their dispersal and local-
ization.

It is interesting, therefore, that erbB4 is expressed in
rhombomeres 3 and 5, alternating with neuregulin
expression in rhombomeres 2, 4 and 6. Due to the
expression of erbB4 in rhombomeres 3 and 5, we suggest
that neuregulin activity might be depleted adjacent to rhom-
bomeres 3 and 5, resulting in the inability of erbB2/3-
expressing, neuregulin-dependent neural crest cells to
migrate in that region in vivo. According to this notion,
removal of erbB4 from rhombomere 3 would result in a
change of migration pattern of erbB2/3-expressing neural
crest cells over rhombomere 3, reflecting the unrestricted
availability of neuregulin protein released from the hind-
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brain. Neural crest cells originating in rhombomeres 2 and 4
would spread over the area of rhombomere 3, effectively
reducing the normal spatial separation between the trigemi-
nal and facial/acoustic ganglia. In fact, fused trigeminal and
facial/acoustic ganglia are exactly what has been observed
by Gassmann and coworkers in mice deficient in erbB4(64),
A similar pattern of fused ganglia has been reported in mice
lacking Krox-20, which is normally expressed in rhom-
bomeres 3 and 5(6566). Although the early pattern of cranial
neural crest cell migration has not been studied in either
erbB4- or Krox-20-deficient embryos, we suggest that Krox-
20 regulates the pattern of cranial ganglion distribution
through the expression of erbB4 in rhombomeres 3 and 5.

PDGFRo. function is required for the development of
ectomesenchymal derivatives

Cells associated with the cranial crest express PDGFRo. at
€9 of mouse development(2430) and give rise to branchial
arch mesenchyme. However, in Patch mutants(30), which
are deficient in PDGFRa(67), developmental defects are first
manifested 2 days later when branchial arches fail to fuse. In
addition, cells from the cardiac crest which normally migrate
to the heart and form the septation of the outflow tract(®), fail
to do so in Patch mutant embryos(30),

PDGFRuo. is able to bind to both forms of PDGF (A and B)
expressed in the embryo(®®). During craniofacial develop-
ment, PDGFA mRNA is expressed by the overlying epider-
mis, whereas PDGFRuo. is expressed in branchial arch mes-
enchyme(®9). PDGFA is produced as two splice variants with
identical receptor binding domains but differential abilities to
interact with cell surface or extracellular matrix heparan sul-
fate proteoglycan(79). This suggests that one form of PDGFA
protein is normally associated with epidermal basement
membranes, and is contacted by migrating ectomesenchy-
mal cells('®) that express PDGFRo. It is not known whether
the cleft-face phenotype results from a failure of ectomes-
enchymal crest cells to reach the branchial arches during
their early migration or their inability to proliferate in their
appropriate locations. However, since PDGFRa has been
shown to elicit tropic responses in vitro71), it is tempting to
speculate that such a mechanism directs ectomesenchymal
neural crest precursor dispersal from the MSA into their tar-
get areas (Fig. 1B).

Discussion

In this review we suggest a new mechanism for regulating
neural crest cell migration patterns. We postulate that devel-
opmentally distinct subpopulations of crest-derived cells
arise after pluripotent crest cell precursors undergo epi-
thelial-mesenchymal transformation and enter the MSA.
Within the MSA, we suggest that crest-derived subpopula-
tions begin to express specific RTKs, in response to
presently unknown intrinsic or extrinsic cues, which thereby
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allow them to respond to differentially localized growth factor
ligands in the embryo. Thus, the MSA would be the embry-
onic location where neural crest cells make their first
specific pathway choices, informed by the presence of
specific ligand activity on the different pathways, and the
nature of the RTKs expressed by specific neural crest cells
there.

During neural crest cell differentiation, migration repre-
sents one aspect of a complex web of developmental
events. It is important to emphasize, however, that since
the diversification of the crest cell population occurs soon
after it segregates from the neuroepithelium, each sub-
population is likely to respond to unique environmental
cues, and each has to be analyzed specifically. It is also
likely, however, that irrespective of the differentiated state
of a cell, the event of migration is linked to RTK expression
and the consequent response to localized cognate ligand
activity. For example, c-ret is expressed in enteric precur-
sors before they undergo neuron/glia restriction(58.72),
Likewise, some multipotent cells appear to be transiently
present at early stages of dispersal on the lateral path-
way(14). It is not known whether these multipotent cells
express RTKs during migration, and if so, which ones. We
do know, however, that although neurogenic cells appear
very transiently on the lateral pathway (Y. Wakamatsu, M.
Mochii, K. S. Vogel and J. A. Weston, unpublished; see
also ref. 14), no neuronal crest derivatives persist there.
This suggests that appropriate neuronal survival cues are
absent or unavailable on this pathway(49).

Interestingly, the onset of migration of many precursor
populations correlates very well with their dependence on
RTK activity for survival. Thus, enteric ganglion precursors,
cranial and trunk neuron and glial precursors, Schwann cell
precursors, and melanocyte precursors all express and
depend on specific RTKs and seem to rely on ligands
uniquely active in specific embryonic locations. Since crest-
derived cells, and especially melanocyte precursors, repre-
sent an unusually invasive cell type(73), the tight control of
pathway choice and cell survival from the onset of migration
from the MSA may therefore serve an important function to
assure that derivatives of these invasive cells normally dif-
ferentiate only in appropriate embryonic locations.

In summary, the neural crest cell distribution pattern
established through RTK/ligand interaction could be exerted
either by trophic or by tropic stimuli, or a combination of
both. The persistent tight regulation of survival by the levels
of available growth factors, however, makes it difficult to
identify a tropic function in control of neural crest cell migra-
tion. Nevertheless, two models to explain differential migra-
tion and localization of subpopulations of neural crest cells
in response to localized growth factors can be imagined
(Fig. 3). First, neural crest cell subpopulations that acquire
growth factor dependence migrate randomly through the
embryo. Specific localization into. the target area would be
achieved by target-derived trophic support and apoptosis of
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Fig. 3. Two different models explain growth factor-induced accumulation of
RTK-expressing subpopulations of neural crest cells in ligand-expressing
target areas. In model | (A-C), subpopulations of neural crest cells begin to
express a specific RTK while residing in the MSA (A). From this location they
disperse randomly within the adjacent tissue (B). Cells acquire growth factor
dependence and undergo apoptosis when they are localized ectopically, but
survive and proliferate when they are localized where their respective growth
factor is expressed (C). In model Il (D-F) growth factors released from the
target areas form a gradient in the tissue while subpopulations of crest cells
begin to express specific RTKs in the MSA (D). As soon as the growth factor
gradient reaches the MSA, RTK-expressing cells will disperse up the gradient
of their cognate ligand (E). Subsequently, the cells reach the source of their
cognate ligand (target area) and begin to proliferate (F).

ectopically located cells outside of the target area (Fig. 3A-
C). Alternatively, a gradient of growth factor might be
released from the target tissue (Fig. 3D-F), which directs
neural crest subpopulations towards their specific target
organ. This could occur by some tropic mechanism, either
chemotaxis or, if specific substrates are involved, some sort
of haptotaxis(12:16), The first model is based on classical evi-
dence of cell death in peripheral ganglia associated with
matching the number of neurons with the size of the target
tissue and the amount of released growth factors. In con-
trast, the second model, which we suggest for consideration
and further analysis, postulates that neural crest-derived
cells migrate directly in response to a gradient of tropic sig-
nal provided by localized growth factor activity in the envi-
ronment. Further tests of this hypothesis would be appropri-
ate.
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Analysis of Melanocyte Precursors in Nfl Mutants
Reveals That MGF/KIT Signaling Promotes
Directed Cell Migration Independent

of Its Function in Cell Survival

Bernhard Wehrle-Haller," Margaret Meller,> and James A. Weston®

Institute of Neuroscience, University of Oregon, Eugene, Oregon 97403-1254

Neural crest-derived melanocyte precursors (MPs) in avian and murine embryos emerge from the dorsal neural tube into a
migration staging area (MSA). MPs subsequently migrate from the MSA on a dorsolateral pathway between the
dermamyotome and the overlying epithelium. In mouse embryos, MPs express the receptor tyrosine kinase, KIT, and
require its cognate ligand, Mast cell growth factor (MGF), for survival and differentiation. Prior to the onset of MP migration,
MGF is expressed on the dorsolateral pathway at some distance from cells in the MSA and appears to be required for normal
MP development. To learn if MGF is required solely for MP survival on this pathway, or if it also provides directional cues
for migration, we uncoupled survival from chemoattractive or motogenic functions of this ligand using mice that carry a
targeted mutation at the Neurofibromin (Nf1) locus and consequently lack RAS-GAP function. We show that Nfl-mutant
MPs survive in the absence of MGF in vitro and in vivo and that Nf1-mutant MPs disperse normally on the lateral migration
pathway in the presence of MGF. In contrast, Nfl-mutant MPs persist in the location of the MSA but are not observed on
the lateral migration pathway in double-mutant mice that also lack MGF. We conclude that MGF/KIT function provides
a signal required for directed migration of the MPs on the lateral pathway in vivo, independent of its function in survival.
We further suggest that the MGF mediates MP migration through a signaling pathway that does not involve
RAS. © 2001 Academic Press
Key Words: neural crest; cell migration; chemoattraction; neurofibromin; RAS-GAP.

INTRODUCTION

Cell migration is critically linked to morphogenesis and
development of eukaryote embryos. During development,
migrating cells often follow specific pathways to precise
embryonic locations. Accordingly, migrating cells must be
able to respond to cues on these pathways that promote
migration or permit selective removal (“editing;” see Waka-
matsu et al., 1998) if they reach inappropriate locations.
Genetic analysis in Caenorhabditis elegans and Drosophila
has revealed critical genes involved in cell migration (for a
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review see Montell, 1999). Among them, receptor tyrosine
kinases (RTK) and members of the RAS family of small
GTPases play important roles. In vertebrates, however, it
has been difficult to identify genes required for cell migra-
tion. One approach has relied on identifying gain-of-
function mutations leading to tumor formation and metas-
tasis. Other analyses of defects of the immune system
(Ramesh et al., 1999; Roberts et al., 1999; Dekker and Segal,
2000) and of neural crest (NC) derivatives (Wehrle-Haller
and Weston, 1997) have led to the identification of candi-
date genes involved in cell migration. Here, we use muta-
tions affecting the NC-derived melanocyte lineage, Steel
(Mgf*") and Nf-1, to understand the role of the RAS signaling
pathway in directed migration of melanocyte precursors.
Trunk NC cells segregate from the dorsal neural epithe-
lium of vertebrate embryos and give rise to neurons and glia
of the peripheral nervous system and to melanocytes in the
skin (see Le Douarin and Kalcheim, 1999). As trunk NC
cells emerge from the neural epithelium, they enter a
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migration staging area (MSA), an extracellular matrix-rich
space bounded by the dorsal neural tube, the dorsal somite,
and the overlying surface epithelium (Weston, 1991). Crest
cells in the MSA then enter and migrate on one of two
temporally and spatially distinct pathways to precise loca-
tions in the embryo. Initially, crest cells in the MSA
disperse into rostral sclerotome on a ventromedial migra-
tion pathway between the neural tube and the myotome of
the somites, where they give rise primarily to cells of the
peripheral nervous system. Later, crest cells leave the MSA
and migrate on a dorsolateral pathway between the der-
matome of the somite and the ectodermal epithelium. Most
of these cells differentiate into melanocytes (Wehrle-Haller
and Weston, 1995).

It is not yet known how the differential migration and
localization of crest-derived cells is regulated, but recent
results suggest that cell-type-specific RTK activity might
play an important role in this process (Wehrle-Haller and
Weston, 1997). For example, the RTK KIT and its ligand,
Mast cell growth factor (MGF; also known as kit-ligand, KL,
or stem cell factor, SCF), have been shown to function in
normal migration and differentiation of melanocyte precur-
sors (MPs) (Besmer, 1991; Besmer et al., 1993). MGF, which
is normally produced both as a cell-bound and as a proteo-
lytically cleavable, potentially diffusible isoform, is ex-
pressed remotely on the lateral crest migration pathway
just prior to the onset of MP migration. Interestingly,
analysis of mice with mutations at the Steel locus, which
encodes MGF, suggests that the two isoforms of MGF have
different functions in MP development (Wehrle-Haller and
Weston, 1995). MPs in Steel null mutant (Mgf*)embryos are
not observed on the lateral pathway and ultimately disap-
pear from the MSA. In contrast, MPs do leave the MSA and
disperse on the lateral pathway in the Steel-dickie mutation
(Mgf*"), which produces only a soluble form of MGF
(Flanagan et al., 1991; Wehrle-Haller and Weston, 1995).
However, these MPs subsequently fail to survive and dif-
ferentiate. MPs also survive only transiently after they
disperse on the lateral pathway of mice homozygous for the
Mgfs"*"" mutation, which exhibits reduced cell surface
expression of membrane-bound MGF (Wehrle-Haller and
Weston, 1999). Thus, the diffusible isoform of MGF appears
to be sufficient to permit MPs to enter the lateral pathway,
whereas the cell-bound form of MGF is required for long-
term survival and differentiation of melanocytes.

Diffusible MGF might function to permit dispersal of
MPs on the lateral migration pathway in two ways. First, it
might allow MGF-dependent cells to survive in the MSA
and on the lateral migration pathway long enough for them
to reach the remote source of cell-bound MGF in the dermal
mesenchyme. Alternatively, soluble MGF originating from
a remote source on the lateral migration pathway might
stimulate cell locomotion, either as a motogenic cytokine
(Dowrick and Warn, 1991; Gherardi and Coffer, 1991;
Jordan and Jackson, 2000) or as a chemoattractive (tropic)
cue for directional migration. To distinguish between these
possibilities, the survival function of MGF (Besmer, 1991;
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Besmer et al., 1993) must be uncoupled from possible
migration function(s).

The possibility of uncoupling the survival and the migra-
tion functions of MGF was suggested by the report that
cultured NC-derived sympathetic and dorsal root ganglion
neurons from mice carrying a targeted mutation in the Nfl
gene (Brannan et al., 1994) survive in the absence of
neurotrophins, whereas their wild-type counterparts die
rapidly unless nerve growth factor or brain-derived neuro-
trophic factor is added to the culture medium (Vogel et al.,
1995). Mutations in the Nfl gene in humans cause the
human disease neurofibromatosis, which is manifested by
benign tumors of the peripheral nervous system and hyper-
pigmented lesions in the skin (café au lait spots; Ruben-
stein, 1986). Nfl encodes a protein, Neurofibromin, which
contains a domain homologous to yeast Ras-GTPase-
activating proteins (GAP) (Boguski and McCormick, 1993;
Martin et al., 1990; McCormick, 1995). Mutations in Nfl
appear to sustain RAS activity, since conversion of the
active form of RAS (RAS-GTP) to the inactive form (RAS-
GDP) is impaired (Guha et al., 1996; Henkemeyer et al.,
1995; McCormick, 1995; Rey et al., 1994). Like the neuro-
trophin receptors (trkA, B, and C) and other RTKSs, signaling
by KIT is mediated, at least in part, through RAS (Duronio
et al., 1992; Serve et al., 1995; Tauchi et al., 1994). Accord-
ingly, based on the hyperpigmented lesions observed in
human neurofibromatosis patients, and the partial rescue of
the coat color deficiency in a c-kit mutant (W*) by Nfl
haploinsufficiency (Ingram et al., 2000), we reasoned that
Nfl-mutant melanocytes, like Nfl-mutant peripheral neu-
rons, might also persist in the absence of growth factor
support. If this were true, Nfl mutants, in combination
with the MGF-null mutation, would be useful to assess the
migratory behavior of MPs in the absence of MGF activity.

We show here that Nfl-mutant melanocytes are indepen-
dent of MGF for survival in vitro and in vivo. Additionally,
we confirm that both MGF and Neurofibromin function in
the RAS signal-transduction pathway for melanocyte sur-
vival. Finally, we have demonstrated that although MPs
appear to migrate normally in Nfl-mutant mice, they
remain in the region of the MSA of double-mutant embryos
(Mgf*~;Nf1") that lack both MGF and Neurofibromin func-
tion. We conclude, first, that MGF is required for directed
migration of the MPs on the lateral pathway in vivo;
second, that the role of MGF/KIT in cell migration is
independent of its function in survival; and finally, that the
tropic (chemoattractive) signal transduction pathway does
not involve RAS-GAP activity.

MATERIALS AND METHODS

Embryos

An Nfl~ heterozygous line (129/Sv Nf1"), generously provided
by Drs. Neal Copeland and Kristine Vogel (Brannan et al., 1994),
was crossed into a C57BL/6 background and then intercrossed to
create homozygous Nfl™" (referred to as Nfl-mutant) embryos,
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which die in utero after embryonic day (e) 12.5, as well as Nf1™*
and Nf1** (wild-type) embryos. To identify the genotype of indi-
vidual embryos, tail or limb bud tissue was digested in 55-60 wl of
10 mM Tris, pH 8, 2 mM EDTA, 0.2% Triton X-100, 200 mg/ml
proteinase K at 55°C for 3 h. Samples were boiled for 10 min and 4
ul was amplified by PCR with primers and conditions as previously
described (Brannan et al., 1994). With these primers, template DNA
from homozygous Nfl-mutant embryos produced a 340-bp frag-
ment, wild-type embryos produced a 194-bp fragment, and both
bands were present when template from heterozygous embryos was
used.

WBReSI heterozygous lines from inbred colonies maintained in
our laboratory were crossed to Nfl™ heterozygotes. Resulting
Mgf® /Nf1*; Mgf®"/Nfl~ heterozygotes were intercrossed and
genotyped by PCR as described (Wehrle-Haller and Weston, 1995).
Nfl-mutant embryos were recognized as described above. Wild-
type or Mgf® heterozygous mice showed a PCR band at 700 bp,
whereas homozygous Mgf* embryos lacked the 700-bp band.

Neural Tube Cultures

Neural tubes from individual €9.5 embryos were cultured as
previously described (Morrison-Graham and Weston, 1993). Cul-
tures from homozygous Nfl-mutant embryos were compared with
neural tubes explanted from heterozygous and wild-type litter-
mates. Recombinant murine MGF (Pepro Tech) was added at a
concentration of 100 ng/ml, and human (porcine sequence)
Endothelin-3 (EDN3; Sigma) was added to the culture medium,
when indicated, at a concentration of 100 nM. To eliminate
endogenous MGF activity in control cultures or in cultures with
EDNS3 alone, MGF neutralizing antibody (R&D Systems) was added
to the culture medium at a concentration of 10 ng/ml as described
(Morrison-Graham and Weston, 1993). Based on the MEK inhibi-
tion studies of Zhang et al. (1998), 50 uM MEK inhibitor U0126
(Promega) in 0.5% DMSO was added on culture days 4 and 5. This
inhibitor concentration corresponds to a thousandfold excess re-
quired for half-maximal inactivation of MEK1 and MEK2 but does
not inactivate other MAP-related kinases (Favata et al., 1998).
Control cultures received 0.5% DMSO alone. On culture day 6,
each culture was rinsed three or four times with half the volume of
culture medium and given fresh culture medium containing only
the original factors and/or antibodies. Melanocytes were visualized
on culture day 10 by incubating fixed cultures with p,.-DOPA
(Sigma) as previously described (Morrison-Graham and Weston,
1993).

Cryosectioning

Embryos were fixed in 4% paraformaldehyde (Sigma) in PBS at
4°C overnight, washed in PBS, and transferred through an alcohol
series to 100% methanol. Embryos were bleached 4-5 h in 5:1
methanol:30% hydrogen peroxide (Fisher) at room temperature.
Embryos were then rehydrated into PBS and embedded in agar-
sucrose. Blocks were then equilibrated in 30% sucrose in PBS,
frozen, and cryosectioned at 16 um. Sections were stored at —20°C
until use.

Whole-Mount and Histological in Situs

Mouse tyrosinase-related protein-2 (TRP2) digoxigenin-labeled
riboprobes were synthesized from linear cDNAs kindly provided by
Dr. lan Jackson. Whole-mount in situ hybridization was performed
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as described (Wehrle-Haller and Weston, 1995). Embryos were
dissected at the appropriate embryonic stage, fixed, bleached, and
stored in methanol as above. In situs were performed on sectioned
tissue as described (Strahle et al., 1994), except for the following
changes: 100 ul of diluted TRP2 probe was added to each slide and
incubated overnight at 68°C. After hybridization, slides were
washed in MABT (100 mM maleic acid, 150 mM NaCl, pH 7.5,
0.1% Tween 20) instead of PBS. Slides were blocked in MABT +
2% Boehringer blocking reagent (Roche) + 20% heat-inactivated
goat serum (Sigma) for 1 h and incubated overnight at room
temperature in anti-digoxigenin antibody conjugated to alkaline
phosphatase (Roche) at 1:2000 in blocking solution. Four to five
20-min postantibody washes were done in MABT at room tempera-
ture. The alkaline phosphatase staining reaction was performed as
outlined (Strahle et al., 1994), except that 10% polyvinyl alcohol
(low molecular weight; Aldrich) was added to the reaction mixture.

TUNEL Reactions

Whole-mount TUNEL reactions were performed on embryos
after TRP2 RNA in situ as described (Gavrieli et al., 1992; Gold et
al., 1993), with modifications as described (Wakamatsu et al.,
1998).

BrdU Labeling

Embryos were obtained from crosses as outlined in the RNA in
situ section above. Embryos were dissected out of the mother at the
appropriate embryonic stage in Hanks’/Hepes and the extraembry-
onic membranes were torn to expose the embryo. Embryos were
incubated for 2 h in DMEM culture medium buffered with Hepes
and containing 10% fetal bovine serum and 30 wpg/ml BrdU.
Embryos were then dissected away from extraembryonic tissues,
fixed, bleached, and stored in methanol as outlined above. In situs
for TRP2 were performed on BrdU-labeled embryos, which were
then cryosectioned as specified above. BrdU labeling was immuno-
histochemically detected as previously described (Marusich et al.,
1994), except that preparations were labeled with mouse anti-BrdU
Mab 1gG (Roche) at 1:1000 and then incubated with Cy-3-
conjugated goat anti-mouse 1gG (Chemicon) at 1:300. Slides were
then mounted in 50% glycerol, photographed, and processed as
above.

Data Collection

Counts of melanocytes in crest cultures and of TRP2" cells in
whole-mount in situ preparations were entered into an Excel
database, where statistical analysis and graphing were performed.
In some cases, counts were performed on scanned images of
whole-mount in situ preparations. Embryos were photographed on
a Leica Kombistereo microscope, and histological sections were
photographed on a Zeiss Axiophot. Photos were scanned and
converted to grayscale with PhotoShop (Adobe). All figures shown
are representative of at least three embryos of each genotype and
embryonic stage. Statistical comparisons of sample means were
performed with Student’s t test.
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FIG. 1. Melanocytes in cultures of Nfl-mutant neural tubes
survive in the absence of MGF and show increased sensitivity to
the presence of MGF. Cultures of crest cells from Nfl-mutant mice
contain the same number of melanocytes in the absence of MGF as
wild-type cultures grown in the presence of MGF. Moreover,
cultures of Nfl-mutant crest cells grown in the presence of MGF
contain about an order of magnitude more melanocytes than
wild-type cultures (note log scale), suggesting greater sensitivity to
MGF signaling. Cultures designated MGF~ contained goat anti-
MGF neutralizing antibody to block endogenous MGF activity (see
Morrison-Graham and Weston, 1993). Bars represent SEM, n =
number of cultures.

RESULTS

Nfl-Mutant Melanocytes Differentiate in the
Absence of MGF in Vitro

Wild-type mouse MPs require the presence of MGF for
survival/proliferation during a 4-day interval in vitro
(Morrison-Graham and Weston, 1993), corresponding to the
period of initial MP dispersal in vivo (Nishikawa et al.,
1991). If Neurofibromin functions as a RAS-GAP in the
MGF/KIT signal transduction pathway, then loss of Neuro-
fibromin activity in Nfl-mutant cells might cause this
signaling pathway to remain continuously active. Accord-
ingly, we reasoned that Nfl-mutant MPs might no longer
require MGF for survival. To test this prediction, neural
tubes from Nfl-mutant and wild-type embryos at €9.5 were
cultured in the presence and absence of MGF. After 10 days
in culture in the absence of MGF, few melanocytes are
present in cultures of crest cells from wild-type mouse
embryos. In contrast, cultures of Nfl-mutant crest cells
contain approximately the same number of melanocytes in
the absence of MGF as wild-type cultures in the presence of
MGF (Fig. 1). We conclude, therefore, that Nfl-mutant
melanocytes are independent of MGF for survival in cul-
ture. In addition, when cultured in the presence of MGF,
the number of Nfl-mutant melanocytes was about an order
of magnitude greater than in cultures of wild-type crest
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cells (note log scale in Fig. 1). This suggests that Nfl-
mutant melanocytes are more sensitive to MGF stimula-
tion than are wild-type cells, as has also been shown to be
the case for hematopoietic stem cells derived from Nf1-
mutant embryos (Zhang et al., 1998).

MPs in Nfl-Mutant Embryos Disperse Normally on
the Lateral Crest Migration Pathway

At €10.5, MPs are present in the trunk MSA of both
mutant and wild-type embryos. Rostrally, at the level of the
branchial arches, MPs of both mutant and wild-type em-
bryos are present on the lateral pathway (see also Macken-
zie et al., 1997; Wehrle-Haller and Weston, 1995). At el1.5
(Fig. 2A), MPs are present on the lateral pathway in the
trunk of both Nfl-mutant and wild-type embryos (Figs.
2B-2E). By e12.5 (Fig. 4A), MPs are widely dispersed on the
lateral pathway at all axial levels (Figs. 4B and 4C). MPs
were not observed in either wild-type or Nfl-mutant em-
bryos on the medial migration pathway where spinal gan-
glia form from migrating crest-derived cells (Figs. 2D, 2E,
4F, and 4G). We conclude, therefore, that Nfl-mutant MPs
migrate normally on the lateral pathway and that their
dispersal on this pathway is not affected by loss of Neuro-
fibromin function.

Some MPs Remain in the Region of the MSA of
Mutant Embryos

MPs are transiently present in the MSA before entering
the lateral migration pathway (Wehrle-Haller and Weston,
1995; Weston, 1991). At e11.5, some MPs are present in the
original location of the MSA in the trunk of wild-type
embryos (Figs. 2B and 2D), but the number of MPs in this
location is greatly increased in Nfl-mutant embryos (Figs.
2C and 2E). Counts of TRP2™ cells in e11.5 embryos reveal
significantly more MPs on the lateral migration pathway of
Nfl-mutant embryos (89.8 = 10.4; n = 5) than at compa-
rable axial levels of wild-type embryos (57.3 = 5.9; n = 7;
P < 0.001). By e12.5, no TRP2" cells are found in the
original location of the MSA of wild-type embryos, whereas
many TRP2" cells remain there in Nfl-mutant embryos
(compare Figs. 4B and 4F with4C and 4G).

MP Survival in the MSA Is Increased in Nfl-
Mutant Embryos

At ell5 and later, significantly more TRP2™ MPs are
present in the region of the MSA in Nfl-mutant embryos
than in wild-type embryos (see above). In wild-type em-
bryos, some MGF-dependent cells might normally fail to
leave the MSA in a timely way and, consequently, become
vulnerable to editing by developmentally regulated cell
death in this location (see Wakamatsu et al., 1998; Maynard
et al., 2000). Accordingly, supernumerary MPs might be
present in the location of the MSA in Nfl-mutant embryos
because some cells, which do not disperse, are able to
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FIG. 2. Some melanocyte precursors remain in the MSA of Nfl-mutant embryos, but many migrate normally on the lateral pathway.
TRP2 mRNA in situs on ell.5 embryos reveal location of MPs at the axial level designated in (A). (B, C) Photos of whole-mount
preparations representing region outlined on diagram. (D, E) Photos of transverse sections at the axial level designated by the dotted line
in the diagram. The neural tube (nt) and the location of nascent spinal ganglia (sg) on the medial migration pathway are noted. Wild-type
embryos lack MPs in the original location of the MSA (B, D), whereas MPs remain in this location in Nfl-mutant embryos (C, E).

survive there. To test this inference, we compared the
number of cells in the MSA of mutant and wild-type
embryos that were undergoing developmental cell death at
€10.5. At axial levels known to contain TRP2" cells in the
MSA (Fig. 3B), fewer TUNEL" cells were present in Nfil-
mutant embryos (Fig. 3D) than in comparable regions of
wild-type embryos (Fig. 3C). Although it is unlikely that all
dying cells in the MSA were MPs, it should be emphasized
that, at these stages and axial levels, most neurogenic cells
have already dispersed on the ventromedial crest-migration
pathway, and therefore, most of the cells that remain in the
MSA would be MPs. It is plausible, therefore, that pro-
longed survival of MPs accounts for the presence of many of
the ectopic cells in the MSA of Nfl-mutant embryos.

In addition to reduced cell death in the MSA of Nfl-
mutant embryos, a significant decrease in dying cells can be
seen in the region of the lateral dermatome (compare Fig.
3C with 3D). In this region, apoptosis is normally associ-
ated with the epithelial-to-mesenchymal transformation of
the epithelial dermatome. Since Nfl-mutant MPs disperse

normally on the lateral pathway, however, reduced death of
mesenchymal cells does not seem to impede their migra-
tion (Fig. 4C).

To address the possibility that there is also increased MP
proliferation in mutant embryos, we compared the number
of MPs that incorporate BrdU by double-labeling with the
TRP2 probe in wild-type and Nfl-mutant embryos. Very
few doubly labeled cells were observed in these prepara-
tions, but in any case, no significant differences could be
detected in the proportion of TRP2" cells that incorporated
BrdU at €10.5 and el11.5 (data not shown). Although we
cannot exclude the possibility of increased proliferation of
Nfl-mutant MPs on the lateral pathway, we suggest that
increased survival is sufficient to account for the MPs
observed in the region of the MSA in Nfl-mutant embryos
(see Figs. 2C and 2E). This result appears paradoxical in
light of the order of magnitude increase in the number of
Nfl-mutant melanocytes in the presence of MGF in vitro
(Fig. 1). However, the dramatic increase in the number of
cultured MPs might reflect the difference between the
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FIG. 3. Fewer TUNEL" cells are present in the MSA of Nfl-mutant embryos than in wild-type embryos. (A) Rectangle on schematic
drawing of €10.5 embryo shows the location of photos of whole-mount embryos (B-D). Dotted line on schematic represents location of
histological sections photographed in (E-G). (B, E) TRP2 in situ showing MPs in the MSA of wild-type embryo. (C, F) TUNEL staining in
the MSA corresponding to that shown in (B) in wild-type embryos. (D, G) TUNEL staining in comparable locations of Nfl-mutant embryos.

limited amount of MGF normally present on the lateral 1995). To determine if the absence of MPs is due to the
migration pathway and the greater availability of exogenous failure of MPs to survive or their failure to migrate on the
MGEF in culture. lateral pathway, we compared the presence of MPs on the

lateral migration pathway of embryos that lack only endog-
MPs in Mgf*~;Nf1~ Double Mutant Embryos Do enous MGF (Mgf*;Nf1*) with embryos that lacked both
Not Leave the MSA MGF and Neurofibromin function (Mgf® ;Nf1"). As previ-

MPs are not seen on the lateral pathway of Mgf* mutant ously reported (Wehrle-Haller and Weston, 1995), few MPs
embryos, which lack MGF (Wehrle-Haller and Weston, remain in the region of the MSA of e11.5 Mgf®~ mutant
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A

; MGF:!;;?NH-

MGF- Nfi+ g

FIG. 4. Melanocyte precursor localization on the lateral migration pathway in whole-mount e12.5 embryos. (A) Schematic drawing of
e12.5 mouse embryos shows location of photos (B-E). Brackets in (B-E) denote the original location of the MSA. Transverse sections of
corresponding regions of (B and C) are represented in (F and G). The neural tube (nt) and the location of spinal ganglia (sg) on the medial
pathway are noted. In the presence of MGF, MPs are observed on the lateral migration pathway, but not in the original location of the MSA
in wild-type embryos (B, F). Likewise, in the presence of MGF, MPs are observed both on the lateral pathway and in the original location
of the MSA in Nfl-mutant embryos (C, G). In the absence of MGF, MPs are observed in the original location of the MSA, but not on the
lateral migration pathway of Nfl-mutant embryos (E), whereas MPs are absent in embryos that lack MGF but are wildtype for Nfl (D).

embryos, except at the most caudal axial levels, and MPs double-mutant embryos, but are absent from the lateral
are completely absent by el12.5 (see above; Fig. 4D). In pathway (Fig. 4E). TRP2 in situs performed on transverse
contrast, MPs persist in the MSA region of Mgf® ;Nfl1~ sections of double-mutant embryos confirm that MPs are
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TABLE 1

Wehrle-Haller, Meller, and Weston

Effects of Growth Factors and MEK Inhibitor on Melanogenesis in Vitro

Treatment Genotype

Expt MGF? EDN3" MEK-1° Wildtype Nfl mutant P
1 — — — 5 = 3 (8 246 = 109 (5) <0.001
2 — — + 06+ 0.6(9 23+ 15(6) <0.1
3 + — — 217 *= 31 (23) 1169 =+ 340 (5) <0.001
4 + — + 42 = 8 (20) 354 = 84 (8) <0.001
5 — + — 553 =+ 162 (4) 340 = 89 (3) >0.4
6 — + + 303 *=1281 (9) 489 *+ 163 (3) >0.7

Note. The number of melanocytes/culture [mean = SE (n)] is given.

& —, 10 png/ml MGF blocking antibody (R&D Systems) present; +, 100 ng/ml MGF present.
® . 10 pg/ml MGF blocking antibody present; +, EDN3 (100 nM) added to culture medium.
¢ —, 0.5% DMSO added; +, 50 uM MEK inhibitor U0126 (Promega) added to medium in 0.5% DMSO.

not present on the lateral pathway and remain in the region
of the MSA (not shown).

MGF and Neurofibromin Signal through the RAS
Pathway in Mouse Melanocytes

The signal-transduction cascade downstream of RAS is
thought to involve activation of MAP kinase (ERK), which,
in turn, is activated by MAP kinase kinase (MEK1 and 2 in
mammals; see Widmann et al., 1999). We reasoned that if
Neurofibromin functions in the RAS pathway, then inhibi-
tion of MEK1 and 2 should abrogate rescue of MPs in
cultures of Nfl-mutant crest cells. To test this prediction, a
specific inhibitor of both MEK activities (U0126; Favata et
al., 1998) was added to cultures from day 4 to 6 when KIT
signaling is known to be required for melanocyte survival in
culture (Morrison-Graham and Weston, 1993). Treatment
with MEK inhibitor (MEK-I) caused a significant (70-80%)
decrease in the number of both Nfl-mutant and wild-type
melanocytes present in cultures with MGF (Table 1, lines 3
and 4). These results suggest that MGF acts primarily
through the signaling cascade that includes MEK and that
Neurofibromin is the predominant GAP functioning within
this pathway. Consistent with this conclusion, we observed
that in cultures of Nfl-mutant cells treated with MEK-I, the
number of MPs was also reduced significantly in the ab-
sence of MGF (>90%) compared to untreated controls
(compare lines 1 and 2, Table 1).

Residual MPs, even in the presence of MEK-I, suggest
that other survival pathways also operate in this system. To
test this idea, we assessed the ability of EDN3, another
trophic factor known to promote melanocyte development
(Baynash et al., 1994; Hosoda et al., 1994; Reid et al., 1996),
to affect the number of MPs present in vitro. In the absence
of MGF activity, EDN3 significantly increased the number
of MPs in cultures of wild-type crest cells (compare lines 1
and 5, Table 1; P < 0.001). Moreover, although EDN3
treatment alone resulted in twice the number of melano-

cytes per culture compared to cultures treated with MGF
(compare lines 3and 5, Table 1; P < 0.01), EDNS3 treatment
of Nfl-mutant cultures did not significantly change the
number of melanocytes compared to EDN3-treated cultures
of wild-type cells (line 5, Table 1). Likewise, in the presence
of EDNS3, treatment with MEK-1 did not significantly
change the number of melanocytes produced by either
mutant or wild-type cultures (compare lines 5 and 6, Table
1). We suggest, therefore, that other trophic factors, such as
EDN3, whose signal is transduced by a G-protein-coupled
receptor pathway (Baynash et al., 1994; Imokawa et al.,
1996), can account for at least some of the residual survival
of melanocytes in cultures of mutant cells and in wild-type
cells cultured in the presence of MEK inhibitor.

DISCUSSION

Loss of Neurofibromin Activity Uncouples
Melanocyte Survival from Migration

We have now demonstrated that Nfl-mutant melano-
cytes differentiate in culture in the absence of MGF. Like-
wise, the conclusion that mutant MPs have become inde-
pendent of MGF signaling for survival in vivo is supported
(1) by the decrease in the number of cells undergoing cell
death in the MSA of Nfl-mutant embryos, in which mela-
nocyte precursors are normally found in wild-type embryos
at corresponding developmental stages and axial levels, and
(2) by the significant increase in the number of MPs,
compared to wild-type embryos, in the MSA and on the
lateral migration pathway of Nfl-mutant embryos. It is also
noteworthy that the extent of MP dispersal on the lateral
pathway of Nfl-mutant embryos is comparable to that in
wild-type embryos, suggesting that loss of Neurofibromin
function does not impair the ability of mutant MPs to
migrate. Thus, survival and migratory behavior of MPs can
be uncoupled in Nfl mutants, which thereby permits the
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consequences of the absence of MGF on the migration of
MPs to be assessed in vivo.

MGF Promotes Migration of MPs on the Lateral
Pathway

MPs disperse extensively on the lateral pathway in
Mgf®*;Nf1~ embryos, whereas they remain in the original
location of the MSA and apparently do not enter the lateral
migration pathway of Mgf*'";Nf1~ double-mutant embryos.
Although the double-mutant embryos do not survive be-
yond e12.5, it is unlikely that MP migration is merely
delayed, since some MPs would then be expected to be
present on the lateral pathway at developmentally older,
rostral axial levels. However, few MPs were observed on the
lateral pathway at any axial level. Moreover, based on tail
size and limb bud phenotypes, the double-mutant embryos
in our experiments appear to be at the same developmental
stage as the controls. We conclude, therefore, that soluble
MGF does not simply allow MPs to survive on the lateral
migration pathway until they reach the remote source of
cell-bound MGF in the dermatome. Alternatively, as sug-
gested in the Introduction, diffusible MGF could normally
promote dispersal of MPs by acting as a motogenic cytokine
(“scatter factor”; Dowrick and Warn, 1991; Gherardi and
Coffer, 1991; see also Jordan and Jackson, 2000) through the
KIT receptor. If this were so, and if crest-derived cells were
not inhibited from entering alternative pathways by other
mechanisms (e.g., see Debby-Brafman, et al., 1999; Eickholt
etal., 1999; Erickson et al., 1992; Oakley et al., 1994; Perris
and Johansson, 1990; Perissinotto et al., 2000; Smith et al.,
1997; Wahl et al., 2000; Wehrle-Haller and Chiquet, 1993;
Wenk et al., 2000), Nfl-mutant crest-derived cells might be
expected to migrate promiscuously. In Nfl-mutant em-
bryos, such ectopically located MPs would be able to
survive and, hence, would be detected in association with
crest-derived structures on the medial migration pathway.
It is noteworthy, however, that although pre- and paraver-
tebral sympathetic ganglia, but not dorsal root ganglia, are
enlarged in older Nfl-mutant mice (Brannan et al., 1994),
the size of ganglionic structures on the medial pathway is
not initially affected (not shown), and MPs were not ob-
served in association with these structures on the medial
migration pathway in Nfl-mutant embryos. It seems un-
likely, therefore, that the Nfl mutation, in which RAS-
mediated signaling pathways are hyperactive, promotes
cell-migratory activity on alternative pathways. Neverthe-
less, since other mechanisms might prevent entry or sub-
sequent detection of crest-derived cells on particular migra-
tion pathways, we cannot eliminate the possibility that
MGF signaling through the RAS pathway acts as a mo-
togenic cytokine to promote MP motility, as recently
suggested by Jordan and Jackson (2000). It should be empha-
sized, however, that (1) diffusible MGF is produced at a
remote site on the lateral migration pathway relative to the
initial location of MPs in the MSA (Wehrle-Haller and
Weston, 1995), (2) MPs migrate from the region of the MSA
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toward the remote source of MGF, and (3) Nfl-mutant MPs
are not found in ectopic locations (other than the original
location of the MSA), in the presence of MGF. Taken
together, these facts support the suggestion (see also Kuni-
sada et al., 1998) that MGF provides directional cues for
MPs to migrate on the lateral pathway. Direct demonstra-
tion that identified MPs migrate up an MGF gradient in
vitro will be required to confirm this inference, but such
experiments are beyond the scope of the present work.

MGF Promotes MP Survival, but Not Migration,
through the RAS Signaling Pathway

Both MGF and Neurofibromin function in the RAS sig-
naling pathway in a variety of cell types (Boguski and
McCormick, 1993; Lev et al., 1994; McCormick, 1995). Our
results are consistent with previous reports that Neurofi-
bromin functions in the RAS pathway (Martin et al., 1990).
However, since some cells still survive in the presence of
MEK inhibitors (see Table 1), it is important to note that
some level of survival can also be mediated through other
signaling pathways, as suggested by others (Blume-Jensen et
al., 1994, 1998; Serve et al., 1995; Zhang et al., 1998;
possible alternative signaling pathways are indicated in Fig.
5). It is noteworthy that MGF activation of Nfl-mutant
cultures results in a dramatic increase in MP survival that
is not efficiently reversed by inhibiting MEK. This suggests
that an alternative survival pathway exists. This pathway
might also be activated during EDN3-stimulated MP sur-
vival (see Shin et al., 1999), which is not affected by loss of
Neurofibromin-GAP activity in cultures of Nfl-mutant
cells (see Table 1). In this regard, it is interesting to note
that Akt/protein kinase B, which plays an important role in
cell survival, is normally activated by PI3 kinases and by
G-protein-coupled receptors such as EndrB (see Fig. 5;
Murga et al., 1998; Blume-Jensen et al., 1998). PI3 kinases,
in turn, are known to be activated by oncogenic forms of
RAS (Rodriguez-Viciana et al., 1997). Accordingly, we sug-
gest that hyperactivated RAS in Nfl-mutant cells might
also result in “signal crosstalk” with other cellular signal-
ing pathways that affect survival and proliferation, whereas
rapid down-regulation of activated RAS by wild-type
Neurofibromin-GAP might prevent such crosstalk.

Since Nfl-mutant melanocyte precursors are not found in
ectopic areas in the embryo, such as in crest-derived struc-
tures on the medial pathway, our data do not support the
idea that Neurofibromin-GAP, and hence the signaling
pathway involving RAS, regulates the initial cell locomo-
tory activity of crest-derived MPs (Dowrick and Warn,
1991; Gherardi and Coffer, 1991; Jordan and Jackson, 2000).
In addition, several other developmental models for cell
migration demonstrate that altering RAS activity (e.g.,
expressing oncogenic forms of RAS) either does not rescue
or only partially rescues cell migration that otherwise
depends on RTK signaling. This is the case for the sex
myoblast migration in C. elegans and tracheal cell migra-
tion in Drosophila (Sundaram et al., 1996; deVore et al.,
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FIG. 5. Scheme of possible downstream signaling events induced by MGF/KIT interaction. The right side of the diagram shows that
recruitment of Shc, Grb-2, and SOS by activated receptor results in activation of RAS and subsequent activation of the MAP kinase pathway
involving MEK 1 and MEK 2. This pathway is required for survival, MITF activation (Hemesath et al., 1998), and proliferation (Lennartsson
et al.,, 1999). In wild-type MPs, GAP activity of Neurofibromin (NF1) requires persistent MGF signaling to maintain survival mediated
through this pathway. In contrast, inactivation of NF1 permits RAS signaling to persist after an initial RAS-GEF-mediated stimulation.
Specific inhibition of MEK 1 and MEK 2 activity by U0126 selectively down-regulates the MAP Kkinase pathway even in the absence of NF1
function, consequently reducing survival-promoting activity of the RAS pathway. The left side of the diagram indicates binding of the
regulatory subunit of PI3 kinase to KIT, which results in the production of P13,4,5P, which serves to recruit and activate Akt/PKB
serine-threonine kinase. Subsequent phosphorylation of Bad, a proapoptotic Bcl-2 family member, results in inactivation of apoptotic
mechanisms and leads to survival of MGF-stimulated cells. Both P13,4,5P by KIT-associated P13 kinase and activated RAS (Denhardt, 1996)
lead to the recruitment of RAC-GEFs and subsequent stimulation of RAC at the cell periphery. RAC activation results in rearrangements
of the actin cytoskeleton required for cell migration. In melanoblasts from Nfl ™" ;MGF " embryos, possible RAS activation of RAC appears
to be insufficient to stimulate migration. In Mast cells and c-kit-transfected porcine aortic endothelial cells, efficient remodeling of the
actin cytoskeleton induced by MGF also depends on protein kinase C activation (Blume-jensen et al., 1993; Vosseller et al., 1997). This
pathway is omitted for clarity, but might be essential for MP migration in homozygous mice expressing a mutant form of KIT deficient in
PI3K recruitment (Blume-Jensen et al., 2000). Furthermore, binding of Src to membrane-proximal phosphotyrosine residues is involved in
the activation of the Shc/Grb-2/SOS complex and is required for RAS activation (pathway omitted for clarity; see Lennartsson et al., 1999).

altered by misexpression of oncogenic forms of RAS. In-
stead, we describe a system in which RAS is activated by
normal cellular signaling pathways, and its activity remains
high due to the loss of Neurofibromin-GAP function. We

1995; Reichmann-Fried et al., 1994). In contrast to these
studies, in which oncogenic or dominant activated RAS
proteins have been expressed, tissue-specific spatial and
temporal signaling through RAS in Nfl-mutant MPs is not
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propose, therefore, that RAS signaling is normally required
to maintain cell survival and regulate gene expression
through the activation of the MEK pathway in vivo, but
that MGF does not stimulate cell motility by signaling
through the RAS pathway.

Since MGEF is clearly required for MP dispersal on the
lateral pathway, however, its ability to mediate cellular
migration must be effected through other signaling path-
ways. In this regard, it is interesting that PI3K as well as
protein kinase C have been shown to be required for
KIT-dependent actin polymerization and membrane ruf-
fling in Mast cells (Vosseller et al., 1997) and for MGF-
dependent migration of KIT-transfected porcine aortic en-
dothelial cells (Blume-Jensen et al., 1993). Downstream
effectors of PI3K include the small GTPase RACL (see Fig.
5), which is crucial in inducing actin assembly and lamel-
lipodia formation required for cell locomotion in general
(for review see Lauffenburger and Horwitz, 1996; Hall,
1998) and melanogenic cells in particular (Ballestrem et al.,
2000). In Drosophila, RACL1 signaling is indispensable for
border cell migration, while expression of a dominant-
negative form of RHO-A does not affect this migration
(Murphy and Montell, 1996). Similarly, although the signal
required for RHO-A/B activation is not known, their activ-
ity is required for neural crest cell segregation from the
neural tube, but does not appear to be needed for neural
crest cell dispersal from the MSA (Liu and Jessell, 1998).

In summary, our results indicate that both MGF and
EDNS3 signals are required for MP survival, proliferation,
and differentiation (see also Shin et al., 1999). MGF-
dependent MP survival is mediated through a pathway that
includes both RAS and MEK. However, the facts (1) that
some MPs remain when MEK is inhibited and (2) that
EDN3 seems to promote MP survival independent of the
ERK pathway suggest that other signaling pathways may be
activated by MGF and EDNS3 to promote survival. In any
case, we suggest that MGF, possibly acting through a signal
transduction pathway involving RAC GTPase (Fig. 5;
Lauffenburger and Horwitz, 1996; Hall, 1998) and indepen-
dent of RAS signaling, is uniquely required to provide cues
for directed migration on the lateral pathway by MPs
residing in the MSA.
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Altered Cell-Surface Targeting of Stem Cell Factor
Causes Loss of Melanocyte Precursors in Steel*™
Mutant Mice
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The normal products of the murine Steel (SI) and Dominant white spotting (W) genes are essential for the development of
melanocyte precursors, germ cells, and hematopoietic cells. The Sl locus encodes stem cell factor (SCF), which is the ligand
of c-kit, a receptor tyrosine kinase encoded by the W locus. One allele of the SI mutation, SI'™", exhibits minor
hematopoietic defects, sterility only in males, and a complete absence of coat pigmentation. The SI*™™ gene encodes SCF
protein which exhibits an altered cytoplasmic domain due to a splicing defect. In this paper we analyzed the mechanism by
which the pigmentation phenotype in SI'" mutant mice occurs. We show that in embryos homozygous for SI'"" the number
of melanocyte precursors is severely reduced on the lateral neural crest migration pathway by el11.5 and can no longer be
detected by e13.5 when they would enter the epidermis in wildtype embryos. The reduced number of dispersing melanocyte
precursors correlates with a reduction of SCF immunoreactivity in mutant embryos in all tissues examined. Regardless of
the reduced amount, functional SCF is present at the cell surface of fibroblasts transfected with SI'"" mutant SCF cDNA.
Since SCF immunoreactivity normally accumulates in basolateral compartments of SCF-expressing embryonic epithelial
tissues, we analyzed the localization of wildtype and SI'™ mutant SCF protein in transfected epithelial (MDCK) cells in
vitro. As expected, wildtype forms of SCF localize to and are secreted from the basolateral compartment. In contrast, mutant
forms of SCF, which either lack a membrane anchor or exhibit the SI'"" altered cytoplasmic tail, localize to and are secreted
from the apical compartment of the cultured epithelium. We suggest, therefore, that the loss of melanocyte precursors prior
to epidermal invasion, and the loss of germ cells from mature testis, can be explained by the inability of SI"™" mutant SCF
to be targeted to the basolateral compartment of polarized epithelial keratinocytes and Sertoli cells, respec-
tively. © 1999 Academic Press
Key Words: SI'™; melanocyte precursors; stem cell factor; epithelia; MDCK cells.

INTRODUCTION

Mutations at the Steel (SI) and Dominant white spotting
(W) loci in mice lead to absence of melanocyte populations
in the skin and inner ear, sterility in both males and
females, anemia, mast cell deficiencies, and other develop-
mental defects (Williams et al., 1992; Maeda et al., 1992;
Morrison-Graham and Takahashi, 1993; Galli et al., 1994;
Motro et al., 1996). Mutations at the W and Sl loci affect the
structure and function of the receptor tyrosine kinase, c-Kit,
and its ligand, Steel factor (a.k.a. stem cell factor (SCF),
mast cell growth factor, and kit-ligand (KL)), respectively.

' To whom correspondence should be addressed. Fax: (41 22) 702
57 46. E-mail: Bernhard.Wehrle-Haller@medecine.unige.ch.

0012-1606/99 $30.00
Copyright © 1999 by Academic Press
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As a receptor-ligand pair, phenotypic effects of the respec-
tive mutated genes are almost identical, except, of course,
that W mutations are cell autonomous, whereas SI muta-
tions are not. A large number of alleles for both the W and
the Sl loci have been identified and molecularly analyzed
(Morrison-Graham and Takahashi, 1993; Bedell et al.,
1996). At the Sl locus, several alleles exhibit complete
deletions of the Sl gene (Bedell et al., 1996) or alterations in
the enhancer regions of the Sl gene (Steel-panda, SI™";
Steel-contrasted, SI*"), which affect mMRNA levels of SCF in
various tissues (Huang et al., 1993; Bedell et al., 1995).
There is, however, a small class of SI mutations affecting
the coding sequence of SCF and therefore changing the
structure of the expressed SCF protein. In these two muta-
tions, Steel-dickie (SIY) and Steel-17H (SI*™"), the c-kit

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 64



72

Wehrle-Haller and Weston

I KL-S™

SP

RBD

™tag l T™| CD

| R KL-M1™
exon 6
. l i KL-M2™"
CDof17H

17H/KL-M2™

FIG. 1.

KL-EGFP-M2™°

Graphic representation of different wildtype and mutant forms of SCF used in the current study. Graphic representation of SCF

cDNA constructs which produce wildtype, SI"™™ mutant, and EGFP-tagged SCF. Wildtype SCF exists in two alternative splice variants,
which are both expressed as membrane-bound molecules. The small variant (KL-M2) remains membrane bound, while the larger variant
(KL-M1) expresses exon 6 which exhibits a proteolytic site which leads to secreted SCF (KL-S). SI'™ mutant forms of SCF (only the M2
variant is shown) display an altered cytoplasmic domain (17H/KL-M2). In order to visualize and trace various wildtype and mutant forms
of SCF, we introduced a myc tag and the coding sequence for EGFP (enhanced green fluorescent protein) into the spacer region, which
separates the receptor binding domain from the transmembrane domain (KL-EGFP-M2™¢). C-C, disulfide-linked extracellular cysteines;
CD, cytoplasmic domain; ™°tag, 9E-10 anti-human myc epitope; PS, proteolytic site; RBD; receptor binding domain; SP, signal peptide; TM,

transmembrane domain.

binding domain of SCF remains functional (Brannan et al.,
1991, 1992; Flanagan et al., 1991). Nevertheless, the pheno-
type of SI is almost as severe as a Sl deletion, and SI'""
exhibits complete absence of coat pigmentation. Interest-
ingly, SI"™ males are sterile, whereas females are fertile
(Brannan et al., 1992). Furthermore, although the SI'™
mutation leads to altered homing behavior of hematopoi-
etic precursors (Tajima et al., 1998), it causes only minor
effects in hemopoiesis.

Wildtype SCF is expressed in two alternatively spliced,
initially membrane-bound forms. The alternatively spliced
exon 6, which is present in the larger splice form of SCF
(KL-M1; Fig. 1), codes for an extracellular site of proteolytic
processing, so that an active form of SCF is released after a
half-life of 15 to 30 min at the cell surface (Flanagan et al.,
1991; Huang et al., 1992). The smaller splice form (KL-M2;
Fig. 1) remains membrane bound, but can also be cleaved at
alternative proteolytic sites, with a half-life of 3 to 5 h
(Huang et al., 1992). The SI® allele exhibits a deletion of the
transmembrane and cytoplasmic domain of SCF yielding
constitutively secreted SCF (Brannan et al., 1991; Flanagan

et al., 1991). The strong phenotypes associated with this
mutation show clearly that membrane-bound SCF is essen-
tial for the survival of SCF-dependent cell populations.
Although secreted SCF is not sufficient to promote survival
of c-kit-expressing melanocyte precursors it can transiently
support their migration from the neural tube onto the
lateral neural crest migration pathway (Wehrle-Haller and
Weston, 1995). Therefore, secreted SCF either exerts a
chemotactic response toward c-kit-expressing melanocyte
precursors or provides long-range survival cues before me-
lanocyte precursors reach the dermatome and remain asso-
ciated with the dermatome-derived dermal fibroblasts ex-
pressing membrane-bound SCF (Wehrle-Haller and Weston,
1997).

Another mutant allele at the Sl locus, SI'™, exhibits a
pronounced coat color phenotype similar to SI°. In contrast
to SI, however, SI'™ is a point mutation that affects the
splice acceptor for the exon encoding the cytoplasmic tail of
SCF. SI™ mutant SCF exhibits a normal extracellular and
transmembrane domain followed by a cytoplasmic tail, the
deduced sequence of which is similar in length but com-

|17H
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pletely changed in its amino acid composition (Fig. 1)
(Brannan et al., 1992). Functionally active SCF can be found
in the supernatant of cultured fibroblasts transiently trans-
fected with SI™ cDNA (Brannan et al., 1992; Cheng and
Flanagan, 1994). Because functional SCF appears to be
secreted, and a membrane-bound form is made by mutants,
the cause of the pigmentation defect in SI™" mutant ani-
mals is puzzling. It is possible, however, that SI'™ mutant
SCF exhibits a misfolded cytoplasmic tail that negatively
affects the membrane insertion or protein stability of SCF
and thereby reduces the amount of surface-expressed mu-
tant protein. This hypothesis is consistent with the report
(Cheng and Flanagan, 1994) that less SI'™" mutant SCF can
be detected by a c-kit alkaline phosphatase fusion protein
on the surface of transiently transfected COS cells in vitro.
The fact that only 10% of the total number of germ cells
can be found in the genital ridges in SI™™ homozygous
embryos (Brannan et al., 1992) would also be consistent
with a reduced expression of SCF protein.

In order to gain further insight into the nature of the
pigmentation defect in the SI'™™ mutation, we analyzed the
melanocyte precursor migration pattern in homozygous SI'™
mice using c-kit and tyrosinase-related protein-2 (TRP-2)
MRNA as specific markers for premigratory and migratory
melanocyte precursors in whole-mount in situs of mouse
embryos (Steel et al., 1992; Wehrle-Haller and Weston, 1995).
In addition, we analyzed the SCF protein expression in wild-
type embryos and compared it with the SCF protein distribu-
tion in SI"™" mutant tissue. In vitro, we expressed wildtype
and mutant forms of SCF in fibroblasts and analyzed cell
surface expression and binding capabilities to c-kit-expressing
melanocyte precursors. Furthermore, we analyzed the local-
ization and secretion of wildtype and mutant SCF in polarized
epithelial (MDCK) cells. We observed a severely reduced but
persistent number of melanocyte precursors on the lateral
neural crest migration pathway at ell.5 and el2.5. This
correlates with reduced SCF immunoreactivity in the der-
matome of SI" mutant embryos at €10.5. We suggest that the
reduction of functionally active SI"™" mutant SCF protein on
the surface of COS-7 cells reflects this finding. Subsequently,
melanocyte precursors completely disappear prior to their
epidermal invasion. We postulate, based on wildtype and SI*"™"
mutant SCF immunoreactivity and evidence of localization
and secretion of SCF in epithelial tissues, that both the
complete loss of germ cells after sexual maturation in males
and the disappearance of melanocyte precursors prior to inva-
sion into the epidermis are caused by the failure to target SI'"™"
mutant SCF to the basolateral compartment in polarized
SCF-expressing epithelial Sertoli cells and keratinocytes.

MATERIAL AND METHODS

Mice and Embryonic Genotyping

SI"™ mutant mice were obtained from Neal Copeland and were
bred in a C3H background. Within the C3H background, homozy-
gote SI'™ mutant animals are white with black eyes; heterozygote
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animals exhibit white hairs on the forehead with otherwise normal
pigmentation. Previous studies on the SI*™" germ-cell phenotype by
Brannan et al. (1992) were performed within a mixed C3H/C57BI6
background, which is required to identify homozygous mutant
embryos. Homozygous SI'"' mutant embryos were obtained and
genotyped as follows. Heterozygous SI'"/C3H animals were
crossed with C57BI6 wildtype mice. F1 heterozygous offspring, in
contrast to the SI*™"/C3H breeding stock, have normally pigmented
heads, but exhibit a partially depigmented tail. This altered pig-
mentation phenotype of the heterozygous animals in a mixed
C3H/C57BI6 background was confirmed by test matings. All F1
mice with depigmented tails (putative heterozygotes) had offspring
which contained SI"/SI"™ homozygous animals judged by their
lack of coat pigmentation. Control matings of F1 mice with
completely pigmented tails (wild type) never generated partially
(tail) or completely depigmented offspring. However, in contrast to
homozygous SI*" mice on the C3H background, homozygous SI*"™
F2 animals often displayed partially pigmented ears and a few
pigmented hairs on the back at lumbar axial levels.

Heterozygous F1 animals which had been test mated were used
to produce homozygous embryos. Embryos were dissected between
€10.5 and el3.5 (e0.5 at the detection of the plug) and their
genotypes were identified from limb bud tissue as described
(Wehrle-Haller et al., 1996). The genotypes of the embryos were
determined with a primer pair corresponding to the D10Mit96
microsatellite marker (Research Genetics), which maps within 1
cM of the Sl locus (forward primer, CTTCTTTGAAGTTAGATG-
CAGCC, and reverse primer, TACGGAGAAGGGAACACCTG;
Mouse Genome Database; Whitehead Institute/MIT Center for
Genome Research; Copeland et al., 1993; Dietrich et al., 1994).
PCR amplification with this primer pair yielded a 127-bp band from
the mutant C3H chromosome and a 153-bp band from the wildtype
C57BI6 chromosome. To increase the size of the PCR products,
which allowed better visibility on agarose gels, a new “forward”
primer was designed based on the published sequence of the
D10Mit96 marker (new forward primer, CTGGAGACACATGCG-
CAGAC). With the new primer pair, bands of 167 and 193 bp were
obtained for the C3H SI'™ mutant and the C57BI6 wildtype
chromosome, respectively. Previous genotype results with the
D10Mit96 were confirmed with this new primer pair (not shown).

Whole-Mount in Situ Hybridization

Whole-mount in situ hybridization with the probes for TRP-2
(Steel et al., 1992) and mouse c-kit was done with at least three
embryos for each stage and genotype, as described in Wehrle-Haller
et al. (1996). Detailed protocols will be provided on request.

Antibodies and Immunohistochemistry

A polyclonal rabbit anti-mouse SCF/GST antiserum was used for
immunohistochemistry as well as Western blotting of SCF
(Wehrle-Haller et al., 1996). Anti-SCF/GST antibodies were affinity
purified with recombinant double-tagged mouse SCF (N-terminal
His tag (Invitrogen) and internal Myc tag (Fig. 1); Wehrle-Haller et
al., 1996). Double-tagged SCF was purified from bacterial lysates by
affinity chromatography on a Ni** NTA-agarose column (Qiagen).
Purified recombinant SCF was coupled to CNBr-activated Sepha-
rose (Pharmacia) and polyclonal rabbit anti-mouse SCF/GST was
adsorbed to the column. After extensive washing with PBS, anti-
SCF antibodies were eluted with 0.1 M glycine, pH 2.5, and
immediately neutralized with 1 M Tris, pH 8.0. Purified antibodies
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were used in concentrations of 1/200 to 1/50 on sections depending
on the amount of antibody recovered from the affinity column.
Further adsorption of the affinity-purified antibodies with el15.5
embryo acetone powder obtained from SI/SI homozygous embryos
did not further increase the specificity of the immunohistochemi-
cal staining (Wehrle-Haller et al., 1996).

C57BI6 wildtype embryos and homozygous and wildtype em-
bryos from F1 SI™"/+ dated matings were used for immunohisto-
chemistry. Embryos were fixed for 2 h or overnight in ice-cold 4%
paraformaldehyde in PBS, washed with PBS, dehydrated, and stored
in methanol at —20°C. For sectioning, embryos were gradually
rehydrated in 20 mM Tris, pH 7.4; 150 mM NaCl (TBS) with 0.1%
Tween 20 (TBST) and then heat treated for 30 min at 70°C in order
to inactivate endogenous alkaline phosphatases. Embryos were
subsequently submersed in 30% sucrose, embedded in OCT, frozen
on dry ice, and sectioned at 16 um. Sections were collected on
gelatin/alum-coated slides, air dried, and stored at —20°C. To
resume antibody staining, sections were briefly postfixed for 1 min,
washed with TBST, and blocked with 2% heat-inactivated BSA
(70°C for 15 min; hiBSA) in TBST for 30 min. Primary affinity-
purified rabbit anti-mouse SCF antibodies were applied for 75 min,
dissolved in blocking solution. Sections were washed 3 X 5 min
each with blocking solution. Goat anti-rabbit alkaline
phosphatase-conjugated secondary antibodies (Cappel) (diluted
1/500) were adsorbed with e13.5 heat-inactivated mouse acetone
powder (70°C for 30 min) in 2% hiBSA in TBST for 1 h at 4°C with
continuous rocking. Adsorbed secondary antibody was cleared by
centrifugation and applied to the sections for 1 h. Sections were
washed as above and subsequently incubated with adsorbed (see
above) rabbit anti-goat alkaline phosphatase-conjugated antibody
(Cappel) diluted at 1/1000 in blocking solution for 1 h.

For antigen detection, sections were washed 3 X 5 min with
blocking solution, 1 X 5 min with TBST, and 1 X 5 min with
color-developing buffer (100 mM Tris, pH 9.5; 100 mM NacCl; 50
mM MgCl,, and 0.1% Tween 20). Staining was performed for 1 to
3 h in color-developing buffer containing 0.33 mg/ml nitroblue
tetrazolium salt (NBT) and 0.166 mg/ml 5-bromo-4-chloro-3-
indolyl phosphate (BCIP) in the dark. Stained sections were washed
with TBST and embedded in glycerol. Sections were viewed under
bright field on a Zeiss Axiovert 100 equipped with a digital camera
(Hamamatsu). Adjustments of contrast and brightness were done in
PhotoShop (Adobe) and performed identically between experimen-
tal and control sections. Mutant and wildtype sections were
obtained from littermates treated identically and in parallel. Fur-
thermore, staining, color reaction, and exposure times were iden-
tical between wildtype, mutant, or control sections, in order to
reveal relative differences in intensity and staining patterns of SCF
immunoreactivity.

SCF Constructs and Transient Transfection
of COS-7 Cells

Mouse SCF cDNAs KL-S, KL-M1, and KL-M2 in pcDNAI (In-
vitrogen) were obtained from Dr. J. Flanagan, Boston (Flanagan et
al., 1991). These cDNAs code for the longer (KL-M1) and shorter
(membrane bound, KL-M2) splice variants, whereas KL-S encodes
only the proteolytically released form of SCF derived from the
KL-M1 splice variant (Flanagan et al., 1991). To allow immunohis-
tochemical detection of expressed mouse SCF proteins, a 10-
amino-acid epitope tag recognized by the 9E-10 mAb against
human c-myc (Evans et al., 1985) was introduced into the linker
region following the growth factor domain and before the end of
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exon 5 (Fig. 1). Overlapping primers (forward primer, GTCCCGAG-
CAGAAGCTTATCTCCGAGGAGGACCTCG; reverse primer,
GACCGAGGTCCTCCTCGGAGATAAGCTTCTGCTCGG)
were synthesized, annealed, and ligated into the unique ppuMI site,
creating a Gly-Pro duplication separated by the myc epitope tag.
Secreted myc-tagged SCF was tested for its biological activity in
mouse neural crest cultures in which it induced melanocyte
proliferation and differentiation (Morrison-Graham and Weston,
1993). The large (KL-M1) and small (KL-M2) splice variants coding
for the SI"™ mutant version of SCF were constructed with overlap
extension using PCR (Ho et al., 1989). Two partially complemen-
tary primers which recreated the mutated splice site in SI*"
mutant SCF were designed. The reverse primer at the mutated site
(TTGCAACATACTTCCAGTATAAGGCTCC) was used together
with a 5'-located T7 forward primer to amplify the N-terminal
region of either myc-tagged KL-M1 or KL-M2 by PCR. The other
primer amplified the C-terminal portion and 3’ untranslated region
of mouse SCF from spleen reverse-transcribed mRNA by PCR
(forward primer, ATACTGGAAGTATGTTGCAACAGAAAG-
AGA,; reverse primer located in 3" UTR, ATACTGCAGCAAA-
CATGAACTGTTACCAGCC). Both PCR products which were
partially overlapping at the SI*" mutant region, together with the
T7 and reverse 3" UTR primer, were included in a PCR yielding the
SI™ mutant sequence for either the large (KL-M1) or the
membrane-bound (KL-M2) splice variants. The mutant sequences
in the vicinity of the SI™™ mutant site were confirmed by dideoxy
sequencing.

To visualize SCF localization in living cells, we incorporated the
EGFP (enhanced green fluorescent protein; Clontech) gene in frame
into the above-mentioned constructs (Fig. 1). EGFP was inserted 3’
of the myc tag using PCR overlap extension (see above). The
N-terminal SCF sequence was amplified with a T7 forward and the
reverse myc tag primer (see above). This product was partially
overlapping to EGFP amplified with a forward primer, GGAG-
GACCTCGGTCAGGCCACCATGGTGAGCAAG, and reverse
primer, TCGCTCGAGACCGGTCTTGTACAGCTCGTCC. The
stop codon in EGFP was replaced with an Agel site followed by a
Xhol site, which were used to insert the wildtype and mutant
transmembrane and cytoplasmic sequences previously amplified
with an Agel-containing forward primer (for KL-M1 sequences)
AGAACCGGTCCCGAGAAAGATTCC or (for KL-M2 sequences)
AGAACCGGTCCCGAGAAAGGGAAAG and a reverse SP6
primer located 3’ of the multiple cloning site in pcDNAS3. Con-
structs were sequenced and judged functional due to their mem-
brane staining and ability to immobilize melb-a cells when tran-
siently expressed in COS-7 cells (see Results). Supercoiled plasmid
DNA was purified by Qiagen plasmid maxipreps and CsCl banding.
Concentrations were determined spectroscopically.

COS-7 cells were obtained from ATCC and cultured in 10% FCS
in DMEM. Transient transfection was done with the Lipo-
fectAMINE reagent (Gibco) according to the manufacturer’s rec-
ommendation. Briefly, cells were seeded at 250,000/well in a
six-well plate (Falcon), the day before transfection. One microgram
of plasmid DNA in 100 ul OptiMEM (Gibco) was mixed with 6 ul
LipofectAMINE in 100 ul OptiMEM and incubated for 30 min at
room temperature. Cells were washed with OptiMEM and incu-
bated with the transfection mixture (volume adjusted to 1 ml with
OptiMEM) for 6 h, after which the transfection solution was
replaced with 10% FCS in DMEM. For coculture experiments with
melb-a cells and expression of EGFP-tagged SCF, COS-7 cells were
transiently transfected with Fugen 6 (Roche), according to the
manufacturer’s recommendations.
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COS-7 Cell-Surface Biotinylation, Avidin
Precipitation, Western Blotting, and
Coculture Experiments

Forty-eight hours after transfection, cells were washed 3 X 5 min
with prewarmed wash buffer (140 mM NaCl, 5 mM KCI, 0.5 mM
MgSO,, 1.5 mM CacCl,, 0.05% NaHCO0;, and 0.1% glucose at pH
7.5). During washes a 0.5 mg/ml Sulfo-NHS-biotin (Pierce) solu-
tion was prepared in wash buffer by diluting a 100 mg/ml stock of
Sulfo-NHS-biotin dissolved in DMSO (prepared immediately be-
fore the experiment). The cells were biotinylated for 15 min at
37°C with occasional rocking. After biotinylation, cells were
chilled on ice and rinsed once with ice-cold wash buffer and
subsequently blocked with DMEM containing 10% FCS. Biotinyl-
ated cells were washed with wash buffer and then extracted with
0.5 ml lysis buffer for 10 min on ice with occasional rocking (120
mM NaCl; 50 mM Tris-HCI, pH 8.0; 1% NP-40; 0.5% deoxy-
cholate; 0.1% SDS; 1 mM PMSF; and 1 pg/ml chymostatin,
leupeptin, antipain, and pepstatin, each). Biotinylated proteins
were precipitated with 50 ul of a 50% suspension of avidin-agarose
beads (Pierce) for 2 h at 4°C. Beads were washed once with 0.5 ml
lysis buffer and twice with 1 ml TBST. Beads were boiled for 5 min
in 50 ul 1xX SDS-PAGE buffer containing B-mercaptoethanol.
Proteins were separated on 12% SDS-PAGE and transferred to
nitrocellulose according to standard protocols. Blots were blocked
in 1% BSA in TBS and incubated with a rabbit anti-mouse
SCF/GST polyclonal antiserum diluted 1/1000 in blocking buffer or
5 pg/ml anti-myc (9E-10) monoclonal antibody in blocking buffer.
Nitrocellulose blots were washed with TBST and incubated with
goat anti-rabbit antibodies conjugated either to alkaline phospha-
tase (Bio-Rad) or to peroxidase (Jackson ImmunoResearch) or with
goat anti-mouse antibodies conjugated to peroxidase (Chemicon).
Each secondary antibody was diluted 1/1000 in 1% BSA in TBS.
Blots were developed with NBT/BCIP (see above) or with ECL
reagents (Amersham).

As an internal control for transfection efficiency and respective
synthesis of SCF proteins, we compared identical fractions of the
total cell lysates for SCF immunoreactivity on Western blots. The
obtained band represents the sum of transfection efficiency, protein
synthesis, and half-life of the SCF protein under steady-state
conditions. Only the surface biotinylations in which steady-state
levels of SCF protein were comparable between wildtype and
mutant proteins of a respective splice variant were analyzed (see
Results). Furthermore, we used monoclonal antibody 9E-10 (Evans
et al., 1985) to reveal the myc-epitope-tagged wildtype and mutant
SCF protein, in order to exclude possible changes in anti-SCF-
antibody avidity toward mutant SCF protein.

The c-kit-expressing and SCF-dependent melanoblast cell line
melb-a was obtained from Dr. Dot Benett (London) (Sviderskaya et
al., 1995) and cultured in RPMI medium with 10% FCS, 20 ng/ml
SCF, and 40 pM bFGF. For coculture experiments, melb-a cells
were washed, trypsinized, and blocked in RPMI containing 10%
FCS and resuspended in RPMI without serum or growth factors.
Melb-a cells were then added to previously transfected COS-7 cells
and cultured in serum-free RPMI medium. Cultures were fixed
after 24 h and fields were photographed randomly. Alternatively,
COS-7 cells plated on glass coverslips were transfected with
EGFP-tagged SCF constructs. After addition of melb-a cells, living
cocultures were photographed on an inverted fluorescence micro-
scope (Axiovert 100; Zeiss).

75

MDCK Cell Transfection with Normal and EGFP-
Tagged Wildtype and Mutant SCF and Detection
of Polarized Proteins

MDCK cells were obtained from ATCC and cultured in DMEM
containing 10% FCS. Myc-epitope-tagged cDNAs encoding KL-S,
KL-M1, KL-M2, and SI'"-mutated KL-M1 were subcloned into
pcDNAZ3 (Invitrogen). MDCK cells were transfected at 30% con-
fluency with LipofectAMINE reagent as described above. In order
to increase the transfection efficiency, MDCK cells were trans-
fected in the presence of 1000 U of hyaluronidase (Calbiochem) per
1 ml of transfection solution, which increased the number of
transfected MDCK cells three- to fivefold (data not shown). Two
days after transfection, cells were plated at different concentrations
into 10-cm culture plates and selected in the presence of 500 pwg/ml
G418 (Gibco). After 2 weeks of selection, cells on plates containing
multiple colonies (10-20) were trypsinized and cloned by serial
dilutions in 96-well plates in the presence of G418. Individual
clones were tested for anti-SCF immunoreactivity as described
above. Positive clones were tested for their ability to form tight
monolayers on high-density transwell filters (0.4 pm) (Becton-
Dickinson). The confluency of the monolayers was confirmed
visually and the integrity of tight junctions was tested overnight for
their ability to prevent diffusion of phenol red from the lower to the
upper compartment. Selected clones were grown to confluency on
the transwell filters and were then incubated for 6 days in 10% FCS
containing DMEM. An aliquot of medium from the upper and
lower compartments was run on a 12% SDS gel, blotted, and
analyzed for SCF immunoreactivity as described above.

To observe the distribution of wildtype and SI'™ mutant EGFP-
tagged SCF protein in polarized epithelial cells, we transfected
MDCK cells using Fugen 6 (Roche) according to the manufacturer’s
recommendations. One day after transfection cells were plated at
low density in the presence of 500 ug/ml G418. Fluorescent
colonies were isolated and enriched for EGFP-expressing cells by
fluorescent-activated cell sorting (FACStar Plus; Becton-
Dickinson). Transfected cells were seeded onto glass coverslips and
the EGFP tag was visualized on a Zeiss Axiovert 100 microscope
equipped with a motorized stage and a digital camera
(Hamamatsu). Image capture, stage movements, and three-
dimensional reconstruction of SCF-EGFP-transfected MDCK cells
were performed from optical slices taken every 0.2 um using the
Openlab software package (Improvision).

RESULTS

Reduced Numbers of Melanocyte Precursors
Disperse in SI'"" Homozygous Mutant Embryos

In the trunk of normal embryonic mice, melanocyte
precursors begin to disperse on the lateral crest cell migra-
tion pathway from the migration staging area (MSA;
Weston, 1991; Wehrle-Haller and Weston, 1997) at about
e11-11.5. While still in the MSA, these melanocyte precur-
sors begin to express c-kit and TRP-2, while mRNA encod-
ing the c-kit ligand, SCF, is expressed in the dorsal aspect of
the epithelial dermatome that borders the lateral migration
pathway (Wehrle-Haller and Weston, 1995). In order to gain
insight into the cause of the pigmentation defect in SI*™
homozygous mice, we compared the initial dispersal of
melanocyte precursors from the MSA (ell.5) onto the
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lateral pathway and subsequent dispersal of these cells in
the mesenchymal dermis (€12.5) in wildtype embryos and
in SI'™ mutant homozygotes.

In e11.5 homozygous SI'™" mutant embryos, fewer TRP-
2/c-kit mRNA-expressing cells were found in the MSA
compared to wildtype littermates (arrows in Figs. 2A and
2B). Moreover, fewer cells were localized on the lateral
pathway at hindlimb levels (Figs. 2A, 2B, 2C, and 2D).
Interestingly, in mutant embryos (Figs. 2B and 2D), mela-
nocyte precursors were found in a narrower band, in con-
trast to the broader distribution of cells in wildtype em-
bryos (Figs. 2A and 2C). More anterior in the trunk, a few
irregularly spaced melanocyte precursors could be detected
on the lateral pathway in SI'™™ homozygous mutant em-
bryos (not shown). In contrast to wild type, the head of
mutant embryos contained only a small number of TRP-2/
c-kit mRNA-expressing cells at the level of the second
branchial arch, the precursor of the ear pinna (Figs. 2E and
2F).

Atel2.5, afew TRP-2-positive cells were detected in S
homozygous embryos at the level of the ear pinna (not
shown). Although cells could not be detected in the anterior
trunk of mutant embryos, they were present on the lateral
pathway at hindlimb levels (Fig. 2H). Some TRP-2-positive
cells were also found entering the posterior portion of the
hindlimb (a site of SCF mMRNA and protein expression),
comparable to wild type (Fig. 2G). Although melanocyte
precursors occupied similar regions in SI'™" and wildtype
embryos, their number was dramatically reduced in SI*"™"
mutant embryos compared to wild type.

By e13.5, TRP-2-positive cells could no longer be detected
in mutant embryos at any location where they were nor-
mally observed in wildtype embryos (data not shown).

|17H

SCF Protein Expression Is Reduced, and Its
Location Is Altered, in SI"™ Mutant Embryos

Since the reduced number of melanocyte precursors in
SI'™ mutant embryos was already evident by e11.5, the
cause of this phenotype seems likely to be associated with
SCF expression normally seen in the dermatome by e10.5.
Since SCF mRNA levels appear to be comparable in wild-
type and SI'"" homozygous mutant embryos (Brannan et al.,
1992), we analyzed SCF protein distribution in the der-
matome of wildtype and SI™ mutant tissues in order to
reveal possible differences. Compared to wild type, the
amount of SCF immunoreactivity (SCF-IR) was dramati-
cally reduced in all SI™™ homozygous mutant embryos
examined (e10.5, e11.5, e13.5; n = 5). At e10.5 in wildtype
embryos, SCF protein was detected in the dermatome,
pronephros, and genital ridges in the trunk and in the
floorplate along the entire axis (Figs. 3A-3E). However, in
SI'™ homozygous mutant embryos, fainter SCF-IR was
detected in the dermatome, pronephros, genital ridges, and
floorplate (Figs. 3F-3J). Interestingly, in contrast to wildtype
SCF-IR, which is found in luminal as well as in basolateral
aspects of the dermatome, the pronephros, and the floor-
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plate (Figs. 3A-3E), SCF-IR in SI'"" mutant embryos is found
only in the luminal aspect of the dermatome, pronephros,
and floorplate (Figs. 3F-3J). Particularly, the accumulation
of basal SCF-IR associated with neuronal fiber tracks cross-
ing the floorplate is not observed in SI*"" mutant embryos
(brackets in Figs. 3E and 3J).

As with e10.5 embryos, the SCF-IR in €11.5 SI'"" homozy-
gous mutant embryos was severely reduced in the floorplate
and genital ridges (not shown). At e13.5 SCF-IR in SI"™"
mutant embryos could not be detected in dermal mesen-
chymal regions in the dorsal aspect of the tail, a site of
wildtype SCF-IR (not shown). In summary, SCF-IR in mes-
enchymal tissues is dramatically reduced in SI'™™ mutant
embryos compared to wild type. In addition, in embryonic
epithelial tissues, SI'™" mutant SCF-IR is localized primar-
ily to the apical compartment, whereas in wildtype em-
bryos the majority of SCF-IR was found in basal compart-
ments.

SI'™™ Mutant SCF Protein Is Expressed at Reduced
Levels on the Surface of Transfected COS-7 Cells

From the immunohistochemical data presented above, it
was clear that the level of SCF protein was reduced in SI*™
mutant embryos. Similarly, Cheng and Flanagan (1994)
found a reduced expression of SI'™ mutant protein, by
histochemical criteria, on the surface of transiently trans-
fected COS-7 cells. Since quantitative determination and
comparison of secreted and membrane-bound wildtype and
mutant SCF protein levels was not performed (Brannan et
al., 1992; Cheng and Flanagan, 1994; Tajima et al., 1998),
however, we attempted to determine relative levels of
wildtype and SI'" mutant SCF proteins expressed on cell
surfaces. Accordingly, different forms of SCF, all tagged
with the epitope of the anti-myc 9E-10 monoclonal anti-
body, were transiently expressed in cultured COS-7 cells
(see Material and Methods).

In order to determine the relative amount of SI""™ mutant
SCF protein expressed on the surface of transfected cells, we
biotinylated the surface of transiently transfected COS-7
cells for 15 min. After cell lysis, a fraction of the total
amount of biotinylated surface proteins was precipitated
with avidin beads and the relative amount of SCF precur-
sors in this fraction was revealed on Western blots with a
polyclonal SCF antibody directed against the extracellular
SCF growth factor domain or the 9E-10 anti-myc tag mono-
clonal antibody (Evans et al., 1985). Both the large splice
variant and the membrane-bound form of SCF (KL-M1™*¢
and KL-M2™°, respectively) were present in comparable
amounts on the surface of COS-7 cells (Figs. 4A and 4C).
Interestingly, however, biotinylation of the large splice
variant of SI'™" mutant SCF (17H/KL-M1™°) was found to be
significantly reduced, although it exhibits an identical
extracellular domain, compared to wildtype SCF (KL-M1™°)
(Fig. 4A). Thus, although the amount of biotinylated mu-
tant SCF expressed at the cell surface was significantly
reduced compared with wildtype, the total amounts of

|17H
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FIG. 2. Whole-mount in situ hybridization with TRP-2 and c-kit antisense probes of wildtype and SI"™" homozygous mutant embryos.
Whole-mount in situ hybridization of wildtype (A, C, E, and G) and SI'™" homozygous mutant embryos (B, D, F, and H) with an antisense
riboprobe against TRP-2 (A, B, and E-H) and c-kit (C and D). Embryos of e11.5 are shown in A-F and of e12.5 in G and H. Tail and hindlimb
region of wildtype and SI'™" homozygous mutant littermates exhibit TRP-2-positive cells in the MSA (arrows in A and B) and dispersed on
the lateral neural crest migration pathway at hindlimb levels (A and B). Similar to A and B, a pair of wildtype (C) and SI*""' homozygous (D)
littermates were hybridized with a c-kit antisense riboprobe. A high concentration of TRP-2-positive cells can be detected at the primordia
of the ear pinna in wildtype embryos (E). Only a few cells can be detected in that location in SI'™" homozygous mutant embryos (F). E12.5
hindlimb region of wildtype (G) and SI'™ homozygous mutant (H) littermates hybridized with a TRP-2 antisense riboprobe. Note the
reduced number of TRP-2-positive cells on the lateral pathway. ep, primordia of ear pinna; hl, hindlimb; t, tail. Bar corresponds to 0.55 mm
in Aand B, to 0.9 mm in C and D, to 0.3 mm in Eand F, and to 1 mm in G and H.
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FIG. 3. SCF immunoreactivity (SCF-IR) in wildtype and SI'™" homozygous mutant tissue. Cross sections of wildtype embryos (A-E) and
SI"™ homozygous littermates (F-J) at e10.5, stained in parallel with affinity-purified anti-SCF antiserum (A-J) or only secondary reagents
(K-0). Sections stained with anti-SCF antibodies (anti-SCF Ab) or without primary antibody (no 1* Ab) of the dermatome (A, F, and K),
pronephros (B, G, and L), genital ridges (C, H, and M), and floorplate (D, I, and N) at posterior midtrunk levels of €10.5 embryos. The
mediodorsal boundary of the dermatome is indicated by arrowheads. Note the reduced SCF-IR between wildtype and SI'"" homozygous
mutant sections in the dermatome and floorplate as well as pronephros and genital ridges (compare A-D with F-I). Note also the differential
distribution of SCF-IR in the dermatome and pronephros between wildtype and SI*™" homozygous embryos (compare A with F and B with
G). Cross sections of the floorplate at midbrain levels of wildtype (E) and SI'""' homozygous mutant embryos (J). The location of neuronal
fiber tracks crossing the floorplate is indicated by brackets (in E and J). Note the absence of SCF-IR accumulation associated with these
fibers in SI'™ homozygous mutant embryos. dm, dermatome; fp, floorplate; gr, genital ridges; pn, pronephros. Bar corresponds to 63 um in
A-O.

SCF-immunoreactive proteins present in the lysates of
wildtype and mutant SCF-transfected COS-7 cells were

main of SCF due to the mutant cytoplasmic tail, we probed
total cellular lysates and avidin-precipitated proteins with

similar (Fig. 4B). Similar to the larger splice variant, biotin-
ylation of the membrane-bound splice variant of SI*™"
mutant SCF (17H/KL-M2™¢) was found to be significantly
less than the respective wildtype form (Fig. 4C).

Since we could not completely exclude possible changes
of anti-SCF antibody avidity toward the extracellular do-

the 9E-10 antibody as well. Total COS-7 cell lysates of
KL-M2™¢- and 17H/KL-M2™¢-transfected cells revealed
bands of similar intensities when blotted with the 9E-10
antibody (Fig. 4D). Examination of cell surface biotinylated
SCF from these two samples by the 9E-10 antibody illus-
trated a reduction of cell-surface-expressed SI'™" mutant

Copyright © 1999 by Academic Press. All rights of reproduction in any form reserved.

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration

71



SI'™ Mutant SCF Targeting Defect 79
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FIG. 4. SI'™ mutant SCF is not efficiently cell surface biotinylated compared to wildtype forms of SCF. 48-h transiently transfected COS-7
cells were cell surface biotinylated for 15 min, washed, blocked in DMEM containing 10% FCS, and lysed with detergent. Total cell lysates
(lys) or avidin-precipitated fractions (av) were analyzed on 12% SDS-PAGE minigels followed by Western blotting with polyclonal
anti-SCF/GST antiserum (a SCF) or with 9E-10 (anti-myc; a Myc) monoclonal antibody as indicated. (A) Anti-SCF-reactive proteins
precipitated with avidin beads from lysates of cells transfected with KL-M1™° (M1), KL-M2™° (M2), or 17H/KL-M1™° (17HM1) cDNAs. (B)
Total anti-SCF-reactive proteins present in lysates from A. (C) An experiment identical to A, in which, however, the membrane-bound
version of the SI'™ mutant SCF (17H/KL-M2™¢; 17HM2) was included. (D and E) The same blot of total cell lysates and avidin-precipitated
proteins from either wildtype SCF- (KL-M2™¢; M2) or SI'" mutant SCF- (17H/KL-M2™°; 17HM2) transfected cells. The blot was first
developed with anti-myc monoclonal antibody (D) and subsequently with anti-SCF polyclonal antiserum (E). The arrows in A and B point
to the biotinylated SI'™" mutant SCF protein in A and its corresponding similar-sized band in the total cell lysate in B. Incubation with 9E-10
antibody revealed multiple non-SCF-related cytoplasmic proteins present equally in both lysates. The apparent molecular weights (in kDa)

of the protein standards are indicated (m).

SCF (Fig. 4D). Incubation of the same blots with polyclonal
anti-SCF antibodies revealed similar intensities of the
bands as observed with the 9E-10 antibody (Fig. 4E).

Membrane-Associated SI*™™ Mutant SCF Protein
Is Functional

The reduced numbers of melanocyte precursors seen in
e11.5-12.5 mutant embryos might result from the inability
of c-kit-expressing cells to recognize mutant SCF expressed
on dermatome-derived dermal fibroblasts. In order to test
whether SI™ mutant SCF expressed on dermal fibroblasts
can be recognized by c-kit-containing cells, we developed a
simple coculture assay: SCF-dependent melb-a cells (a
melanoblast cell line; Sviderskaya et al., 1995) were seeded
in serum-free medium onto transiently transfected COS-7
cells (see Material and Methods). After 24 h, cultures were
washed and assessed for the association of melanoblasts and
transfected COS-7 cells. In four independent experiments,
aggregates (asterisks in Fig. 5) of melanoblasts and COS-7
cells were found consistently in cultures in which COS-7
cells had been transfected with membrane-bound forms of
SCF (KL-M1™°, KL-M2™°, Figs. 5A and 5B), but not in
cultures transfected with secreted forms of SCF (KL-S™;
Fig. 5C) or no DNA (Fig. 5F). Aggregates of melanoblasts
and COS-7 cells transfected with 17H/KL-M1™° and 17H/
KL-M2™* (Figs. 5D and 5F) were indistinguishable from
cultures containing cells transfected with wildtype SCF
cDNA. This indicates that the SI'™" mutant forms of SCF,
when expressed on the surface of fibroblasts, are active and
accessible for binding by c-kit-expressing melanoblasts.

To further reveal details about the melb-a/COS-7 aggre-
gates, we repeated the above experiment with COS-7 cells
transfected with various EGFP-tagged SCF constructs. Ag-

gregates which were formed were always associated with
green fluorescent cells (Figs. 5G-5N). Two classes of at-
tached melb-a cells were observed: (1) round cells which
were detached from the substrate and only loosely con-
nected to the surface of the COS-7 cells and (2) spread
melb-a cells forming extensive areas of contacts which were
often highlighted by EGFP fluorescence (Figs. 5G and 5H).
Round pocket-like structures were formed within the sur-
face of COS-7 cells (asterisk, Fig. 5H) only in cells trans-
fected with the membrane-bound variant of wildtype SCF
(KL-EGFP-M2™°),

SCF Protein Accumulates in the Basolateral
Compartment of Epithelia

Based on the foregoing results, it appears that membrane-
associated SI™™ mutant protein is recognized and bound by
c-kit-expressing melanoblasts in culture, but a reduced
amount of SCF expressed at the cell surface is responsible
for the reduced number of melanocyte precursors on the
lateral pathway by e11.5, as well as of primordial germ cells
in the genital ridge (Brannan et al., 1992) of SI*™" homozy-
gous mutant embryos. We were puzzled, however, by the
apparent discrepancy between the ability of SCF-dependent
hematopoietic cells and female germ cells to persist in SI*"™
mutants and the complete loss of melanocyte precursors
prior to epidermal invasion and of male germ cells in the
testis of mutant animals. In this regard, it is noteworthy
that melanocyte precursors will migrate through the base-
ment membrane into the basal portion of the SCF-
expressing epidermal keratinocyte layer by €13.5. Similarly,
male germ cells undergo SCF-dependent proliferation in the
basal compartment of the Sertoli cell layer of the testis.
Because of this association of SCF-dependent cell popula-
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KL-EGFP- KL-EGFP- 17H/KL-EGFP- J 17H/KL-EGFP-

M 1 myc M 2n1yc M 1 myc M 2 myc

FIG.5. Adhesion of melanoblasts to COS-7 cells transfected with cell-surface-associated wildtype and SI'"" mutant SCF. COS-7 cells were
transiently transfected with various forms of SCF (see Fig. 1). 24 h after transfection, COS-7 cells were washed and melb-a cells were plated
in serum-free medium. After 24 h cultures were washed, fixed, and photographed (A-F) or they were cultured for 48 h and observed alive
(G-N). Independent of the cDNA used to transfect the COS-7 cells, melb-a cells attached to the culture dish, displaying a characteristic
spindle-like shape. When COS-7 cells were transfected with membrane-bound forms of wildtype SCF (A, KL-M1™¢; G, KL-EGFP-M1™"; B,
KL-M2™¢; and H, KL-EGFP-M2™°), melb-a cells were observed to bind to COS-7 cells, forming aggregates of melb-a cells on COS-7 cells
(asterisks). Similar aggregates were also observed when COS-7 cells were transfected with SI'" mutant forms of SCF (D, 17H/KL-M1™"; |,
17H/KL-EGFP-M1™*; E, 17H/KL-M2™*¢; and J, 17H/KL-EGFP-M2™"). No aggregates were observed in COS-7 cells transfected with cDNA
coding for secreted SCF (C, KL-S™°) or no DNA (F). (K-N) Bright-field views of the cells in G-J, respectively. Note the pocket-like structure
formed by a KL-EGFP-M2™*-transfected COS-7 cell (asterisk in H). The locations of the COS-7 cell nucleus (n) and melb-a cells (m) are
indicated in G-J and K-N, respectively. Bar corresponds to 200 um in A-F and 35 um in G-N.
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FIG. 6. Wildtype SCF-IR in embryonic epithelial and mesenchymal tissues. Sections from el11.5 (A and B) and e12.5 (C-H) wildtype
embryos were stained with an affinity-purified anti-SCF polyclonal antisera (A-C, E, and G) or without primary antibody (D, F, and H). (A)
Cross section at midtrunk level showing the mesonephros. (B) Cross section of the floorplate at midtrunk level. (C and D) Consecutive cross
sections through the skin. Consecutive cross sections through the floorplate and the inner ear are shown in E, F and G, H, respectively. Note
the SCF-IR associated with the basal compartment of the floorplate (B and E), mesonephros (A), and epidermal keratinocytes (C).
Mesenchymal SCF-IR was detected in the condensed mesenchyme surrounding the epithelium of the inner ear (G). d, dermis; ep, epidermis;
fp, floorplate; ie, inner ear; mn, mesonephros; nt, neural tube. Bar corresponds to 35 um in A, C, and D; to 50 um in B; to 80 um in E and

F; and to 210 um in G and H.

tions with the basal compartment of epithelial tissues, it
seemed possible that normal SCF function required appro-
priate asymmetric localization of SCF protein in embryonic
epithelia.

To test this notion, we examined SCF protein localiza-
tion in wildtype embryonic epithelial tissues. In general,
SCF-IR was always detected in tissues previously reported
to express SCF mRNA (Keshet et al., 1991; Bedell et al.,
1995; Wehrle-Haller and Weston, 1995), as well as in some
other locations like the optic stalk. Surprisingly, SCF pro-
tein expressed within epithelial tissues was predominantly
accumulating within the basolateral compartment. Thus,
at €10.5, SCF-IR can be detected in the apical and basolat-
eral compartments of the dermatome, the floorplate, and
the pronephros (Figs. 3A-3D). At ell.5 basolateral SCF-IR
has increased in the mesonephros (Fig. 6A) and is almost
exclusively localized to the basal aspect of the floorplate
(populated by crossing axonal tracts) (Fig. 6B). At el2.5
SCF-IR can be detected in basolateral locations within the
epidermal keratinocyte layer (Fig. 6C), the floorplate (Fig.
6E), and the mesonephros (not shown). At e13.5 SCF-IR is
found in the basal aspect of the epidermis and nephritic
tubules (not shown). It should be emphasized, however,
that SCF-IR is also found uniformly distributed in many
nonepithelial (mesenchymal) tissues such as the dermal

mesenchyme formed from the epithelial dermatome, as
well as the genital ridges, cartilage condensations in the
head and ribs (not shown), and condensed mesenchyme
surrounding the inner ear (Fig. 6G).

Differential Localization and Release of Wildtype
and SI'"™™ Mutant SCF from Polarized Epithelial
Cells Might Explain the Paradoxical Survival

of Some SCF-Dependent Cells

Melanocyte precursors and spermatogonia both depend
on SCF support, while localized in the basal compartment
of the epidermal keratinocytes (e13.5; Nishikawa, et al.,
1991) or the Sertoli cell layer (Yoshinaga et al., 1991),
respectively. We therefore tested the hypothesis that the
cytoplasmic domain of wildtype SCF is required for polar-
ized expression of SCF in the basal compartment of epithe-
lial tissues. This hypothesis predicts that the lack of the
membrane anchor in KL-S (SI* mutant) SCF, or the substi-
tution of the cytoplasmic tail in SI'™™ mutant SCF, would
lead to altered localization and subsequent secretion of SCF
from epithelial tissues. To test this prediction, we stably
transfected MDCK (epithelial) cells with plasmids contain-
ing myc epitope- or EGFP-tagged KL-S, KL-M1, KL-M2, and
SI'™ mutant SCF and observed the accumulation of SCF
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FIG. 7. Wildtype SCF is secreted from the basolateral compart-
ment of polarized MDCK cells while mutant forms of SCF which
either lack a transmembrane domain or display the SI'™™ mutant
cytoplasmic tail are secreted from the apical compartment. Stably
transfected MDCK cells were cultured on transwell filter inserts to
confluency. Subsequently, 5-day-conditioned media which con-
tacted either the apical (ap) or the basolateral (bl) surface of the
monolayer were collected. A fraction of each sample was separated
on a 12% SDS-PAGE minigel and analyzed with Western blotting
with anti-SCF/GST antiserum for anti-SCF-IR. The cells were
transfected with KL-S™°, KL-M1™°, KL-M2™*¢, or 17H/KL-M1™" as
indicated. Markings to the right indicate the position of secreted
SCF™¢ derived from either the M1 splice variant (upper mark) or
the M2 splice variant (lower mark). The apparent molecular
weights (in kDa) of some of the protein standards are indicated.

released in a two-chamber culture system or expressed in
confluent epithelial layers (see Material and Methods).

As seen in Fig. 7, secreted SCF derived from both wild-
type forms of SCF (KL-M1™° and KL-M2™¢) was found
primarily in the lower culture chamber, which is in contact
with the basolateral compartment of the MDCK mono-
layer. In contrast, SCF lacking a transmembrane and cyto-
plasmic tail (KL-S™°), which is homologous to SI¢, accumu-
lated in the upper culture chamber, which is in contact
with the apical surface of the MDCK monolayer. Similarly,
secreted SCF derived from SI™ mutant SCF (17H/KL-
M1™°) also accumulated in the upper culture chamber.

Furthermore, the expression of EGFP-tagged SCF in
mesenchymal-like COS-7 cells (Figs. 8A-8D) or subconflu-
ent MDCK cells (not shown) revealed uniform cell surface
expression with both SI"™ mutant (17H/KL-EGFP-
M1(M2)™¢) and wildtype membrane-bound forms of SCF
(KL-EGFP-M1(M2)™"). However, when transfected MDCK
cells reached confluency, EGFP-tagged wildtype SCF was
relocalized to intercellular and basal regions of positive
cells (Figs. 8E and 8G). In contrast, EGFP-tagged SI''"

Wehrle-Haller and Weston

mutant forms of SCF remained expressed on the apical
(medium-facing) membrane and were never found in inter-
cellular regions (basolateral localization) (Figs. 8F and 8H).
We conclude, therefore, that the cytoplasmic domain of
wildtype SCF plays a role in targeting SCF to the basolateral
compartment in MDCK cells, while SCF with a truncated
or mutant cytoplasmic domain is relocalized to the apical
compartment.

DISCUSSION

Altered Melanocyte Precursor Distribution in SI*™
Homozygous Mutant Embryos Correlates with
Reduced SCF Immunoreactivity on the

Lateral Migration Pathway

In order to understand the pigmentation defect in the
SI'™ mutant animals we followed the dispersal of melano-
cyte precursors on the lateral crest migration pathway of
mutant homozygous embryos. We found that the number of
melanocyte precursors is dramatically reduced very soon
after they first appear in the neural crest migration staging
area (Wehrle-Haller and Weston, 1995, 1997). Specifically,
in SI'™™ mutant tissue, melanocyte precursors can be de-
tected only in regions, such as the ear pinna and the
hindlimb and tail regions (Wehrle-Haller and Weston,
1995), where the density of melanocyte precursors in wild-
type embryos is very high.

To account for this reduced number of migrating mela-
nocyte precursors between e11.5 and e12.5, we hypothesize
that an overall reduction in the amounts of SCF protein in
dermatome-derived mesenchymal dermis leads to the loss
of SCF-dependent cells. This is supported by the very faint
staining of SCF protein in the dermatome in SI*™" homozy-
gous mutant embryos. The low density of melanocyte
precursors in the SI™™ mutants would indicate a reduced
amount of SCF protein in almost all areas of the embryo,
allowing survival of melanocyte precursors only in regions
where SCF protein concentration is above some critical
threshold. Similar to the situation of melanocyte precur-
sors, the number of germ cells present in the genital ridge,
between €10.5 and e12.5, is reduced to 10% of its original
level in SI" mutant tissue (Brannan et al., 1992). This
reduction in germ-cell number correlates well with the
reduced levels of SCF-IR in the genital ridges at e10.5 and
therefore a lack of proliferation of germ-cell precursors in
this area.

Reduced Surface Expression of SI'" Mutant SCF Is
Due to the Altered Cytoplasmic Tail

It is possible that the reduced SCF-IR in SI™™ mutant
embryo is due to a low expression of mutant SCF on the
surface of cells. This low cell-surface expression is inferred
from our inability to biotinylate SI'™™ mutant SCF expressed
on the surface of COS-7 cells, a difference which was not
noted previously when SCF proteins were immunoprecipi-
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KL-EGFP-M1™° KL-EGFP-M2™"

FIG. 8. Differential localization of wildtype versus SI'" mutant EGFP-tagged SCF in epithelial but not mesenchymal cells. Fluorographs
of living COS-7 cells (mesenchymal cells) transiently transfected with EGFP-tagged forms of wildtype and mutant forms of SCF after 24 h
(A-D). Fluorograph of confluent MDCK cells (epithelial cells) stable transfected with either EGFP-tagged KL-M1 (E, KL-EGFP-M1™") or
EGFP-tagged SI'™ mutant form of KL-M2 (F, 17H/KL-EGFP-M2™°). The region between the two white bars shown in E and F was optically
sectioned every 0.2 um and reconstructed in three dimensions. In G and H the reconstructions from E and F, respectively, are viewed from
the side. Note the basolateral localization of wildtype SCF versus the apical localization (upper surface) observed in mutant SCF (arrows
in E, G and F, H, respectively, point to corresponding EGFP-labeled structures). The location of the nucleus (n) is indicated in A-D and F
and the level of the coverslip by white arrowheads in G and H. Bar corresponds to 34 um in A-H and to 17 um along the z axis in G and
H.

tated from cell lysates (Cheng and Flanagan, 1994; Tajima detected by binding and subsequent detection of alkaline
et al.,, 1998). Our results, however, are consistent with phosphatase coupled to the extracellular portion of c-kit.
those of Cheng and Flanagan (1994), who reported a 10-fold Furthermore, Briley and colleagues (1997) have recently
reduction in the amount of surface SI'" mutant SCF shown that mutations in the cytoplasmic tail of TGFa,
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which is very similar to that of SCF, lead to reduced
cell-surface expression of TGFa and an accumulation of
mutated proteins in the ER. Accordingly, our results sup-
port their hypothesis that the SI™™ mutation leads to a
general reduction of cell-surface-expressed SI'™ mutant
SCF protein, possibly by retaining mutant SCF protein in
the ER. Therefore, the reduced amount of cell-surface SCF
observed in vitro could account for the lower numbers of
melanocyte precursors and germ cells present in vivo.

Functional Membrane-Bound SI*™" Mutant SCF
Promotes Cell Adhesion and Survival
of c-kit™ Cells

It has been previously noted that membrane-bound SCF
could serve as an adhesion receptor for c-Kit-expressing
cells (e.g., mast cells) (Flanagan et al., 1991). The conse-
quences of the SI° mutation, in which only soluble SCF is
produced, suggest that membrane-bound SCF is also re-
quired for survival of melanocyte precursors in the dermis
(e12.5) (Wehrle-Haller and Weston, 1995). Because of the
survival of melanocyte precursors in SI'" mutant dermis
and binding of melb-a cells to SI'™™ SCF-transfected fibro-
blasts, the presence of membrane-bound SCF even at lower
levels appears to be sufficient to allow attachment to
dermal fibroblasts as well as survival of melanocyte precur-
sors in the dermis at e12.5. Therefore, the phenotype of the
SI'™ mutation suggests that membrane-bound SCF pro-
vides cell attachment and survival irrespective of its cyto-
plasmic tail. In contrast, morphogenetic functions like
melanocyte precursor homing into the epidermis or homing
of hematopoietic stem cells to the spleen (Tajima et al.,
1998) require the correct cytoplasmic tail of SCF to be
present.

The Cytoplasmic Tail of SCF Is Required for
Basolateral Targeting and Polarized Secretion
of SCF in Epithelial Tissues

We have established that the amounts of SCF protein
encountered by migrating melanocyte precursors are re-
duced in SI™ embryos. It is important to emphasize,
however, that there is yet another mechanism, in addition
to reduced surface expression, that could limit the amount
of SCF activity that dispersing cells encounter and that
could account for the paradoxical survival of some SCF-
dependent cells in SI'™™ embryos. Specifically, a mechanism
that causes mislocalization of SCF activity in embryonic
tissues would result in the same phenotype. Thus, several
different observations led us to investigate the possibility
that polarized expression of SCF is altered in mutant
epithelia. First, several tissues that express SCF during
embryogenesis and in the adult, including the dermatome,
the epidermal keratinocyte layer, the floorplate, the prone-
phros, and the Sertoli cell layer in the testis, are epithelial
tissues. Second, melanocyte precursors and spermatogonia
ultimately reside and differentiate in the basolateral portion

Wehrle-Haller and Weston

of the keratinocyte and Sertoli cell layers, respectively.
Third, the SCF protein accumulates predominantly in the
basolateral aspect of many of these epithelial tissues (see
Results). In the adult testis, although SCF-IR can be found
throughout the Sertoli cell layer, SCF seems to be increased
in the basal compartment at stages of spermatogonia pro-
liferation during the spermatocyte maturation cycle
(Manova et al., 1993). In apparent contrast, however,
SCF-IR in dermal capillary endothelial cells is predomi-
nantly found on the luminal (apical) side of the endothelial
cells (Weiss et al., 1995), and the earliest SCF-IR in the
floorplate is detected in the apical compartment (Fig. 3D).
As soon as axonal tracts begin to cross the floorplate basal
compartment, however, SCF protein predominantly accu-
mulates in this basal compartment colocalizing with the
crossing axonal fiber tracts (Campbell and Peterson, 1993).
In this case, SCF localization to the basal compartment of
the floorplate may be in response to floorplate differentia-
tion or axonal contact.

Many proteins have been studied for their polarized
expression in a model epithelial system (i.e., a monolayer
culture of MDCK cells). Within this system, secreted gly-
coproteins which do not exhibit a membrane anchor are
released into the apical compartment (Fiedler and Simons,
1995). Similarly, GPl-anchored proteins localize to the
apical compartment. Therefore, the default pathway for
protein transport in MDCK cells appears to be directed
toward the apical domain (Matter and Mellman, 1994;
Fiedler and Simons, 1995; Weimbs et al., 1997). Only
proteins that contain a specific basolateral targeting signal
are found in the basolateral compartment of MDCK cells
(Matter and Mellman, 1994). TGFa, the cytoplasmic tail of
which is similar in length to that of SCF, has been shown to
be associated with the basolateral surface of MDCK cells
(Dempsey and Coffey, 1994). However, a fraction of wild-
type SCF-IR is also localized to the apical domain (e.g.,
dermatome and floorplate), which could represent the pool
of intracellular, unsorted SCF. Alternatively, SCF may
localize initially to the apical compartment from which it is
then specifically transported to the basolateral compart-
ment. The mechanism, as well as the peptide sequences
responsible for the basolateral targeting of SCF seen in
MDCK cells, remains to be identified, but this system
promises to be informative in this regard.

Because we find that secreted SCF (KL-S) as well as S
mutant SCF accumulates in the medium in contact with
the apical compartment, we suggest that these mutant
forms of SCF use the default pathway of protein transport in
MDCK cells. The fact that we see a pattern of SCF-IR
within the apical compartment of the dermatome, prone-
phros, and floorplate in e10.5 SI'™ mutant embryos sug-
gests that other epithelial tissues may also aberrantly
express SI'™ mutant SCF in the apical compartment. How-
ever, it is important to acknowledge that we do not know to
what extent SCF is targeted in other epithelial cell types or
whether a kidney-derived epithelial cell line (MDCK) can
be compared with either keratinocytes or Sertoli cells.

|17H
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Basolateral Localization of SCF Provides Ligand to
Responsive Cells Located at the Basal Aspect
of Epithelia

Regardless of the mechanism of localization, we suggest
that altered localization of SCF mutant protein negatively
affects the survival of melanocyte precursors during the
stages at which they require SCF protein released from the
epidermal layer. The basolateral secretion of SCF by epider-
mal keratinocyte may serve both as a survival and as an
invasion signal for c-kit-dependent melanocyte precursors
prior to their migration into the epidermis. Similarly, male
germ cells require SCF during the proliferation and differ-
entiation of spermatogonia while they reside in the baso-
lateral compartment of the Sertoli cell layer (Yoshinaga et
al., 1991; Manova et al., 1993; for review see Morrison-
Graham and Takahashi, 1993). A lack of delivery of SCF to
the basolateral compartment in Sertoli cells could be re-
sponsible for the absence of spermatogonial proliferation
during the time of testicular maturation of SI'" mutant
males (Brannan et al., 1992). During sexual maturation
(about the third and fourth postnatal weeks), the blood-
testis barrier, which prevents diffusion of proteins across
the tight junctions within the Sertoli cell layer is estab-
lished (Vitale et al., 1973). This barrier would prevent the
diffusion of apical SI'" mutant membrane-bound SCF to
the spermatogonia located in the basolateral compartment.

In both males and females, the numbers of spermatogonia
and oogonia, respectively, are equally reduced due to the
lack of primordial germ-cell proliferation in the genital
ridges (Brannan et al., 1992). In females, oocytes that arise
from persistent oogonia can undergo successful maturation
stimulated by granulosa cell-derived SI*™™ mutant SCF. In
contrast, continuously proliferating spermatogonia appear
to be more sensitive to reduced levels of SCF activity
(Yoshinaga et al., 1991). Moreover, since oocytes associate
with the apical aspect of the SCF-producing granulosa cells
(Manova et al., 1993; Packer et al., 1994), the targeting
defect in SI"™ mutant SCF does not further reduce access of
oocytes to SCF and therefore would be expected to allow
maturation of oocytes and hence fertility in females.

In conclusion, we propose that a general reduction of SCF
mutant protein expressed on the cell surface accounts for
the reduced number of melanocyte precursors and primor-
dial germ cells on the lateral pathway and genital ridges,
respectively. However, the main cause for the loss of
melanocyte precursors, hence the SI""" pigmentation defect,
as well as the sterility in males appears to be the inability of
SI'™ mutant SCF to be targeted to the basolateral compart-
ment in SCF-producing epidermal keratinocytes and Sertoli
cells. As a consequence, SCF-dependent cell types do not
encounter the appropriately localized SCF signals for epi-
dermal invasion and proliferation. We propose, therefore,
that not only the amount of growth factor expression is
critical for development, but also its appropriate presenta-
tion toward responsive cells.
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Stem cell factor (also known as mast cell growth factor
and kit-ligand) is a transmembrane growth factor with a
highly conserved cytoplasmic domain. Basolateral mem-
brane expression in epithelia and persistent cell surface
exposure of stem cell factor are required for complete
biological activity in pigmentation, fertility, learning,
and hematopoiesis. Here we show by site-directed mu-
tagenesis that the cytoplasmic domain of stem cell fac-
tor contains a monomeric leucine-dependent basolat-
eral targeting signal. N-terminal to this motif, a cluster
of acidic amino acids serves to increase the efficiency of
basolateral sorting mediated by the leucine residue.
Hence, basolateral targeting of stem cell factor requires
a mono-leucine determinant assisted by a cluster of
acidic amino acids. This mono-leucine determinant is
functionally conserved in colony-stimulating factor-1, a
transmembrane growth factor related to stem cell fac-
tor. Furthermore, this leucine motif is not capable of
inducing endocytosis, allowing for persistent cell sur-
face expression of stem cell factor. In contrast, the mu-
tated cytoplasmic tail found in the stem cell factor mu-
tant MgfS"'"™M induces constitutive endocytosis by a
motif that is related to signals for endocytosis and lyso-
somal targeting. Our findings therefore present mono-
leucines as a novel type of protein sorting motif for
transmembrane growth factors.

Stem cell factor (SCF)! belongs to the family of cell surface-
anchored growth factors with highly conserved cytoplasmic
domains, which includes the related colony-stimulating fac-
tor-1 (CSF-1) (1). SCF is expressed as two alternatively spliced
membrane-bound forms (M1 and M2), distinguished by an exon
containing a proteolytic cleavage site in the M1 form. This site
is used to generate soluble growth factor from the M1 mem-
brane-bound precursor. The membrane anchor of SCF is re-
quired for its biological activity in vivo because the expression
of only the extracellular receptor binding domain leads to the
loss of SCF-dependent cells affecting skin pigmentation, steril-
ity, hematopoiesis, and learning (2—4). Furthermore, a point
mutation, which results in the skipping of the exon coding for
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the cytoplasmic tail of mouse SCF (Mgf5''"™), leads to an al-
tered cytoplasmic sequence that abrogates coat pigmentation
and male fertility and reduces hematopoiesis (5-7). In this
mouse mutant, cell surface expression of SCF is reduced, and
basolateral sorting in epithelial tissues is lost (8). Hence, the
cytoplasmic tail of SCF harbors information required for effi-
cient cell surface presentation and basolateral targeting of
SCF, functions that are absolutely required to fulfill its func-
tion in vivo.

Polarized epithelial cells exhibit an apical and basolateral
surface with distinct protein compositions. Basolateral sorting
of transmembrane proteins takes place in the ¢trans-Golgi net-
work (TGN) or endosomal compartments and is mediated by
clathrin-coated vesicles (9). Selective incorporation of proteins
into these transport vesicles is accomplished by adaptor com-
plexes (10). Short cytoplasmic targeting sequences frequently
containing either a tyrosine or di-leucine motif have been iden-
tified in the sorted proteins and are required for the interaction
with adaptor complexes and for basolateral transport of the
proteins (11). Recently a tyrosine-based targeting motif has
been shown to bind to an epithelial specific AP1 subunit that is
required for basolateral transport (12). When the tyrosine or
the di-leucine sorting domains are removed from the proteins,
apical instead of basolateral sorting occurs, mediated by N-
linked carbohydrates or by association with lipid rafts (13-15).
Some basolateral sorting signals resemble endocytic signals
used to incorporate membrane proteins into clathrin-coated
pits at the plasma membrane, suggesting that basolateral sort-
ing and endocytosis are regulated by similar mechanisms. For
example, the macrophage Fc receptor and the invariant chain
of the class I major histocompatibility complex contain a di-
leucine-based determinant that is used for basolateral sorting
as well as endocytosis (16, 17). Furthermore, many membrane
proteins carry several different targeting determinants, which
enables them to shuttle between the basolateral plasma mem-
brane and endosomes (18, 19).

Although SCF does not have typical tyrosine or di-leucine
sorting sequences in its cytoplasmic tail, it is delivered directly
to the basolateral cell surface in epithelial cells and does not
accumulate in an intracellular compartment (8). Consequently,
SCF remains at the cell surface until the extracellular domain
is proteolytically shed within 0.5 (M1) to 5 (M2) h depending on
the respective splice form (20). Because basolateral sorting is
critical for the proper biological function of SCF, we tried to
identify the possibly novel basolateral targeting determinant in
the cytoplasmic tail of SCF. To do so, we used reporter con-
structs consisting of extracellular green fluorescent protein
(GFP)-tagged SCF or chimeras of the extracellular domain of
the interleukin-2 receptor a-chain (Tac) fused to the transmem-
brane and cytoplasmic sequences of SCF. In these chimeras the
normal intracellular domain of SCF is left intact, allowing
optimal interaction of the latter with the sorting machinery of
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polarized cells and the identification of critical targeting do-
mains by mutagenesis.

EXPERIMENTAL PROCEDURES

SCF Chimeras and Site-directed Mutagenesis—cDNA for SCF and
Tac were kindly provided by Drs. John Flanagan (Harvard Medical
School, Boston) and Pierre Cosson (University of Geneva, Switzerland),
respectively. Mouse CSF-1 and mouse tyrosinase cDNAs were kindly
provided by Drs. Willy Hofstetter (MMI, Bern, Switzerland) and
Friedrich Beermann (ISREC, Lausanne, Switzerland), respectively.
SCF-GFP chimeras were constructed in pcDNA3 (Invitrogen, Gronin-
gen, The Netherlands) by inserting the enhanced GFP sequence
(CLONTECH Laboratories, Palo Alto, CA) together with a Myc tag 5’
into the exon 5/6 junction of SCF (SSTLGPEK/DSRYV), which resulted in
the following sequence: SSTLGPEQKLISEEDLGQS-IV . .. (enhanced
GFP)... YK-TGPEK/DSRV (single letter amino acid code; the se-
quence of the Myc tag is underlined). To prevent translation at internal
start sites producing cytoplasmic GFP, we replaced the start codon of
GFP with nucleotides coding for a Clal site. A unique PinAl site was
introduced C-terminal to the GFP sequence to swap wild-type and
mutant cytoplasmic tail sequences at this site.

To generate the Tac-SCF chimera (all in pcDNA3), the transmem-
brane and cytoplasmic domains of SCF were swapped at a unique Bg/II
site in Tac located at a homologous leucine (L) and glutamine (Q)
residue upstream of the transmembrane sequences of SCF and Tac.
This resulted in the sequence: ... SIFTTDLQWTAMALP... at this
position (conserved LQ is bold and transmembrane residues of SCF are
underlined).

The Tac-CSF-1 and Tac-tyrosinase (Tac-tyr) chimeras were con-
structed in a similar way. CSF-1 and tyrosinase transmembrane and
cytoplasmic sequences were polymerase chain reaction amplified with a
BglII site containing the forward primers (CSF-1: AACAGATCTCCA-
GATCCCTGAGTCTG; tyrosinase: AACAGATCTCCAAGCCAGTCG-
TATCTGG) at a common glutamine residue (Q) and swapped with the
Tac sequence of this region creating the respective junctional sequen-
ces: Tac-CSF-1: . SIFTDLQIPESVFHLLV ... and Tac-tyr:
bold, and the respective transmembrane region is underlined). Tac-
EGFP was cloned by polymerase chain reaction amplification of EGFP
with a HindIII-containing primer and inserted at a unique HindlIII site
at the extreme C terminus of Tac (TIQASSstop) resulting in the new
junctional sequence (TIQASTMYV ... (EGFP)).

Site-specific mutagenesis of the cytoplasmic tail of SCF was per-
formed using polymerase chain reaction overlap extension. Two over-
lapping polymerase chain reaction fragments containing a specific mu-
tation were amplified with external primers (containing either the
PinAl or BglII site for SCF-GFP or Tac-SCF chimeras, respectively) and
swapped with the wild-type sequence of the cytoplasmic tail. All con-
structs were verified by dideoxy sequencing. A list of primers used to
generate the different constructs listed in Fig. 2 can be provided upon
request.

Cell Culture, Live Fluorescence Microscopy, and Immunocytochemis-
try—MDCK 1I cells were kindly provided by Dr. Karl Matter (Univer-
sity of Geneva, Switzerland) and cultured in Dulbecco’s modified
Eagle’s medium (Life Technologies, Paisley, Scotland) supplemented
with 10% fetal calf serum (Inotech, Dottikon, Switzerland). Cells at 60%
confluence were transfected using calcium phosphate as described (21),
and stable clones were selected with 0.6 mg ml~* G418 (Life Technol-
ogies). For each construct, at least two different clones were analyzed
for the steady-state distribution of SCF-GFP fluorescence or anti-Tac
immunohistochemistry. To visualize the GFP fluorescence, cells were
grown to confluence on glass coverslips. Prior to observation, the cul-
ture medium was exchanged with F-12 medium (Life Technologies)
supplemented with 10% fetal calf serum to reduce autofluorescence,
which is higher in Dulbecco’s modified Eagle’s medium. Cells were
mounted on an inverted confocal microscope (LSM-410, Zeiss,
Oberkochen, Germany) and visualized with standard fluorescein iso-
thiocyanate optics. To reveal the localization of transfected Tac-SCF
chimeras or endogenous E-cadherin in SCF-GFP-transfected MDCK II
cells, monolayers of stable transfected clones grown on glass coverslips
were fixed with 4% paraformaldehyde in phosphate-buffered saline for
5 min. Cells were washed with phosphate-buffered saline, permeabi-
lized with 1% Triton X-100 (Sigma Chemical Co., St. Louis, MO) in
phosphate-buffered saline and blocked with 1% bovine serum albumin
(Sigma) in phosphate-buffered saline. Cells were then stained as indi-
cated with either anti-Tac monoclonal antibody 7G7 (22) or with anti-
Arc-1 monoclonal antibody (23), which is directed against canine E-
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Fic. 1. SCF-GFP chimeras localize to the basolateral aspect of
polarized MDCK II cells. Confocal microscopy of wild-type mem-
brane-bound (M2) SCF-GFP proteins (A, fluorescein isothiocyanate
channel) and anti-E-cadherin staining (B, Texas Red channel) of fixed
MDCK II is shown. A corresponding Z-scan of the monolayer is shown
below. Note the overlap of staining in lateral regions of individual cells.
Above the panels, a schematic view of the two differentially spliced
wild-type forms of SCF (SCF-M1, cleavable and SCF-M2, noncleavable)
and the chimera of SCF with GFP (SCF-GFP) is shown. SP, signal
peptide; RBD, SCF receptor binding domain; PCS (arrow), proteolytic
cleavage site; MD, membrane domain; CT cytoplasmic tail. The bar in
B corresponds to 24 pum.

cadherin. After washing, bound antibodies were revealed with Texas
Red-coupled anti-mouse antibodies (Southern Biotechnoloy Associates
Inc., Birmingham, AL). Fluorescence was subsequently analyzed on a
confocal microscope as indicated above. Contrast enhancement was
performed in Photoshop (Adobe Systems Inc., San Jose, CA).
Endocytosis Assay—Wild-type and mutant Tac-SCF constructs were
transfected into SV40-transformed African green monkey kidney cells
(COS-7) using Fugen 6 according to the manufacturer’s recommenda-
tion (Roche, Basel, Switzerland). 2 days after transfection, cells were
cooled on ice, and anti-Tac antibodies were added for 1 h at 1 ug ml1™*.
Prior to warming, unbound antibodies were washed away, and inter-
nalization was allowed for 30 min at 37 °C in Dulbecco’s modified
Eagle’s medium supplemented with 10% fetal calf serum. Antibodies
that remained cell surface-bound were subsequently removed with ice-
cold acidic glycine buffer (0.1 M, pH 2.5). Cells were then fixed with 4%
paraformaldehyde for 5 min, washed, permeabilized, blocked, and
stained with Texas Red-conjugated anti-mouse antibodies (Southern
Biotech) to reveal internalized anti-Tac-Tac-SCF complexes (see above).
Cells were viewed on an Axiovert 100 microscope (Zeiss) equipped with
a digital camera (C4742-95, Hamamatsu Photonics, Shizuoka, Japan)
and the Openlab software (Improvision, Oxford, UK). Contrast en-
hancement was done in Photoshop (Adobe). The experiment was per-
formed three times with qualitatively similar results, and representa-
tive examples of cells from one experiment were chosen for Fig. 7.

RESULTS

Leucine 26 Is Required for Basolateral Targeting of SCF—
GFP was inserted into the alternatively spliced extracellular
domains of both membrane-bound variants of SCF and trans-
fected into polarized epithelial MDCK II cells (Fig. 1). Confocal
microscopy revealed that both wild-type constructs accumu-
lated in basal and lateral membranes where they colocalized
with E-cadherin, a marker for the lateral membrane compart-
ment in polarized epithelial cells (shown for M2 variant; Fig. 1).

To identify the motif in the cytoplasmic tail of SCF respon-
sible for basolateral sorting, we created various cytoplasmic
SCF mutants of the membrane-bound (M2) form of GFP-tagged
SCF (SCF-GFP) (Fig. 2A). Mutants lacking the last eight C-
terminal amino acids (d36, d29) still localized to the basolateral
membrane. However, when 15 or more amino acids were de-
leted (d22, d12), SCF-GFP was located on the apical membrane
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A Construct 1 Polarity 2
1 10 20 30 36
KKKQSSLTRAVENIQINEEDNEISMLOQKEREFQEV wt BL
KKKQSSLTRAVENIQINEEDNEISMLQQKEREFQE . dse BL
KKKQSSLTRAVENIQINEEDNEISMLOQ. . .. .. .. dzo BL
KKKQSSLTRAVENIQINEEDN. ... . .....v.... dz2 AP
KKKQSSLTRAV . « v tie e et it e eeaeeann diz AP
KKKQSSLTRAVENIQINEED. ....... KEREFQEV d21-28 AP
KKKOSSLTRAV. . oot vi vt KEREFQEV d1z-28 AP
KEKKQ. o voe e ieeee. NEISMLOQKEREFQEV ds-20 AP
KKKQSSLTRAV. ... ... .. NEISMLQQKEREFQEV di1z-20 BL/AP
KKKQSSLTRAVENIQINEEDNEIAMLQQOKEREFQEV S24R BL
KKKQSSLTRAVENIQINEEDNEIDMLQOKEREFQEV 824D BL
KKKQSSLTRAVENIQINEEDNEISMAQQOKEREFQEV L26A AP
KKKQSSLTRAVENIQINEEDNEISAAQQKEREFQEV M25A/L26A AP
KKKQSSLTRAVENIQINEEDNEISALQQKEREFQEV M25A BL
KKKQSSLTRAVENIQINEKDNEISMLQQKEREFQEV E19K BL
KKKQSSLTRAVENIQINEEDNAISMLQQKEREFQEV E22A BL
KKKQSSLTRAVENIQINAAANEISMLQQKEREFQEV E-D18A-A  BL/AP
B

Human SCF: KKRQP.SLTRAVENIQI. .NEEDNEISMLOEKEREFQEV
Mouse SCF: KKKQS . SLTRAVENIQI . . NEEDNEISMLQOKEREFQEV

Chicken SCF:
Salamander SCF:

KKTHPKSRPESNETIQCHGCQEENEISMLQOKEKEHLQV
KMKHRESGSGCEPTAPCPVRKEAEQASMLNQTGKAVHLY

Consensus:

Fic. 2. Cytoplasmic tail sequences of wild-type and mutant
SCF. A, alignment of sequences of wild-type and cytoplasmic tail mu-
tants of mouse SCF and their respective steady-state distribution in
MDCK II cells. Construct 1, the name of the constructs represents the
site of amino acid deletions (marked with a dotted line) or point muta-
tions (bold and underlined). Polarity 2, steady-state localization of GFP
and Tac SCF chimeric proteins in polarized MDCK II cells (wt, wild-
type; BL, basolateral; AP, apical). B, Clustal W alignment of different
SCF cytoplasmic tail sequences. GenBank accession numbers are
M59964 (human), M57647 (mouse), D13516 (chicken), and AF119044
(salamander).

and showed no basolateral expression. The critical region for
basolateral sorting was demonstrated to reside within the se-
quence 2'NEISMLQQ?® because an internal deletion mutant
(d21-28) also localized to the apical membrane. Interestingly,
to be functional, it appeared that this sequence must be con-
siderably separated from the membrane; deletion of interven-
ing amino acids proximal to the membrane (d5-20) interfered
with basolateral sorting. Increasing the distance of the
2INEISMLQQ?® motif from the membrane by reinserting
amino acids 5-11 (d12-20) only partially rescued basolateral
targeting, suggesting that other amino acids important for
basolateral targeting are present N-terminal to the
2INEISMLQQ?® motif (see below).

Sequence comparison among human, mouse, chicken, and
salamander SCF (24) revealed the residues 2*SML?® as being
completely conserved within the 2'NEISMLQQ?® motif
(Fig. 2B). This sequence encompasses a serine at position 24 as
well as a di-hydrophobic methionine-leucine at positions 25 and
26, respectively (see above). To test whether a portion of this
motif was required for basolateral sorting of SCF, we created
various point mutations encompassing these conserved re-
sidues (Fig. 2B and Fig. 3). The modification of serine 24 to
either an alanine (S24A) or to an aspartic acid (S24D) resem-
bling a phosphoserine, as well as the replacement of the con-
served glutamic acid 19 by lysine (E19K) had no effect on
basolateral targeting (Fig. 3, C, E, F). In contrast, the modifi-
cation of leucine 26 to either alanine (L.26A) or the replacement
of methionine 25 and leucine 26 by a double-alanine (M25A/
L26A) led to apical accumulation of the mutant SCF-GFP con-
structs (Fig. 3, B and D). The analysis of the SCF-GFP chimeric
mutant proteins thus suggests that the leucine at position 26 of
the cytoplasmic tail of SCF is critical for basolateral sorting of
SCF. However, it is not known whether this putative basolat-
eral signal requires the context of dimerized SCF molecules or
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Fic. 3. Leucine 26 is required for basolateral targeting of SCF-
GFP constructs in polarized MDCK II cells. Confocal microscopy
(fluorescein isothiocyanate channel) of live wild-type (A) and mutant
SCF-GFP-M2 (B-F) expressing confluent MDCK II cells. Basolateral
staining is lost upon mutation of leucine 26 to alanine (B), or methio-
nine 25 and leucine 26 to a double alanine (D). Replacement of serine 24
by alanine (C) or aspartic acid (E), as well as the change of glutamic acid
19 to lysine (F), did not alter basolateral localization of the constructs.
Below each panel a corresponding Z-scan is shown. The bar in F corre-
sponds to 24 pm.

whether it can provide intracellular targeting information
independently.

Extracellular SCF Sequences Are Not Required for Basolat-
eral Targeting—Dimer formation involving the extracellular
domain of SCF or lateral association of the extracellular and/or
intracellular portions of SCF with other proteins that contain
targeting information may in fact be responsible for the polar-
ized expression of SCF. Therefore, to test the ability of the
cytoplasmic targeting sequence of SCF to mediate polarized
expression independently of the extracellular domain, we re-
placed the latter with the extracellular domain of Tac (Fig. 4)
(22). Wild-type Tac as well as Tac with a C-terminally fused
EGFP accumulated apically when expressed in MDCK II cells
(Fig. 4A). In contrast, Tac-SCF chimeras expressing the wild-
type cytoplasmic domain of SCF localized to basolateral mem-
branes in a manner identical to the SCF-GFP wild-type con-
structs (Fig. 4B). Likewise, constructs involving extracellular
Tac with deletion mutations of the cytoplasmic tail of SCF (d29,
basolateral, Fig. 4C; d22, apical, Fig. 4D; d21-28, apical,
Fig. 4E; d5-20, apical (not shown); and d12-20, basolateral/
apical, Fig. 4F), showed identical basolateral sorting behaviors
compared with the mutant SCF-GFP constructs. This indicates
that the extracellular domain of SCF is not required for baso-
lateral targeting and that the basolateral targeting motif of
SCF contained within its cytoplasmic portion is sufficient to
direct the Tac extracellular domain basolaterally. Moreover,
sequences N-terminal to methionine 25 and leucine 26 removed
in the d12—-20 mutation influence the efficiency of basolateral
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e Tac-SCF (IL-2 receptor-
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FIG. 4. The basolateral targeting determinant in SCF acts in-
dependently of the extracellular domain. Confocal microscopy of
anti-Tac antibody stained and fixed MDCK II cells stable transfected
with Tac-EGFP (A) and wild-type (B) or mutant (C-F) Tac-SCF chi-
meric constructs is shown. A scheme representing the Tac-SCF chimera
is shown above the panels. The fusion protein consists of the extracel-
lular domain of Tac and the transmembrane and cytoplasmic sequence
of SCF. A, unmodified Tac with C-terminal EGFP fusion of which the
anti-Tac is antibody-stained. B, Tac-SCF chimera with wild-type SCF
sequences. C, deletion of the last 8 amino acids from the cytoplasmic tail
of SCF does not alter basolateral targeting of the Tac hybrid (d29).
However, removal of the last 15 amino acids (d22) (D) or amino acids
21-28 (E) resulted in an apical localization of Tac-SCF. The deletion of
amino acids N-terminal to the leucine 26-containing region (d12-20)
resulted in basolateral as well as apical localization of the chimeric
proteins (F). Below each panel, a corresponding Z-scan is shown. SP,
signal peptide of SCF and Tac, respectively; ED, extracellular domain.
The bar in F corresponds to 24 um.

targeting (Fig. 4F).

Efficient Basolateral Targeting Is Mediated by an Acidic
Cluster N-terminal to the Monomeric Leucine Determinant—
Although it is evident that the leucine residue at position 26 is
critical for basolateral targeting it is not known whether a
second hydrophobic residue (methionine 25) as found in all
di-leucine-like determinants is equally required for basolateral
sorting of SCF. Moreover, the region N-terminal to the ML
motif which is also required for efficient basolateral targeting
(12ENIQINEED?°) bears a domain important for SCF sorting
as well.

To address the first question, we replaced methionine 25
with an alanine residue and analyzed the distribution of the
Tac-SCF construct at steady-state conditions. In contrast to the
leucine 26 to alanine mutation, the change of methionine 25 to
alanine did not affect basolateral targeting of Tac-SCF (Fig. 5,
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Fic. 5. An acidic cluster-assisted monomeric leucine-depend-
ent basolateral targeting determinant. Confocal microscopy of anti-
Tac antibody-stained fixed MDCK II cells stable transfected with Tac-
SCF point mutations of hydrophobic and acidic amino acids is shown. A,
apical localization of the Tac-SCF chimera carrying a double alanine
substitution of methionine 25 and leucine 26 (M25A/L26A). B, the
single point mutation at methionine 25 to alanine did not alter baso-
lateral targeting. Similarly, the point mutation of glutamic acid 22 to
alanine (E22A) did not influence basolateral targeting (C). Alanine
substitution of the acidic cluster **EED?° (E-D18A-A) resulted in baso-
lateral as well as apical accumulation of Tac chimeric proteins (D).
Below each panel, a corresponding Z-scan is shown. The bar in D
corresponds to 24 um.

A and B). Moreover, replacement of methionine by leucine in an
attempt to create a classical di-leucine determinant led to in-
tracellular and apical localization of Tac-SCF (not shown).
Therefore, this finding revealed the existence of a novel type of
leucine-based basolateral targeting signal in SCF, which does
not require a second hydrophobic amino acid to be functional.
Analysis of sequences N-terminal to leucine 26 which are
absent in the d12—-20 mutation reveal an unusually high con-
centration of acidic amino acids. An acidic cluster N-terminal to
an FI motif has recently been identified as a basolateral tar-
geting signal in the furin protease (25). To test whether the
acidic cluster in SCF contributes to basolateral sorting or
whether other acidic amino acid residues localized closely to
the leucine residue are critical, we mutated glutamic acid 22
(?EXXML?%) to alanine (Fig. 5C). In addition, we replaced
glutamic acid 19 with a lysine to destroy the acidic cluster
formed by residues > EED?° (Fig. 3F). Neither modification had
any effect on basolateral targeting of Tac or of the GFP chi-
meric SCF constructs. However, the replacement of all three
acidic residues 18, 19, and 20, with alanine residues
(E-D18A-A) did alter basolateral sorting of the Tac-SCF chi-
meras. In clones expressing relatively low amounts of the Tac-
E-D18A-A chimera, basolateral targeting was still efficient;
however, in clones expressing higher amounts of mutant Tac-
SCF, both basolateral and apical surface staining was detected
(Fig. 5D). Anti-Tac staining of these clones strongly resembled
the phenotype already seen with the d12-20 mutation
(Fig. 4F). These data suggest that the removal of the acidic
cluster (*®EED?°) is the cause of the phenotype of the d12—-20
mutation which results in a reduced efficiency of basolateral
transport mediated by the monomeric leucine determinant.
Comparison of the Basolateral Targeting Domain of SCF
with That of CSF-1—SCF belongs to a large family of trans-
membrane growth factors that play important roles during
development, tissue homeostasis, and hematopoiesis. Based on
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Mouse SCF:
Mouse CSF-1:

KKRQSSLTRAVENIQINEEDNEISMLOQKEREFQEV
KWEWRSRDPQTLDSSVGRPEDSSLTODEDROVELPYV

FiG. 6. Functional conservation of the leucine determinant in
CSF-1. Confocal microscopy of anti-Tac antibody-stained, fixed MDCK
II cells stable transfected with wild-type and leucine to alanine (L26A,
SCF; L24A, CSF-1) mutation of Tac-SCF (A and B) and Tac-CSF-1 (C
and D) chimeras is shown. A confocal section at the level of the nucleus
(A-D) and the apical cell surface (A’-D’) is shown to appreciate the
differences between basolateral and apical expression of wild-type ver-
sus mutant chimeric constructs at steady-state levels. Below each
panel, a corresponding Z-scan is shown. The bar in D’ corresponds to 24
pm. E, comparison of the cytoplasmic tail sequences of mouse SCF with
mouse CSF-1. The basolateral targeting sequences for SCF identified in
this study (acidic cluster and leucine 26) and the functionally conserved
leucine 24 in CSF-1 are underlined.

sequence and functional homologies, SCF is most closely re-
lated to CSF-1 (26). The similarities between the two factors
extend to their respective receptor tyrosine kinases, c-Fms, the
receptor for CSF-1, and c-Kit, the receptor for SCF, which are
structurally conserved and which have evolved by chromo-
somal duplication (27). Sequence comparison (Fig. 6E) of the
cytoplasmic domain of CSF-1 with that of SCF reveals in ad-
dition to the most C-terminal valine residue, a leucine-contain-
ing motif at a position comparable to the basolateral targeting
domain of SCF. However, the cluster of acidic amino acids
N-terminal to this leucine motif is not conserved in CSF-1. To
determine the basolateral sorting activities of CSF-1, we ex-
pressed the transmembrane and the cytoplasmic tail domains
fused to the extracellular domain of Tac and studied its steady-
state distribution in confluent monolayers of MDCK II cells
(Fig. 6). The wild-type Tac-CSF-1 chimeric construct was ex-
pressed on the basolateral surface of MDCK II cells (Fig. 6C).
However, a considerable amount of Tac-CSF-1 was also de-
tected on the apical surface of confluent MDCK II cells
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(Fig. 6C’), a situation unlike the one observed with wild-type
Tac-SCF chimeras (Fig. 6A and A’). The distribution of Tac-
CSF-1 on basolateral as well as apical surfaces gave the im-
pression that this construct is not sorted. To determine
whether the homologous leucine in CSF-1 can interact with the
sorting machinery of the cell, we mutated leucine 24 of CSF-1
to alanine. The respective Tac chimera (Tac-CSF-L24A) accu-
mulated apically (Fig. 6D’), similar to Tac-SCF-L26A (Fig.
6D’'), suggesting that the leucine at the respective position in
CSF-1 is nevertheless recognized as a basolateral sorting sig-
nal but that the efficiency of basolateral transport is lower
compared with that of wild-type SCF. This difference may
depend on the presence of the acidic cluster in SCF which is
absent from CSF-1.

In Contrast to Wild-type, the Mutant Cytoplasmic Tail of
Mgf5" "™ SCF Induces Constitutive Endocytosis—Many baso-
lateral sorting determinants have been shown to induce endo-
cytosis, for example the basolateral targeting motif (ML) in the
invariant chain of the major histocompatibility complex II also
mediates endocytosis of the respective proteins (11, 28). There-
fore, we tested whether the wild-type cytoplasmic tails of SCF,
expressed as a Tac chimera (Tac-SCF), are able to internalize
Tac-SCF-anti-Tac complexes in nonpolarized COS-7 cells. Anti-
Tac antibodies were bound to transfected cells in the cold.
Subsequently, Tac-SCF-anti-Tac antibody complexes were al-
lowed to internalize at 37 °C and visualized after acid removal
of cell surface remaining anti-Tac antibodies. Wild-type Tac-
SCF-expressing cells (Fig. 7B) as well as cells expressing var-
ious C-terminal deletions encompassing the basolateral sorting
signal showed a similar low amount of internalized anti-Tac
antibodies (not shown). This suggests that the mono-leucine
determinant in SCF does not induce endocytosis, a finding that
is consistent with the persistent cell surface expression of
membrane-bound SCF.

In contrast to wild-type SCF, GFP and Tac-SCF chimeras
containing the cytoplasmic tail of the Mg/5''™ mutation accu-
mulated in intracellular vesicular structures (Tac-SCF-17H,
Fig. 7D; see also Ref. 8). This intracellular accumulation of the
mutant constructs could be the result of retention of newly
synthesized chimeric proteins in the endoplasmic reticulum as
suggested by Briley and colleagues (29) or of endocytosis of cell
surface SCF. To determine, whether the intracellular steady-
state localization of Tac-SCF-17H in polarized MDCK II was
the result of endocytosis (Fig. 7D), we compared the localiza-
tion with that of Tac-tyr. Tyrosinase is a protein that carries an
established signal for endocytosis and lysosomal/melanosomal
targeting and is therefore constitutively internalized from the
cell surface (30). Interestingly, in polarized MDCK II cells,
Tac-tyr localized to intracellular vesicular structures (Fig. 7G),
resembling the staining seen for the Tac-SCF-17H construct
(Fig. 7D). Sequence analysis of the cytoplasmic domain of
MgfS1'™ (KYAATERERISRGVIVDVSTLLPSHSGW; Ref. 5)
revealed a sequence homologous to the signal for endocytosis
and lysosomal/melanosomal targeting, identified in tyrosinase,
LIMP II and CD3y (DY"XXXLL?%) (30-32). Furthermore, mu-
tation of the leucine residues (Leu®'"Leu®?), which are part of
this putative motif in Mgf®"'" to alanines, resulted in the loss
of intracellular but led to apical accumulation of Tac-17H-
LLAA in polarized MDCK cells (Fig. 7). In addition, using the
anti-Tac internalization assay in COS-7 cells, we tested
whether the intracellular localization of the Mg/''™™ mutant
was caused by increased endocytosis of surface-expressed
MgfS"'™™ Tac chimeras. Indeed, compared with wild-type Tac-
SCF, significantly more Tac-SCF-17H-anti-Tac complexes were
internalized (Fig. 7E), and a similar intracellular staining pat-
tern was observed as for the Tac-tyr construct (Fig. 7H). Fur-
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Fic. 7. Endocytosis of MgfS''"™ mutant Tac-SCF by a lysosomal
targeting signal. Confocal microscopic sections at the level of the
nucleus or apical surface of anti-Tac antibody-labeled confluent MDCK
II stable transfected with different Tac-SCF constructs (A, D, J) and
Tac-tyrosinase (Tac-tyr, G) are shown. Only a weak staining of intra-
cellular Tac chimeras is detected in wild-type Tac-SCF-expressing cells
(A). In cells transfected with the Tac-SCF-17H (D) construct, extensive
intracellular vesicular anti-Tac staining can be observed, which resem-
bled cells transfected with the Tac-tyr chimera (G). Mutation of the
di-leucine of the putative internalization motif of Tac-SCF-17H to a
di-alanine (17H-LLAA) resulted in a loss of intracellular but led to
apical localization (J). Standard fluorescence microscopy of endocytosed
anti-Tac antibody bound to wild-type and mutant Tac-SCF or Tac-tyr
constructs transiently transfected into COS-7 cells is also shown. After
30 min at 37 °C, internalized Tac-SCF (or tyr)/anti-Tac antibodies com-
plexes were visualized with (B, E, H, K) or without (C, F, I, L) acid
removal of cell surface-bound noninternalized antibodies. Wild-type
Tac-SCF proteins were not internalized during the 30-min incubation
period (B). In contrast, Tac-SCF-17H mutant proteins accumulated in
large intracellular vesicles (E). Likewise, Tac-tyr constructs were inter-
nalized efficiently (H). However, the di-leucine mutation in Tac-SCF-
17H (17H-LLAA) abolished the capacity to internalize cell surface-
bound anti-Tac antibodies (K). Comparable levels of the different Tac-
SCF constructs were initially expressed on the COS-7 cell surfaces as
illustrated by staining of parallel cultures from which the anti-Tac
antibody was not removed from the cell surface (C, F, I, L). The bar in
L corresponds to 24 um.

iTH-LAA

thermore, internalization of the Tac-SCF-17H chimera was
blocked by the di-leucine mutation (17H-LLAA; Fig. 7K). This
suggests that the reduced amount of cell surface SCF observed
in the MgfS"'™ mutation (8, 33) is caused by constitutive re-
moval of the Mgf"'™ mutant SCF from the cell surface by
endocytosis. Therefore, the Mg/S''™ mutation represents a
molecular gain of function mutation with respect to the endo-
cytosis of SCF.

DISCUSSION

An Acidic Cluster Assists the Leucine-dependent Basolateral
Targeting Signal in SCF—We identified here a novel motifin a
transmembrane growth factor that is used for basolateral tar-
geting but not for endocytosis. Both an acidic cluster and a
critical leucine residue are required for efficient basolateral
targeting of SCF. Although the leucine is indispensable for
basolateral transport, the presence of the acidic cluster en-
hances the efficiency of basolateral sorting. Because the acidic
cluster is not absolutely required for basolateral targeting, it is
unlikely that the two motifs form a single sorting determinant.
Interestingly, a basolateral targeting motif has been described
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mutant
B Pigment defect

S X

wildtype
A Pigmentation

—— |
Sterility

D

Fic. 8. Multiple biological effects of cytoplasmic mutations in
SCF. Illustration of the polarized expression of SCF in basolateral and
dendritic aspects of basal keratinocytes (A), Sertoli cells (C), and neu-
rons (E), respectively. Cell surface expression of SCF is also found in
nonpolarized stromal cells of the bone marrow or dermal fibroblasts in
the skin (G). Cell surface SCF protein is represented by gray shading
and c-Kit-expressing (SCF-dependent) cells by dark shading (A, C, E,
and G). The mutation of the cytoplasmic targeting determinants of SCF
leads to apical or axonal accumulation as well as reduced cell surface
expression (light shading in B, D, F, and H). Consequently, pigmenta-
tion defects (B), sterility in males (D), and learning (F') and hematopoi-
etic defects are observed in the respective tissues (H) (affected cells are
indicated by reduced size, numbers, and gray shading; B, D, F, and H).
Note, dendritic and axonal localization of wild-type and cytoplasmic
mutant SCF protein in neurons is extrapolated from the polarized
expression patterns in epithelial cells reported in this paper. The loss of
spatial learning has so far only been demonstrated in mice lacking
transmembrane and cytoplasmic sequences of SCF (Mgf®'?) (4), a mu-
tant form of SCF which is secreted from apical aspects of polarized
epithelia (8). wt, wild-type tissue; mutant, tissue expressing cytoplas-
mic tail mutants of SCF.

for the polymeric Ig receptor, which does not belong to the
family of tyrosine or di-leucine determinants and which does
not mediate endocytosis. This critical targeting domain con-
sists of a single valine located in a B-turn and two critical
residues 3 and 4 amino acids N-terminal to it. Mutation of
valine to alanine reduces basolateral targeting and destabilizes
the B-turn (34). In addition, the amino acids N-terminal to the
valine which do not participate in the B-turn are also required
for efficient basolateral sorting and form a second, valine-
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independent, functional targeting domain (35). Based on these
similarities, it is possible that leucine 26 of SCF is part of a
B-turn or loop, exposing its hydrophobic side chain in such a
way that it could bind to the adaptor complex of clathrin-coated
vesicles. In addition, many di-leucine sorting motifs have been
described which require critical N- or C-terminally located
acidic residues as described for the furin protease (25), the low
density lipoprotein receptor (16) and the invariant chain of
major histocompatibility complex class II (17). In contrast to
these determinants, in which the acidic amino acids are essen-
tial for basolateral targeting, the acidic cluster in SCF is par-
tially dispensable serving however to increase the fidelity of the
basolateral sorting process. Members of the recently identified
phosphofurin acidic cluster-sorting (PACS) family of adaptor
proteins, which bind to clusters of acidic amino acids, are
involved in directing TGN localization and plasma membrane
sorting (18, 19). Interestingly, intracellular sorting of the furin
protease by PACS is regulated by the phosphorylation of crit-
ical serine residues adjacent to a cluster of acidic amino acids.
The same PACS binding, acidic cluster which directs TGN
localization, is also required for basolateral sorting of furin
(25). Although PACS may bind to the acidic amino acid cluster
in SCF and thereby increasing the fidelity of the basolateral
sorting process in the TGN, there is no indication that this is a
phosphorylation-dependent interaction involving the con-
served serine residue at position 24. However, in the absence of
such acidic clusters as in the cytoplasmic tail of CSF-1, reduced
protein recognition at the level of the TGN could affect the
fidelity of basolateral targeting compared with SCF. Conse-
quently this inefficiency of basolateral sorting might lead to the
apical accumulation of CSF-1 by an N-glycan-dependent apical
targeting pathway (13).

MgfS"""" o Gain of Function Mutation Leading to Constitu-
tive Endocytosis of Mutant SCF—Many basolateral targeting
signals resemble those for coated pit localization and endocy-
tosis. In contrast to the protease furin or the invariant chain,
wild-type SCF is expressed at the cell surface and is not endo-
cytosed. Interestingly, the cytoplasmic tail of SCF found in the
MgfS"'™ mutation has a high capacity for inducing endocytosis
when expressed as a Tac chimera. Analysis of the cytoplasmic
tail of the Mgf®"' ™ mutant reveal a match of sequence between
KYAATERERISRGVIVDVSTLLPSHSGW (5), and the signal
for endocytosis or lysosomal/melanosomal/vacuolar targeting
(DXXXLL). This sequence was found in CD3y (DXXXL.L) (31)
and in related form in the invariant chain (DDQXXLI;
EXXXML) (17, 28, 36), Vam3p (EXXXL.L) (37), LIMP II (EE-
XXXLL) (32), and tyrosinase (D/EEXXXL.L) (30). In all these
proteins, the endocytotic activity is critically dependent on the
presence of the di-leucine motif and is lost after alanine mu-
tagenesis similar to our observations for the Mg/S''™ muta-
tion. Therefore the Mgf5''"™™ mutation may represent a gain of
function in respect to endocytosis and lysosomal targeting of
SCF. As a consequence, only a limited amount of mutant SCF
would be available on the cell surface to stimulate responsive,
c-Kit-expressing neighboring cells. This could be the cause for
the reduced amount of peripheral SCF-dependent mast cells
and a limited capacity to support hematopoiesis as observed in
MgfP'™ mutant animals (6, 7). In contrast, based on our
results, wild-type SCF lacks a signal for endocytosis, and this is
consistent with the role of the cytoplasmic tail of SCF for
continuous presentation and signaling of the noncleavable form
of SCF toward responsive cells.

The Biological Role of Intracellular Targeting of SCF and
Related Transmembrane Growth Factors—Our results suggest
multiple roles for the cytoplasmic tail of SCF. First, SCF is
targeted to the cell surface in a polarized fashion, being ex-
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pressed basolaterally and not at the apical surface. Second,
after reaching the surface, SCF is retained at the plasma mem-
brane. The first function of the cytoplasmic tail would be im-
portant in cells within polarized tissues, such as keratinocytes,
Sertoli cells, and neurons, whereas the second function would
be relevant to all SCF-expressing cells (Fig. 8). We suggest that
the absence of basolateral delivery of SCF leads to the death of
melanocytes and male germ cells, which normally require basal
delivery of SCF from polarized keratinocytes and Sertoli cells,
respectively, as illustrated by the Mgf®'™™ mutation (8). In
addition to the loss of pigmentation and fertility, the absence of
spatial learning has been demonstrated in a mouse mutant of
SCF (Mgf®'%), which lacks the transmembrane and cytoplasmic
domain (4). In contrast to wild-type SCF, such mutant forms of
SCF are secreted from the apical surfaces of polarized epithelia
(8). Cell surface expression of SCF in unpolarized stromal cells
of the bone marrow is required for hematopoiesis (8). Conse-
quently, constitutive endocytosis resulting in reduced cell sur-
face expression of SCF would lead to a hematopoietic defect
comparable to that of the Mgf5"'™™ mutant mice (6, 7).

Based on functional similarities and sequence comparison
with other transmembrane growth factors such as CSF-1, we
propose that the basolateral determinant and associated func-
tions are not unique to SCF. Because of the absence of mouse
mutations affecting the cytoplasmic tail of CSF-1 it is not
known whether the role of its cytoplasmic tail is equally im-
portant as that of SCF. In op/op mice that lack CSF-1, CSF-1-
dependent macrophages are absent from epithelial as well as
mesenchymal tissues. Intravenous injection of soluble CSF-1
rescues only mesenchymal macrophages, suggesting a specific
requirement for epithelial derived CSF-1 in promoting the sur-
vival of epithelial macrophages in vivo (38). Moreover, neuro-
logical defects have been reported in op/op mice (39), and ac-
cumulation of microglia in the brain is induced by amyloid-3
peptide-stimulated neuronal release of CSF-1 in Alzheimer’s
disease (40).

Clearly defined targeting determinants in SCF and other
transmembrane growth factors may offer possibilities for alter-
ing polarized presentation and cell surface expression of these
factors. This may lead to new therapeutic approaches for treat-
ment of pathological conditions such as allergies, chronic in-
flammation, osteoporosis, or hyperpigmented lesions caused by
overexpression or mutations of these factors.
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2.8. Cytoplasmic domain of SCF: a new therapeutic target?

In the previous chapters, we have learned the existence of critical expression and splicing
patterns of SCF mRNA along the migration pathway of melanocyte precursors. In addition to the
transcriptional and splicing level, SCF protein, in order to be successively presented to c-Kit
expressing cells requires intracellular sorting signals to deliver SCF efficiently to basolateral domains
of epithelial tissues. Due to these multiple levels of control, it is also likely to find pathological
conditions of SCF/c-Kit dependent cells that are caused by mis-expression, mis-processing or mis-
targeting of SCF. In 1993 the laboratory of Ruth Halaban published an article in which they
demonstrated that during mastocytosis, the proteolytically cleavable splice variant of SCF was over-
expressed (Longley et al., 1993). In 1998 it was demonstrated that the inhibition of SCF/c-kit
signaling by antibody treatment or injection of soluble SCF led to the respective loss or
hyperproliferation of melanocytes in human skin explants (Grichnik et al., 1998). Moreover, the
transgenic expression of SCF by the keratin14 promoter in basal keratinocytes increased the amount
of melanocytes in the epidermis but led also to cutaneous mastocytosis (Kunisada et al., 1998a;
Kunisada et al., 1998b). In addition, UV-light exposed human skin reacted with the production of
SCF and c-Kit. In turn, the UV induced tanning process could be blocked with anti-c-Kit antibodies
in brown guinea pig skin (Hachiya et al., 2001). Besides the SCF dependent control of melanocytes
and mastocytes of the skin, it has recently been suggested that the c-Kit receptor is also expressed on
eosinophiles. Since eosinophiles are responsible for acute or chronic allergic reactions, SCF
expression in the nasal epithelium has been examined. Otsuka and coworkers reported an increase in
SCF immunoreactivity with inflamed nasal epithelia (Otsuka et al., 1998). In addition, the application
of SCF antisense oligonucleotides to the bronchial epithelium reduced asthma symptoms in the
mouse ovalbumin model (Finotto et al., 2001). It remains open whether pathological SCF
modulations are also associated with dermatological lesions such as congenital nevus syndrome or

vitelligo.

The above mentioned examples suggest that controlling SCF expression in epithelial cell
layers would be a possible therapeutic strategy, in order to reduce hyperpigmented lesions associated
with, for example cutaneous mastocytosis. However, inhibitors to the SCF/c-kit system need to be

highly specific as well as topically applied. It would not be advisable to administer c-kit blocking
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antibodies to large areas of the skin, since they might be carried to the reproductive organs or the
bone marrow where they could affect vital cellular systems. Therefore, the cytoplasmic targeting
domains of SCF, required for basolateral transport and efficient cell surface expression, offer a
therapeutic target for locally applied drugs. The cytoplasmic tail sequence of SCF is unique in amino
acid sequence and the local deposition of inhibitors within the epidermal cells of the skin could
prevent diffusion of the pharmacological compound throughout the body. Currently we are studying
the design of potential inhibitory peptides and of protein domains that could serve to specifically
reduce SCF surface expression and basolateral targeting by interfering with the normal function of

the cytoplasmic tail of SCF.
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3. Melanocyte Migration in vitro: The Role of the Cytoskeleton

3.1. Growth factor mediated changes in the actin cytoskeleton

Stem cell factor is produced by keratinocytes and is expressed in two alternatively- spliced
forms resulting in a proteolytically released form (soluble) and a membrane bound form with
increased proteolytic stability (cell-bound) (Huang et al., 1992). The in vitro activation of c-Kit
using soluble SCF has been shown to result in the activation of the small GTPase Racl which
controls the polymerization of actin and the formation of membrane ruffles and lamellipodia (Hall,
1998; Ridley et al., 1992; Timokhina et al., 1998; Vosseller et al., 1997) and this signal transduction
pathway may be responsible for cell migration and chemotaxis (Allen et al., 1997; Blume-Jensen et
al., 1991; Sekido et al., 1993; Ueda et al., 2002). An example of such a directed melanoblast
migration is illustrated in Fig. 5. and can also be seen in chapter 6 as a quicktime movie. In addition
to chemotaxis and migration, c-Kit signaling leads to cell survival and proliferation, and it has been
suggested that the signaling pathways involved are partially overlapping to those leading to cell
migration (Timokhina et al., 1998). However in vivo and in vitro, the cellular response upon c-Kit
signaling may depend whether stimulation occurs via soluble SCF or cell-bound SCF. Indeed,
presentation of membrane bound SCF might be expected to increase the duration of c-Kit activation
at the plasma membrane, resulting in a robust survival signal (Miyazawa et al., 1995). In contrast,
soluble SCF induces rapid internalization of the SCF/c-Kit complex that led to an intracellular
signaling cascade resulting in cell motility. The exact differences in cellular responses towards

soluble or membrane-bound SCF are still a matter of intense research.

Fig. 5. Directed migration of
melanoblasts towards a gradient of SCF.
Melanoblasts starved for 4 hrs were
exposed to a diffusion gradient of SCF in
a Zigmund chamber: Frames 1-3 show the
cell before SCF addition. SCF was added
at time O from the top (arrows). Soon after
SCF addition, cells responded by
lamellipodia formation and directed
migration.

A5min 9min 3min Omin +3min +6min  +9 min

In addition to c-Kit, many other RTK's induce the reorganization of the actin cytoskeleton
into lamellipodial structures consisting of a criss-cross pattern of actin filament (Small et al., 2002).

Although of paramount importance, I will not further discuss the complex intracellular signaling
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pathways that emanate from c-Kit activation and internalization to the actin polymerization at the

leading edge.

In order for the entire cell to move forward, the cell body has to follow the leading edge and
the cell rear has to retract and detach from the substrate. It is therefore clear that the respective
signals, which induce cell migration have to organize the actin cytoskeleton in respect to its
particular function in the cell. For example, actin filaments are polymerized in the advancing
lamellipodia and filopodia at the cell front, while myosin activity in the main cell body controls the
forward pull of the nucleus. At the cell rear, the actin cytoskeleton has to detach from the substrate
and de-polymerize the retraction trailing portions of the cell. It is still an open question how the cell
is able to specifically induce and maintain these different levels of actin organization in migrating
cells. Apparently, the microtubule network is playing a pivotal role in maintaining cellular polarity
and keeping apart the cellular regions that are organized by different actin cytoskeletal structures
(see chapter 3.3). In addition microtubules are required for the polarization of the actin cytoskeleton

into protruding actin networks at the cell front and retracting actin structures at the cell rear.

Although the paraformaldehyde-fixed actin cytoskeleton can be easily visualized by
fluorescent phallodin labeling, this represents only a snapshot of the otherwise dynamic actin
cytoskeleton. In order to gain further insight into the dynamic remodelling of the actin cytoskeleton
in migrating cells we constructed a fusion protein between [3-actin and the green fluorescent protein
(GFP) from Aquoria victoria (a jellyfish from the pacific ocean) (Chalfie and Kain, 1998). This
construct transfected into migrating melanoma cells allowed us to understand the different dynamic

organizations assumed by the actin cytoskeleton during cell migration (see chapter 3.2).

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 92



3.2. Actin dynamics during cell migration
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SUMMARY

The actin cytoskeleton maintains the cellular architecture clouds’ were observed in addition to stress fibers. These
and mediates cell movements. To explore actin cytoskeletal ruffle-like structures were found to be involved in the
dynamics, the enhanced green fluorescent protein (EGFP) reorganization of the actin cytoskeleton. In migratory cells,
was fused to humanp-actin. The fusion protein was EGFP-actin was found in the advancing lamellipodium.
incorporated into actin fibers which became depolymerized Immobile actin spots developed in the lamellipodium and
upon cytochalasin B treatment. This functional EGFP- thin actin fibers formed parallel to the leading edge. Thus
actin construct enabled observation of the actin EGFP-actin expressed in living cells unveiled structures
cytoskeleton in living cells by time lapse fluorescence involved in the dynamics of the actin cytoskeleton.
microscopy. Stable expression of the construct was

obtained in mammalian cell lines of different tissue origins.  Key words: EGFP-actin, Cell migration, Cell adhesion, Actin

In stationary cells, actin rich, ring-like structured ‘actin filament

INTRODUCTION complex dynamics of the actin cytoskeleton which is required
for maintaining cell shape or cellular locomotion are not well
Actin is a highly conserved and abundant cytoskeletal proteinnderstood. Reagents such as cytochalasins or phalloidin hay
in eukaryotic cells. It is implicated in a number of cellularbeen widely used to perturb actin dynamics. The former
activities, including reorganization of cell shape and celinhibits actin polymerization by blocking the barbed end of
motility (Stossel, 1993; Small, 1994a,b; Lauffenburger andctin filaments, while the latter binds selectively along the sides
Horwitz, 1996; Mitchison and Cramer, 1996). Many of theseof actin filaments and inhibits their depolymerization (Dancker
processes require the dynamic behavior of the actiet al., 1975; MacLean-Fletcher and Pollard, 1980; Cooper,
cytoskeleton which involves the polymerization and1987; Forscher and Smith, 1988). An alternative method to
depolymerization of actin filaments (Welch et al., 1997).study the dynamics of the actin cytoskeleton in living cells is
Monomeric actin (G-actin) polymerizes in a head to tailto microinject fluorescently labeled actin, anti-actin antibodies
fashion to form helical actin filaments (F-actin) (Wegner, 1976pr caged resorufin (CR)-actin (Wang, 1984; Symons and
Pollard and Mooseker, 1981; Holmes et al., 1990). Most cellslitchison, 1991; Theriot and Mitchison, 1991; Cao et al.,
keep a large pool of G-actin to maintain the ability to quickly1993).
reorganize the cytoskeleton when subjected to environmental When transfected into recipient cells, green fluorescent
changes. The G-actin pool and the stability of F-actin iprotein (GFP)-tagged proteins can be visualized in living cells
controlled by a large number of actin binding proteins. Thaising fluorescence microscopy (Gerdes and Kaether, 1996
amount of G-actin available for polymerization is controlledLudin and Matus, 1998). In yeast cells, an actin-GFP fusion
by proteins selectively binding to monomeric actin (Carlier angbrotein was used to study the movement of cortical actin
Pantaloni, 1994; Sun et al., 1995). Another class of G-actipatches (Doyle and Botstein, 1996). IDictyostelium
binding proteins modulate the rate of assembly andiscoideum, GFP-actin fusion proteins were integrated into
disassembly of G-actin into F-actin, hence increasing the ratetin filaments which allowed the observation of microfilament
of actin polymerization and treadmilling significantly (Carlier dynamics during Dictyosteliunmovement and chemotaxis
et al., 1997; Theriot, 1997). Furthermore, certain actin bindingWestphal et al., 1997). So far studies in mammalian cells were
proteins have actin filament severing activity allowing thehampered due to the lack of corresponding functional GFP-
creation of new nucleation sites for actin polymerizationactin construct.
(Cunningham et al., 1991; Witke et al., 1995). Finally, existing The aim of this investigation was to study cellular processes
F-actin can be bundled by bivalent F-actin binding proteinsvhich lead to actin reorganization in immobile and migrating
leading to the formation of thick actin cables (stress fibersmammalian cells. In order to visualize the actin cytoskeleton
(Matsudaira, 1994). during these complex morphological changes, we constructe
Although many studies of actin behavior in vitro exist, thean EGFP humag-actin fusion protein which was expressed
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in mammalian cells of different tissue origins. Among theThe 1.2 kb humar-actin promoter was amplified with the same
EGFP B-actin transfected cells we focused on Bl16Flreverse primer and the following forward  primer
melanoma. These cells can either assume a very well spreddSAAGATCTGAAGTCGGCAAGGGG). B
stationary morphology similar to fibroblasts, or develop a Subsequently, the EGFP sequence was amplified Wit
lamellipodium and undergo extensive migration similar to fisfpolymerase utilizing a forward primer with tindlll and reverse

keratocytes (Wang, 1984: Theriot and Mitchison, 1991primer with  BamHI restriction site:  forward  primer

. . TGGAAGCTTCCACCATGGTGAGCAAGGGC) and reverse
Dunlevy and Couchman, 1993; Lee et al., 1993; Small, 1994 rimer (CCGGATCCCTTGTACAGCTCGTCCATGC).  Finally,
Small et al., 1995; Cramer et al., 1997). Therefore a possib,

; . . - man B-actin was amplified withPfu polymerase using primers
bias of EGFPB-actin towards the formation of a particular containing @BamHI andEcoR! site respectively, and cloned into the
actin structure was excluded. EGFP  containing pcDNA3  vector; forward  primer
In stationary spread cells we found EGHRactin (CCGGATCCACTAGTGGCATGGATGATGATATCGC), and
incorporated into stress fibers. In these cells, expandingverse primer (CCGAATTCCTAGAAGCATTTGCGGTGG). The
circular F-actin containing structures were found to befonstructs were subsequently sequenced, in order to verify th
associated with cell shape changes and reorganization of tigegrity of the fusion protein. Final constructs were: (1) pcDNA3

; ; ; ; -with CMV promoter plus EGFP arflactin, (2) pcDNA3 with a long
actin cytoskeleton. Migrating cells showed a prominent actnii/"ersion of the factin promoter followed by EGFP afidactin, and

ri(_:h Iamellipqdium, followed by the lamella, a transition Zone(3) pcDNAS3 containing the short version of tBeactin promoter
with low actin content and the cell body with the nucleussj wed by EGFP and-@ctin.

These cells did not contain stress fibers but close inspection

revealed that long thin actin fibers existed. The reorientation dfransient and stable protein expression

those were associated with the directional change in migratioplasmids containing the EGFP-a@tin fusion construct were
Furthermore, ‘actin spots’ were formed within the transfected with Lipofectamine according to the manufacturer's
lamellipodium of migrating cells and remained immobile withrecommendation (Gibco BRL). Briefly, 18 of plasmid DNA and
respect to the substrate. The data presented here suggest furfhiglrLipofectamine solution was incubated for 15 minutes in 200
roles for different entities in the actin cytoskeleton which mayf OPTIMEM (Gibco BRL) then diluted with 800 PPTIMEM. This

be important for the maintenance of cell shape and the onsgtution was added to cells at 30-60% confluence in a 35 mm tissu
of cellﬂlar locomation P culture plate (Falcon, Becton Dickinson, Basel, Switzerland). After

10 hours incubation at 37°C without serum, 2 ml of 10% FCS medium
was added to the cells, and was changed fourteen hours later to tl
culture medium described for the corresponding cell lines. Two days

MATERIALS AND METHODS after transfection, expression of the fusion construct was evaluated b
_ _ fluorescence microscopy using a FITC filter set (Carl Zeiss, Jena
Cell lines, plasmids and reagents Germany). Stable expressing clones were obtained by sorting o

Mouse melanoma cells (B16F1) were kindly provided by G.EGFP fluorescent cells into 96-well plates using a Fluorescence
Nicholson (Houston, TX, USA). Swiss 3T3 fibroblasts and Chinesé\ctivating Cell Sorter (FACStar; Becton Dickinson, San Jose, CA,
hamster ovary cells (CHO) were from the American Type TissudJSA) and cultured in G418 (1.5 mg/ml; Geneticin, Gibco BRL)
Culture Collection (ATCC). Mouse thymic endothelioma cells supplemented media. Colonies expressing EGFP-actin were expande
(t.End3) were obtained from Dr Werner Risau (Max Planck Institutefor further analysis.
Bad Nauheim, Germany). B16F1, 3T3 fibroblasts, and t.End cells . o .
were grown in DMEM and CHO cells in F12 medium (Gibco BRL, Fluorescence microscopy of living cells and image
Paisley, Scotland), each supplemented with 10% FCS (PAAnalysis
Laboratories, Linz, Austria), 2 mM glutamine, 100 i.u./ml penicillin Cells transfected with EGFB-actin, were detached from plastic
and 100ug/ml streptomycin (all Gibco BRL). tissue culture plates by EDTA treatment for 5 minutes, washed 2 time;
The mammalian expression vector for enhanced green fluorescent Ham’s F12 medium, and plated in presence of Ham's F12
protein (PEGFP-1) and polyclonal anti-EGFP antibodies werecontaining 10% FCS on glass coverslips coated withugéml
obtained from Clontech (Basel, Switzerland) and pcDNA3 expressiofibronectin or laminin. Living cells were observed under an inverted
vector was from Invitrogen (Leek, Netherlands). The hufactin fluorescent microscope (Zeiss-Axiovert 100) equipped with Plan-
promotor was amplified from the @HApr-1-neo plasmid (Ng et al., Neofluarx40, x100 Fluar oil immersion objectives (Zeiss), and an
1989). Human factin cDNA was obtained from Dr Perriard (Ziirich, incubation chamber for constant temperature anc @@ulation.
Switzerland). A polyclonal anfi-actin antibody specifically reacting EGFP fluorescence was visualized using a FITC filter set (450-490
with the acetylated N terminus Bfactin was kindly provided by Dr FT 510, LP 520). Single or time lapse pictures were acquired with &
Gabbiani (Geneva, Switzerland) (Yao et al., 1995). Human fibronectillamamatsu C4742-95-10 digital CCD camera (Hamamatsu
(FN) was purchased from Collaborative Biomedical Product®hotonics, Japan) controlled by the Openlab software (Improvision,
(Bedford, MA, USA), mouse EHS-laminin (LN) was a gift from M. Oxford, UK). For time-lapse recordings, cells expressing EGFP-

Chiquet (Bern, Switzerland). constructs were kept constantly at 37°C and 5%.J0 obtain low
_ _ ) ) background fluorescence from the culture medium, we used Ham’
Construction of EGFP  B-actin fusion protein F12 medium which has a low concentration of fluorescent media

Humanp-actin promoter, EGFP and humfractin sequences were components, such as Phenol Red and riboflavin. Since prolonge:
amplified by PCR with primers containing restriction sites for cloningexposure to intense light led to deterioration and bleaching of the
into pcDNA3. The cytomegalovirus (CMV) promoter of pcDNA3 was observed cells, light intensity was controlled using neutral density
excised with Bglll and Hindlll and replaced by a 3 kb or 1.2 kbfilters, and exposure times never exceeded 600 milliseconds per 2
fragment of the huma-actin promoter (Ng et al., 1989) which were second interval during time lapse recording.

amplified using Pfypolymerase (Stratagen, Basel, Switzerland). The . )

amplification of the 3 kb promoter was carried out with the followingFluorescence microscopy of fixed cells

primers: forward prime{GGAAGATCTTGGCCAGCTGAATGGAG)  Stable EGFRB-actin transfected cells were cultured on FNugéml)

and reverse primer (CCCAAGCTTGAGCTGCGAGAATAGCCG). coated glass coverslips at 37°C and 5% @0® 12 hours. Cells were
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then fixed with 2% paraformaldehyde for 30 minutes at roonperiphery or in vesicular structures within the cell (data not
temperature (RT). After rinsing 3 times with PBS cells wereshown). In contrast, cell morphology of COS-7 cells
permeabilized with 0.5% Triton X-100 in PBS for 5 minutes at RT-expressing EGFR3-actin under the long actin promoter
Samples were rinsed again with PBS containing 0.5% BSA fonowe‘éppeared normal, therefore this promoter was chosen fo
by a 30 minute incubation at RT with 100 nM rhodamine-phalloidinsubsequem studies.

(Fluka, Buchs, Switzerland). After final washing (3 times) with PBS, Thi . :

: . is EGFPB-actin construct was then tested for expression
Celés Welre e?bedded 'Zn ;%A\prmpyli%g”ate’ 80% glycerol in PBSlh cells of diffgrent tissue origins. Transfection was peprformed
and analyzed using a Zeiss-Axiovert miCcroscope. . ) . .

y 9 P with B16 F1 melanoma cells, mouse 3T3 fibroblasts, Chinese
Western blotting hamster ovary cells (CHO), and thymic endothelial cells (t.End
Western blot analysis was performed after SDS-PAGE (10% gef3). All four cell lines expressed EGHRactin (Fig. 2). This
according to established procedures (Winston and Fuller, 19913uggests that expression and function of this construct is nc
EGFPp-actin expressing B16F1 cells (}@vere washed in PBS and cell lineage restricted. After two weeks of G418 selection,
lysed in 0.5% Triton X-100 in PBS containing protease inhibitorsstable expression was obtained in B16, 3T3, and CHO cells
(inhibitor ~cocktail - from - Boehringer - Mannheim, Mannheim, demonstrating that cell proliferation was not blocked by EGFP
Germany). The cell lysate was then mixed with an equal volume g¢_5-tin fusion protein. Expression of EGBRactin was also

2x SDS-PAGE sample buffer and boiled for 5 minutes. Protein : .
separated by SDS-PAGE were transferred to nitrocellulos nalyzed by western blotting using stable transfected B16 cel

membranes and non-specific binding sites were blocked with TB es (F.'g' 3). Anti-GFP specific antibodies detected a single
containing 1% BSA and 0.1% Tween-20. After incubation withPand with an apparent molecular mass of 70 kDa using cel
primary polyclonal anti-gactin or anti-EGFP antibody followed by lysate of EGFMB-actin transfected cells; non-transfected cells
secondary peroxidase-conjugated anti-rabbit antibodies (Sigmsyere negative. Normg-actin appeared at 43 kDa and was
Basel, Switzerland), peroxidase activity was visualized bydetected with a polyclonal monospecific antibody recognizing
chemiluminescence (ECL, Amersham, Buckinghamshire, UK). the acetylated N terminus d-actin (Yao et al., 1995).
Apparently the epitopes of this antiserum were lost by
generating the EGFB-actin fusion protein. Both, transfected

RESULTS and non-transfected cells showed the 43 kDa wild-type actir
) o ) band at the same level of expression. Thus coexpression ¢
Expression of EGFP B -actin in mammalian cells EGFPp-actin did not influence the expression level of wild-

In order to visualize the actin cytoskeleton in stationary antlype actin. The band detected with the anti-GFP antibody at 7(
migrating mammalian cells, the enhanced green fluorescekbDa corresponds to the calculated molecular mass of the EGF
protein (EGFP) was fused to the amino-terminal end of th@-actin fusion protein (69, 45 kDa).
human B-actin (Fig. 1). EGFP an@-actin sequences were ) ) o _ )
separated by a flexible, hydrophilic 5 amino acid spacer. ThisGFP B-actin fusion protein integrates into actin
hinge region should reduce steric hindrance by EGFP, in ordéfaments
to allow interaction of actin with actin binding proteins. The fiber-like structures seen in EGBfctin expressing cells
Since overexpression ofdktin cDNA in mammalian cells were strongly reminiscent of stress fiber bundles in adheren
has been shown to have a severe impact on cell morphologglls. In order to test whether EGBRactin was incorporated
(Mounier et al., 1997) three plasmids encoding E@FRtin  into actin filaments, cells were fixed and then filamentous actir
were constructed with promoters of different strength; th€F-actin) was counter-stained with rhodamine-phalloidin (Rh-
CMV promoter, a long and short version of the hufdaactin ~ Ph). All Rh-Ph labeled fibers were also positive for EGFP
promoter (see Materials and Methods). Transient expression attin, indicating that the fusion protein is incorporated into
EGFP-actin in COS-7 cells was strong under the control ofactin stress fibers in living cells (Fig. 4A,B). In addition to
the CMV and readily detectable with the long actin promoterstress fibers EGFR-actin was also found in non-filamentous
Expression under the short actin promoter was barely visiblstructures surrounding the nucleus. This staining disappeare
The strong expression of EGHBactin under the CMV after detergent treatment suggesting that it consisted o
promoter affected the cellular morphology of COS-7 cellsmonomeric G-actin (data not shown). Thus EQ#&ctin can
Many of these cells were round shaped, unable to spread, ape visualized as monomeric G-actin and as polymerized F:
green fluorescence was observed in clusters along the calitin.

human B-actin promoter (2856 bp) EGFP human B- actin
714 bp 1125 bp lf
ATG
Fig. 1. Scheme of the EGFP-hum@sactin DNA
construct. A 2,856 bp long version of the hurfian
actin promoter was linked to the coding sequence of Link
enhanced green fluorescent protein (EGFP) inker
followed by human fhactin. A flexible linker  AAd GGA TCC ACT AGT GGClATG.
encoding five amino acids was introduced between
the EGFP and actin genes. K-6 s T s G-M
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Fig. 2. Expression of EGFR-#&ctin in cell lines
of different tissue origin. The EGHRactin
construct driven by the long actin promoter waj
transfected into adherent cell lines. The EGFP
[-actin expression was observed by
fluorescence microscopy. (A) BL6F1 mouse
melanoma cells; (B) 3T3 mouse fibroblasts;
(C) Chinese hamster ovary (CHO) cells;

(D) thymus derived endothelioma (t-End).
(A-C) Cell lines expressed the fusion protein
stably; (D) transient expression. Bar, | 24d.

Polymerization and depolymerization of EGFP  [3- Actin dynamics in stationary cells

actin in living cells B16 cells were stationary when plated on FN coateqigtril.
Actin depolymerization and polymerization are required forTwelve hours after plating, immobile cells were observed using
cell locomotion and reorganization of the actin cytoskeletontime lapse fluorescence microscopy. The cells exhibited man
To test whether these processes were altered by the presestress fibers and intense ruffling at the cell edges (Fig. 6A-F)
of the EGFP-tag, EGFPB-actin depolymerization and Furthermore, in the presence of serum, ring-shaped acti
polymerization were recorded by time lapse video fluorescenc#ructures with intense green fluorescence appeares
microscopy. Actin depolymerization was obtained withspontaneously within the cell (arrow in Fig. 6A). As shown in
cytochalasin B which prevents association and dissociation &fig. 6A-D, these ring-like actin structures, which most likely
G-actin at the barbed end of actin filaments, without affectingepresent actin ruffles, expanded concentrically (Ruusala et al
the depolymerization at the pointed end of actin filaments. B16998). Because of their appearance we will refer to these
cells were cultured for 24 hours on fibronectin (FN) coatedtructures from now on as ‘actin clouds’. When associated witt
glass coverslips to obtain stress fiber containing spread cells.

Cells were then treated with 2M cytochalasin B, which

resulted in rapid rupturing of fibers at the cell periphery. A B

Subsequently, the ruptured fibers were shortened L _—
depolymerization (Fig. 5A-C), and F-actin was lost within 10
minutes of cytochalasin B application.

Further evidence that the EGFRtin fusion protein did not 84— — — EGFP-Actin
disturb actin function was shown by recording the video image 48 —
of spreading cells. As shown in Fig. 5D-F, actin polymerizatior St | — A ctin
readily occurred in spreading B16 cells plated on FN coate 36—
glass coverslips. Growing actin filaments showed intens
fluorescence at the tip and advanced towards the cell borc
(arrow in Fig. 5G), indicating accumulation of G-actin at actin
polymerization sites. Subsequently, these filaments were furthe:
bundled to stress fibers which appeared as thicker fluorescdng. 3. Western blot of EGFB-actin fusion protein. Whole cell
lines than the de novo formed filaments (data not shownlysates of nontransfected control B16 (n) and E@fetin
Spreading and adhesion occurred within 15 minutes, which fXPressing B16 cells (t) were separated on 10% SDS-PAGE and
the same time scale as for non-transfected B16 cells, indicatitgqns“e"ed to nitrocellulose membrane. (A) Polyclonal anti-EGFP

- . N tibody detected a single band with an apparent molecular mass of
that the EGFP-actin fusion protein is a valuable tool to studyo kDa in transfected but not in nontransfected control cells. (B) A

the actin cytoskeleton dynamics in living mammalian cells. o cional anti-actin antibody recognizing the N terminug-attin

These results show that the EGF-8ctin fusion protein has getected a single band with an apparent molecular mass of 43 kDa i
no severe impact upon function of the actin cytoskeleton witBoth transfected and nontransfected cells. The 70 kDa BG&En
respect to actin-polymerization, depolymerization, and celvas not detectable with this antibody, since the N terminfsaatin
adhesion. was modified by the fusion to EGFP.
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Fig. 4. Overlapping staining of EGFP
B-actin organized in stress fibers with
rhodamine-phalloidin. EGFR-actin
expressing B16 cells were allowed to
spread on culture dishes for 14 hours.
(A) The image of living cells was taken
by fluorescence microscopy. (B) The
cells were then fixed, lysed and stained
with rhodamine-phalloidin. Note the

= £ I RhOda_m_me_ identical pattern of F-actin in the two
EGFP"-) aCtIn Phal|0|d|n images_ Bar, 10[]]]

the cell periphery these expanding actin clouds lead to the locdilese clouds were always associated with the lower side of th
protrusion of the plasma membrane with subsequent formatiarells (data not shown), in contrast to dorsal ruffles observed ir
of new stress fibers. The actin in clouds is in its polymerizedDCK cells (Dowrick et al., 1993).

form as phalloidin binds to these structures (Fig. 6G). The S

clouds were stained with the antia@tin antibody which Actin dynamics in migrating cells

exclusively recognizes endogenouadlin and can not bind to Next we studied actin dynamics in migrating EGERctin

the EGFRB-actin (Fig. 6H, compare with Fig. 3). This assuredexpressing B16 cells by time lapse microscopy. These cell:
that the clouds were not an artifact of the EGE-Bctin  moved with a velocity of 3 to fm/minute on laminin (LN)
expression in B16 cells. Artifacts due to EGPPactin  coated at 5 g/ml. Cells migrated by forming a large
expression can be excluded by visualization of clouds biamellipodium and retracting the rear part of the cell (Fig. 7).
phalloidin in nontransfected B16 cells (Fig. 6l). InterestinglyThe lamellipodium was formed by an EGEHctin containing

Fig. 5. EGFPB-actin does not interfere
with depolymerization and polymerization
of F-actin. (A-C) Spreaded, EGHactin
expressing B16 cells on FN were treated
with 2 pM cytochalasin B at time point 0’
(A), the depolymerizing actin stress fibers
were then observed for 10 minutes (A-C).
Note that 2 minutes after cytochalasin B
treatment large zones were already free of
stress fibers (arrowhead in B);
depolymerization was complete after 10
minutes (C). (D-F) The formation of the
actin filament network was observed in
spreading B16 cells on FN. Already within
10 minutes the cell was well spread (D).
Filaments were formed by 12 minutes (E),
reaching a complete level at 14 minutes
(F). High magnification of growing actin
filaments in a different spreading cell on
FN (arrow in G). Bars, 20m.
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Fig. 6. Reorganization of the
actin cytoskeleton in stationary
cells. B16 cells were allowed to
adhere for 24 hours on glass
coverslips coated with 5giml of
FN. (A-F) Actin stress fibers are
clearly visible. (A-E) A series of
images with 3 minutes intervals
showed the appearance and
disappearance of ‘actin clouds’
(arrow in A). (F) The same cell
developed new ‘actin clouds’ at a
different location by 200 minutes.
(G) RH-phallodin staining of an
‘actin cloud’ in EGFP Bactin
transfected B16 cells.

(H) Visualization of an ‘actin
cloud’ in an EGFRB-actin -
transfected B16 cell with an anti- &
B-actin specific antibody. Note
that this antibody recognizes onl
endogenous-ctin (Fig. 3). '
(I) RH-phalloidin staining of an
‘actin cloud’ in nontransfected
B16 cells. Bar, 2Qum.

rim with a constant diameter of 4¢n. The lamellipodium Fig. 7 and 9. The leading edge started to split into two parts
contained a ribbed pattern of intense fluorescent actin bundl@§er six minutes of observation. Both fronts then migrated in
(Figs 7, 8). These bundles remained associated with ti#fferent directions until the smaller edge collapsed and was
protruding leading edge of the migrating cell and their lengttietracted towards the main part of the cell body. After 27
was constant while approaching a given reference poiftinutes of observation the remaining leading edge divided
(arrowhead in Fig. 8A-C’). Similar to the lamellipodium, the @gain into two fronts and the cell movement proceeded a:
EGFP B-actin fluorescent intensity in these bundles Wagescribed before. During this Change of dir.ection the gctin
maximal at the cell margin and declined towards the interiofibers were reorganized parallel to the leading edge. Fig. ¢
of the cell (Fig. 8). In the moving lamellipodium, distinct Shows a schematic outline of the actin fibers; the direction of
fluorescent spots of actin were observed, which at first glandee migrating cell is indicated by arrows.
seemed to migrate against the motion of the advancing cell.
Closer inspection, however, proved that they were immobile in
respect to the substrate (compare circles in Fig. 8A-C’)DISCUSSION
suggesting that they could represent anchoring points of the
cell. EGFP B-actin integrates into actin filaments

Within the cell body, EGFB-actin was organized in fibers Expression of B and y-actin isoforms was shown to have
perpendicular to the direction of cell migration, parallel to thedifferent impact on myoblasts morphology. Beta isoform
leading edge (Fig. 9A). Similar to the fluorescent actin spotsansfectants displayed well defined filamentous organization
most fibers were static. In all observed migrating cells the&vhereas gamma isoforms showed a more diffuse organizatio
nucleus moved over this network in direction of migrationof actin cables (Schevzov et al., 1992). This result promptec
(data not shown). All migrating cells changed the direction ofis to choose the3-actin isoform for fusion to EGFP.
locomotion during the time of observation. This occurred in d&ransfection experiments with the EGBRctin fusion protein
very characteristic way and is exemplified on the cell shown innder the strong CMV promoter showed accumulation of greer
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fluorescent proteins at the cell periphery and morphologicahe appropriate promoter is crucial for successful use of the
changes of transfected COS-7 cells. These changes could BEFP-tagged-actin.
due to a cytotoxic effect of overexpressed EGFP alone, but this o o )
is unlikely since transfection of EGFP under the CMVPolymerization and depolymerization of actin
promoter had no effect on the cell shape of COS cells (data nidgments
shown). Counter-staining of actin filaments with Rh-Ph in cells
Morphological changes may be affected by altering thexpressing EGFB-actin showed the successful incorporation
proportion of actin isoforms. Recent work has shown thaof the fluorescent fusion protein into actin filaments. The time
overexpression of B-actin influences the function of course of changes observed in cytochalasin treated cells we
cardiomyocytes (von Arx et al., 1995). Cellular malfunctionssimilar to that in control cells, indicating that actin
could also result from steric hindrance due to the linkage gfolymerization and the binding of capping proteins to actin is
the 26 kDa EGFP to the 43 kDa actin, as shown by in vitraot disturbed by the fusion of EGFP to actin.
experiments with DictyosteliurGFP-actin (Westphal et al., The mechanism of cytochalasin B is not yet entirely clear.
1997). It was found that GFP-actin was fully functional in inBesides the fact that this drug inhibits polymerization by
vitro motility experiments when the fusion protein did notbinding to the barbed end, in vitro studies have shown that i
exceed 30% of native actin. In order to be within these limitsevers F-actin (Hartwig and Stossel, 1979; Theodoropoulos €
the control of the transcription rate was achieved by the longl., 1994). Fragmentation of large actin stress fibers in living
form of theB-actin promoter. By testing the different constructscells within seconds after addition of cytochalasin B was
in mammalian cells, a correlation between increased changagleed observed in the experimental setup used. After the
in cell morphology and increased expression levels of EGFBevering of actin filaments depolymerization of the fragments
B-actin fusion protein was observed. Therefore the selection ébllowed, and within ten minutes most F-actin was

Fig. 7. EGFPB-actin in a migrating cell.
EGFPp-actin transfected B16 cells were
allowed to adhere for 12 hours to glass
coverslips coated with 5giml of LN.

The illustrated images correspond to
three minute time intervals of a
migrating cell. The composite at the
lower right represents an overlay of
images taken during the 30 minute
period of migration. Bar, 20m.
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Fig. 8.Immobile actin spots in a
migrating B16F1 cell. Cells were plated
on LN as described in Fig. 7. Fluoresce
B-actin was observed at high
magnification in a migrating cell.

(A-C) Images taken at intervals of 20
seconds. (A-C’) Image colors were
inverted in order to obtain better visibilit
of EGFPpB-actin structures. Migration is
illustrated by a static arrowhead given ag
reference point. Immobile actin spots arq
marked by circles at identical
coordinates. Bar, 1am.

depolymerized. In general, peripheral stress fibers in stationadeveloped close to the edge of the cell a local lamellipodium
cells depolymerized more rapidly than stress fibers in thevas formed. The structure of this lamellipodium resembles the
center of the cell. This indicates that the turnover of actilamellipodium found in migrating cells. Therefore the
filaments is more rapid at the periphery of the cell andjeneration of ‘actin clouds’ may be a ubiquitous mechanism
demonstrates that two mechanisms are involved in the decagsential for the building of lamellipodia by the actin
of F-actin by cytochalasin B; severing and depolymerization.cytoskeleton (Ruusala et al., 1998). In stationary and migrating
) ) cells the outer semicircle of the actin cloud forms an organizec
Dynamics of actin clouds lamellipodium, whereas the inner semicircle persists as &
Observed stationary cells displayed actin stress fibers amtiffuse actin rich area. While the leading edge in a migrating
showed prominent ruffling of the plasma membrane. Theseell is constitutive, the actin cloud in a stationary cell is a
cells spontaneously formed ‘actin clouds’, actin rich ring-liketemporary structure which is replaced by polymerizing fibers.
structures most likely represent actin ruffles (Boschek et alA further function of actin clouds may be the reorientation of
1981; Mellstrom et al., 1988; Dowrick et al., 1993; Ruusala estress fibers within the stationary cell. This function may be
al., 1998). The clouds emerged irrespective of the cell regigprevalent in ‘actin clouds’ appearing in the center of the cell,
and their ring-shaped extension coincided with locabway from the plasma membrane, possibly allowing the cell tc
protrusions of the cell membrane. When the actin rich ringdapt to changes of the extracellular microenvironment.

Fig. 9. Behavior of the actin
cytoskeleton in cells changing the
direction of migration. (A-C) Color
inverted illustration of the migrating cell
shown in Fig. 7 at time point 6’, 12,
and 24, respectively. (A-C’) The actin
filaments (black lines), the
lamellipodium (black) and the nucleus
(gray) are outlined in the drawings
derived from image overlays with
A,B,C, respectively. The direction of
migration is indicated by arrows. Bar,

20 pm.
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Actin cytoskeleton remodeling in migrating cells B1 integrin, and several other molecules which are normally
Migrating B16 cells showed an actin rich, arc-shapedound to be in focal adhesion contacts (Lee and Jacobsor

lamellipodium containing microspikes, which was followed by1997). We are currently investigating whether the actin rich
the lamella, a zone low of actin content, and the cell bod§pPots correspond to nascent focal adhesion sites.
containing the nucleus. The direction of cell migration was In summary, the EGFB-actin fusion protein proved to be
imposed by the progression of the lamellipodium. a valuable tool to study the dynamic changes of the different
Studies with fish keratocytes proposed two hypothesis foromponents of the actin cytoskeleton. Since the actin
the advancement of the lamellipodium. In the nucleatioytoskeleton is involved in a vast number of cellular functions,
release model, short actin filaments are created at the cell frdfie EGFPB-actin fusion protein will help to provide further
and then subsequently released into the cell body (Theriot affasights into actin function in living cells.
Mitchison, 1991, 1992). A particular orientation of actin o o o
filaments is not required in this model. In the treadmilling_ We are grateful to Dr Gabbiani for his gifts of antibodies, Dr
model, actin filaments are oriented with their barbed end§erard for cbNA of humag-actin, M. Zonta for technical support,
towards the cell margin; polymerization is expected to occur %t C. Rumbeli for photography, D. Wohlwend for FACS operation and

o . Ntah for secretarial assistance. We thank Dr C. Chaponnier and
the front of the cell edge and depolymerization towards the reW/ong for critical reading of the manuscript. This work has been

of the lamellipodium (Wang, 1985; Small, 1994b). Studies pported by the ‘Schweizerische Krebsliga’ grant No. KFS 412-1-
with fixed cells demonstrated that the highest density of actifigg7 and grants from the Swiss National Science Foundation 31
filaments in the lamellipodium is at the cell edge and that th@9241-96 and 31-052727.97.

barbed ends of these filaments point towards the cell margin,
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Migrating cells are polarized with a protrusive lamella at the cell front followed by the main cell
body and a retractable tail at the rear of the cell. The lamella terminates in ruffling lamellipodia
that face the direction of migration. Although the role of actin in the formation of lamellipodia is
well established, it remains unclear to what degree microtubules contribute to this process.
Herein, we have studied the contribution of microtubules to cell motility by time-lapse video
microscopy on green flourescence protein-actin- and tubulin-green fluorescence protein—trans-
fected melanoma cells. Treatment of cells with either the microtubule-disrupting agent nocoda-
zole or with the stabilizing agent taxol showed decreased ruffling and lamellipodium formation.
However, this was not due to an intrinsic inability to form ruffles and lamellipodia because both
were restored by stimulation of cells with phorbol 12-myristate 13-acetate in a Rac-dependent
manner, and by stem cell factor in melanoblasts expressing the receptor tyrosine kinase c-kit.
Although ruffling and lamellipodia were formed without microtubules, the microtubular network
was needed for advancement of the cell body and the subsequent retraction of the tail. In
conclusion, we demonstrate that the formation of lamellipodia can occur via actin polymerization
independently of microtubules, but that microtubules are required for cell migration, tail retrac-

tion, and modulation of cell adhesion.

INTRODUCTION

Cell motility plays a central role in a variety of biological
processes, including embryonic development, wound heal-
ing, and tumor cell metastasis (Lauffenburger and Horwitz,
1996; Hangan et al., 1997; Shattil and Ginsberg, 1997; Mon-
tell, 1999). The driving force for cell migration is directed by
the reorganization of the actin cytoskeleton, which includes
the protrusion of the lamellipodium at the cell front and the
retraction of the cell rear. The protrusion of the lamellipo-
dium is provided by continuous growth of actin filaments
toward the leading edge of the lamellipodium, the retraction
of the rear is regulated by the release of adhesive contacts
from extracellular matrix proteins (Lauffenburger and Hor-
witz, 1996).

Microtubules have been suggested to play a role in regu-
lating cell migration because destruction of microtubules in
fibroblasts resulted in inhibition of protrusive lamellipodial

* These authors contributed equally to this study.
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or Beat.Imhof@medecine.unige.ch
FN, fibronectin; GFP, green fluorescence protein; PMA, phorbol
12-myristate 13-acetate; SACED, stroboscopic analysis of cell
dynamics; SCF, stem cell factor.
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activity (Vasiliev and Gelfand, 1976; Bershadsky et al., 1991).
More recently there has been evidence to suggest that mi-
crotubules regulate adhesive or protrusive events through
pathways involving the small GTPases Rho and Rac (Nobes
and Hall, 1999; Waterman-Storer and Salmon, 1999). Rho
induces assembly of stress fibers and focal contacts, and Rac
activates actin-dependent lamellipodium formation and ruf-
fling (Ridley and Hall, 1992b; Ridley et al., 1992). It has been
shown that disrupting microtubules led to Rho activation,
which resulted in an increased size of focal contacts and
enhanced phosphorylation of paxillin and focal adhesion
kinase (Bershadsky et al., 1996; Enomoto, 1996). Direct tar-
geting of microtubules to focal contacts followed by their
dissociation from the substrate has recently been demon-
strated in fibroblasts, and it was hypothesized that microtu-
bules deliver a relaxing impulse to substrate contacts, thus
facilitating the turnover of adhesive contact sites (Kaverina
et al., 1999).

Other studies indicate that microtubules exert their con-
trol on the reorganization of the actin cytoskeleton via a
Rac-dependent pathway at the cell front. Racl-guanosine
5'-triphosphate (GTP) has been shown to bind to tubulin
dimers (Best et al., 1996), and hence it was proposed that the
polymerization of microtubules at the cell front liberates
Racl-GTP, thereby inducing actin polymerization (Water-
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man-Storer et al., 1999). Furthermore, it has been shown that
the growth of microtubules induced in fibroblasts after the
removal of the microtubule disrupter nocodazole activates
Racl GTPase. Waterman-Storer and Salmon (1999) sug-
gested a model of positive feedback interactions between
microtubules and actin. In this model the authors propose
that microtubule disassembly in the main cell body activates
RhoA, which is responsible for stress fiber and focal contact
formation and contraction of the cell. In contrast, microtu-
bule assembly at the leading edge results in Racl activation
and lamellipodium formation (Waterman-Storer and
Salmon, 1999; Waterman-Storer et al., 1999).

However, this model does not address the following ques-
tions: Can microtubules regulate the activation of Racl in-
duced by external signals such as growth factors? Do micro-
tubules influence cell migration by regulation of cell
adhesion? Are microtubules implicated in mechanisms of
tail retraction? To address these issues, we used B16 mela-
noma cells and Melb-a melanoblasts. In contrast to fibro-
blasts these cells are highly motile with a high frequency of
lamellipodia formation. Green fluorescence protein (GFP)-
actin- or tubulin-GFP-transfected cells were used for time
lapse experiments to visualize cytoskeletal reorganization.
Lamellipodial and ruffling events were quantified by kymo-
graph analysis. Phorbol 12-myristate 13-acetate (PMA) was
used to induce cell motility in B16 cells, and stem cell factor
(SCF) was used for melanoblasts.

MATERIALS AND METHODS

Cell Lines, Plasmids, and Reagents

Mouse melanoma cells (B16F1) were kindly provided by G. Nichol-
son (M.D. Anderson Cancer Center, Houston, TX); melb-a melano-
blasts were from Dr. Dot Bennett (St. George Hospital, London, UK)
(Sviderskaya et al., 1995). B16 cells were grown in DMEM (Life
Technologies, Paisley, Scotland) supplemented with 10% fetal calf
serum (FCS) (PAA Laboratories, Linz, Austria), 2 mM glutamine,
100 international units/ml penicillin, and 100 pg/ml streptomycin
(= complete medium; all Life Technologies). Melb-a cells were grown
in complete RPMI additionally supplemented with stem cell factor
(SCF; 20 ng/ml) and basic fibroblast growth factor (20 ng/ml).

The construction of the GFP-actin plasmid has been described
elsewhere (Ballestrem et al., 1998). The original B5 tubulin-GFP
plasmid was kindly provided by Dr. Matus (FMI, Basel, Switzer-
land) and was modified as follows: to enhance tubulin-GFP expres-
sion, the promoter region was replaced by a longer form of the
B-actin promoter containing serum response elements as described
for the GFP-actin construct (Ballestrem et al., 1998). Plasmids con-
taining myc-tagged Racl were kindly provided by Dr. Ballmer-
Hofer (Paul Scherrer Institute, Villigen, Switzerland).

Human fibronectin (FN) was purchased from collaborative Bio-
medical Products (Bedford, MA). Taxol (paclitaxel) and nocodazole
were purchased from Sigma (Sigma Chemical Co., St. Louis, MO).
Rhodamine-phalloidin was obtained by Fluka (Buchs, Switzerland);
antibodies against vinculin (clone V-9131) or tubulin (clone T-5168)
were obtained from Sigma; 9E-10 antihuman myc hybridoma was
from American Type Culture Collection.

Transfections

Transient and stable protein expression was obtained by transfec-
tion of cells with Fugene 6 (Roche, Basel, Switzerland) according to
the manufacturer’s recommendation. Briefly, 2.5 ug of plasmid
DNA and 3 ul of Fugene 6 were incubated for 15 min in 100 ul of
OPTIMEM (Life Technologies). This solution was added to cells at
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30-60% confluence cultured in complete DMEM in a 35-mm tissue
culture plate (Falcon, Becton Dickinson, Basel, Switzerland). After
10 h cells were detached by trypsinizing, washed with phosphate-
buffered saline (PBS), and transferred to a 10-cm culture dish. Stable
clones were obtained by treatment of cells with 1.5 mg/ml G418
(Geneticin; Life Technologies). For experiments with racl, tran-
siently transfected cells were plated onto FN (5 ug/ml)-coated glass
coverslips. Two days after transfection, expression of the construct
was evaluated by fluorescence microscopy by using an anti-myc
antibody.

Time-Lapse Studies

Time-lapse studies were preformed as described previously
(Ballestrem et al., 1998). B16 cells were detached from plastic tissue
culture plates by trypsin/EDTA treatment for 5 min, washed twice
in complete DMEM, and plated in Ham’s F12 containing 10% FCS
on glass coverslips previously coated with 5 ug/ml FN. After a 4- to
12-h incubation cells were treated as indicated with nocodazole (10
pg/ml final), taxol (10 uM final), PMA (100 ng/ml final), or the
combination of taxol/PMA, nocodazole/PMA.

SCF-induced lamellipodium formation was analyzed in c-kit ex-
pressing melb-a cells plated on serum-coated glass coverslips. After
overnight culture in complete medium supplemented with 20 ng/ml
SCEF, cells were serum and SCF starved for 4 h prior to treatment with
nocodazole (10 ug/ml) or taxol (10 uM). One hour later SCF (final
concentration of 50 ng/ml) was added to induce lamellipodium for-
mation and images were recorded at 1-min intervals.

Living cells were observed under an inverted fluorescent micro-
scope (Zeiss-Axiovert 100) equipped with Plan-Neofluar 40X, 63X,
100X fluar oil immersion objectives (Zeiss, Oberkochen, Germany),
and an incubation chamber for constant temperature and CO, reg-
ulation. GFP fluorescence was visualized by using a fluorescein
isothiocyante filter set (450-490, FT 510, LP 520). Single or time-lapse
pictures were acquired with a Hamamatsu C4742-95-10 digital
charge-coupled device camera (Hamamatsu Photonics, Shizuoka,
Japan) controlled by the Openlab software (Improvision, Oxford,
UK). For time-lapse recordings, cells expressing GFP-constructs
were kept at constant temperature of 37°C and 10% CO,.

Fluorescence Microscopy

B16 cells were cultured on FN (5 ug/ml)-coated glass coverslips at
37°C and 10% CO, for indicated periods of time. Cells were then
fixed with 4% paraformaldehyde for 10 min at room temperature.
After 3 washes with PBS cells were permeabilized with 0.5% Triton
X-100 in PBS for 5 min and washed again. For actin staining, cells
were subsequently incubated with 100 nM Rhodamine-Phalloidin
(Fluka) at room temperature; for tubulin staining and myc staining,
cells were incubated with primary antibody dilutions of 1/400 in
PBS/1% BSA for 30 min. Samples were then washed three times
with PBS followed by staining with the secondary fluorescein iso-
thiocyante- or Texas-Red-linked antibody diluted in PBS/1% BSA.
For two-color staining with rhodamine-phalloidin and anti-myc
antibody, the cells were always stained first with the phalloidine-
coupled dye. After three final washes with PBS, cells were analyzed
by using a Zeiss-Axiovert 100 microscope.

Quantification of Lamella Dynamics by Kymograph
Analysis

B16 cells were seeded at 20,000 cells/ml in glass chambers coated
with 5 pug/ml EN. Cells were grown for 18 h in DMEM/10% FCS
and shifted to carbonate-free complete F12 medium 2 h prior to
commencement of experiments. Cells were then observed under an
inverted microscope (Zeiss, Jena, Germany), equipped with a 63X
1.4 NA Ph3 plan apochromat objective. Cell movements were mon-
itored with a low-light video camera (AVT Horn BC-5, Aalen,
Germany). Taxol (10 uM final concentration) and nocodazole (10
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Figure 1. Dynamics of microtubules in a migrating melanoma cell. (A) Distribution of microtubules in a migrating B16 melanoma cell
transfected with B5-tubulin-GFP. Note that the lamella is almost devoid of microtubules. (B) Consecutive fluorescence micrographs of the
protruding lamella and lamellipodium were taken at 1-min intervals and show the dynamics of microtubules in the advancing lamella.
Microtubules perpendicular to the leading edge barely enter the lamella, whereas microtubules growing parallel to the lamellipodium remain
fixed with respect to the substrate. The arrow indicates the increasing distance between microtubules oriented parallel to the lamellipodium
and the protruding leading edge. (C) As in B after stop of lamellipodium protrusion. Many microtubules reach the leading edge where they
become stabilized (empty arrowhead) and eventually depolymerize from the minus end in the perinuclear region (filled arrowhead).
Bar, 15 pum.
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-0100”

Figure 2. Actin dynamics in B16 cells during disruption of microtubules. GFP-actin-transfected cells were plated on FN and treated with
10 pg/ml nocodazole at time 00'00”. Images at time 13'27” and 25'50” demonstrate the inhibition of cell edge ruffling, (filled arrowheads) and
the formation of new stress fibers and focal contacts (inserts). A’'-c’) are high-power images of a—c, respectively, the depicted region is
indicated in c. Improved visibility of the newly formed dense actin network was achieved by inverting colors. Bar, 10 um.

pg/ml final concentration) were added 60 min, and PMA (100
ng/ml final concentration) 15 min prior to the start of recording.

To quantify lamella dynamics, phase contrast images of living B16
cells were digitized by using a video frame grabber card and ana-
lyzed by computer-assisted stroboscopic analysis (SACED) as re-
cently described (Hinz et al., 1999).

To monitor dynamics of isolated regions of the cell, the area of
interest was selected on the phase contrast image. This area was
digitally recorded, producing a gray value image with the width of
one pixel encompassing structures along a single line drawn trans-
versally over the cell edge. Dynamics of this selected cell region was
studied at intervals of 1 s over the course of 5 min. The digital
snapshots were lined up on a time scale in order of their acquisition.
The resulting composite phase contrast picture allowed us to con-
tinuously follow the translocation of recorded structures over time.
In total 11 lines/cell was created, resulting in stroboscopic images
randomly distributed across the entire cell perimeter (Figure 6A).
The described process was automated by KS 400 software (Zeiss).
Ruffles were identified by their dark gray appearance and charac-
teristic centripetal movement, beginning at the lamella edge; pro-
truding cell edges and retracting ruffles were marked (Figure 6A).
The main parameters characterizing cell motility were the velocity
of lamellipodium protrusions, ruffle retraction rate (um/min), and
the frequency of these events (min~!). Mean values were calculated
from 15 cells/condition and analyzed by SACED on 11 lamella
regions/cell. At least five independent experiments were performed
to calculate mean values (= SD). To determine significant differ-
ences between averages, unpaired ¢ tests assuming equal variance
were performed, and differences were considered as significant
when p < 0.01.

Cell Migration Assay

B16 melanoma cells were plated at a density of 5000 cells/well (20%
confluency) on serum-coated 24-well culture dishes and incubated
overnight in complete medium at 37°C. Cells were placed under an
Axiovert 100TV (Zeiss) inverted microscope equipped with an in-
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cubation chamber and a 10X objective (CP-Achromat 10X /0.25 Phl
Varl). The distance of cell migration was measured from recordings
over 2 h by using Openlab software. From measurements of all cells
(n > 50) in the field covered by the objective, the average speed of
migration per cell per hour was calculated for each indicated con-
dition. The average speed from one representative experiment (n =
5) is shown in Figure 9A.

Adhesion Assays

Cell adhesion assays on FN were performed as described previously
(von Ballestrem ef al., 1996) with slight modifications. Briefly, cells were
trypsinized, washed once in complete DMEM, and stained with calcein
according to manufacturer’s recommendations (Molecular Probes, Eu-
gene, OR). After two washes with RPMI/1% BSA, 5 X 10* cells were
added to each well coated with the indicated concentrations of matrix
proteins. Cells were allowed to spread for 1 h prior to treatment with
taxol, nocodazole, PMA, or combinations of taxol/PMA, nocodazole/
PMA at the indicated final concentrations. After 1 h incubation for
taxol- and nocodazole-treated cells, 30 min for PMA treatment (com-
bination taxol/PMA, nocodazole/PMA: 1 h taxol or nocodazole fol-
lowed by 30 min taxol/PMA or nocodazole/PMA) the plate was
washed a minimum of three times with 200 ul of prewarmed
RPMI/1% BSA. Adherent fluorescent cells were measured by using a
Cytofluor fluorescence reader (Stehlin, Basel, Switzerland). Cell adhe-
sion was enumerated as cells bound per unit area based on the fluo-
rescence measured for the total input (50,000 cells/well) of calcein-
labeled cells. Adhesion to BSA-coated wells was used as control to
provide the background fluorescence, which was subtracted from
both, the bound and total input fluorescence.

RESULTS

Microtubule Dynamics in Migrating Melanoma
Cells

Migrating cells show a large protruding lamellipodium fol-
lowed by the lamella and the main cell body. To investigate
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Actin-dependent Lamellipodia Formation

Figure 3. Lamellipodium formation after stimulation with PMA is Racl dependent. (A) GFP-actin—transfected B16 cells were plated on FN
and treated with 100 ng/ml PMA at time 0'. Cells show intense ruffling and lamellipodium formation 55’ after addition of PMA
(arrowheads). Bar, 40 um. (B) B16 melanoma cells transiently transfected with N17Rac (dominant negative) were plated on FN and stimulated
with 100 ng/ml PMA for 30 min. Fixed cells were stained for actin (a) and double labeled for N17Rac expression (b). In contrast to
nontransfected cells, the N17Rac-transfected cell does not show stress fibers and lamellipodia (a, b). Bar, 20 wm. B16 cell cotransfected with
GFP-actin and L61Rac (constitutively active) plated on FN (c) exhibits stress fibers and a smooth rim around the cell edge. Bar, 20 um.

the contribution of microtubules to lamellipodia formation =~ were used for our studies because of their high motility in
during migration, melanoma cells were stably transfected comparison to the slowly migrating fibroblasts or epithelial
with B5-tubulin-GFP and plated on FN. B16 melanoma cells cells. Using time-lapse fluorescence microscopy we show

Vol. 11, September 2000 3003

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 109



C. Ballestrem et al.

00 00”

11 37”

Figure 4. PMA-induced lamellipodium formation in cells pretreated with nocodazole. (A) GFP-actin-transfected cells were plated on FN
and treated with 10 ug/ml nocodazole for 1 h prior to stimulation with 100 ng/ml PMA (time 00'00"). Time-lapse images show lamellipodia
formation resulting in disruption of the cell after PMA stimulation (time 05'00"-21'38"). Bar, 20 um. (B) Tubulin and actin distribution in cells
treated with nocodazole and PMA. GFP-actin—expressing cells were plated on FN and treated subsequently with nocodazole and PMA. Cells
were then fixed and stained for tubulin. a, actin distribution; b, tubulin distribution; and ¢, overlay of tubulin (red) and actin (green) within
the cell. Note the cells show lamella and actin-rich lamellipodium (a, c¢) without any filamentous tubular structures (b, c). The red staining
in lamella and lamellipodium of the cell in b and ¢ represents unpolymerized tubulin. Bar, 20 um

that the dynamic behavior of microtubules in the lamella of
migrating B16 cells was similar to that observed by other
studies with epithelial cells (Waterman-Storer and Salmon,
1997; Wadsworth, 1999).

A typical illustration of the distribution of microtubules
in a lamella of a migrating melanoma cell is shown in
Figure 1. The main cell body contains a dense network of
microtubules, whereas the lamella is almost devoid of
filamentous tubulin (Figure 1A). The protruding leading
edge can be identified by the presence of unpolymerized
tubulin-GFP versus the polymerized form. Time-lapse flu-
orescence microscope images of this cell were taken at
1-min intervals (Figure 1, B and C). A few rare microtu-
bules are visible along the rear of the lamellipodium
(Figure 1B, 0'-3"). These tubules become stabilized and
stationary while the lamellipodium continues to advance;
hence the lamellipodium and part of the lamella advance
although they contain no microtubules (Figure 1B, 3'-11").
The tubules of the cell body grow perpendicular to the
lamellipodium but remain at a constant distance of ~10 to
15 um from the protruding leading edge (Figure 1B, 0’-
11"). Generally, we observe that the distance between the
perpendicular growing microtubules and the leading
edge becomes larger at higher speed of cell migration.
When the speed of lamellipodium protrusion slows down,
many microtubules grow until they reach the edge of the
cell (Figure 1C, open arrowhead). They then become sta-
bilized and eventually depolymerize from the rear end of
the microtubule (Figure 1B, filled arrowhead).
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Are Microtubules Involved in Regulation of Ruffling
and Formation of Lamellipodia?

Several studies have proposed a role for microtubules in
mediating signals, which control cell migration. Because it
became evident that part of the lamella in migrating cells
was devoid of microtubules, we wished to investigate
whether microtubule assembly would be necessary for ac-
tin-dependent ruffling and lamellipodium formation.

Treatment of cells with 10 ug/ml of the microtubule-
disrupting reagent nocodazole resulted in a loss of essen-
tially all polymerized tubulin filaments within 30 min (our
unpublished results). To examine the effect of microtubule
disruption on the dynamics of the actin cytoskeleton, GFP-
actin—transfected cells were plated on coverslips and time-
lapse images were recorded after the addition of nocodazole
at time 00'00". Prior to microtubule disruption the stationary
cell exhibited prominent stress fibers and some lamellipodial
extensions (Figure 2, arrows in —01'00"). At time point 13'27"
these extensions were retracted and new actin stress fibers
and focal contacts were formed in the middle of the cell
(Figure 2, bottom time frame 13'27" and 25'50"). These re-
sults are similar to those obtained by other groups by using
fibroblasts (Danowski, 1989; Bershadsky et al., 1991), and
clearly suggest that microtubules are involved in the regu-
lation of ruffling and the formation of lamellipodia.

PMA-induced Ruffling Is Rac-dependent

Our findings thus far confer with those obtained in fibro-
blasts demonstrating that disruption of microtubules leads
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Figure 5. PMA-induced lamellipodium formation in B16 cells pretreated with taxol. (A) Melanoma cells transfected with GFP-actin were
plated on FN and treated with 10 uM taxol for 1 h prior to 100 ng/ml PMA at time 0'. Subsequent images show circular actin ruffles and
lamellipodium formation after addition of PMA (time 10’ and 23’). Bar, 20 um. (B) Tubulin and actin distribution in cells treated with taxol
and PMA. GFP-actin-expressing cells were plated on FN and treated subsequently with taxol and PMA. Cells were then fixed and stained
for tubulin. a, actin distribution; b, tubulin distribution; and ¢, overlay of tubulin (red) and actin (green) within the cell. Note the cells show
lamella and actin-rich lamellipodium (a, c¢) without any tubular structures (b, ). Bar, 20 wm.

to inhibition of spontaneous ruffling and lamellipodium for-
mation. It was therefore interesting to investigate whether
this disruption also would inhibit stimulation-induced ruf-
fling and lamellipodium formation. Because PMA has been
shown to induce the reorganization of the actin cytoskeleton
(Schliwa et al., 1984; Bershadsky et al., 1990; Downey et al.,
1992), we used this agent to study ruffle and lamellipodium
formation in the presence or absence of microtubules. Upon
PMA treatment of GFP-actin—transfected cells, it was possi-
ble to induce extensive ruffling and lamellipodium forma-
tion (Figure 3A). One hour after addition of PMA all cells
showed ruffling or lamellipodia (Figure 3A, 55').

Because the small GTPase Rac is reportedly responsible
for ruffling and lamellipodium formation in cells (Hall,
1998), we examined whether our PMA-induced ruffling is
Rac dependent. Therefore, B16 cells were transiently trans-
fected with a dominant-negative form of Rac (N17Rac). Cells
were plated 5 h after transfection on FN-coated coverslips
and treated 42 h later with PMA to induce ruffling. Thirty
minutes after treatment, cells were fixed and stained for
actin, and N17Rac expression. As shown in Figure 3B (a, b),
N17Rac-transfected cells had no lamellipodia. In contrast,
nontransfected cells showed an actin-rich rim, indicating
active wild-type Rac in these cells. As a further control B16
cells were doubly transfected with a constitutively active
form of Rac (L61Rac) and GFP-actin. These cells also showed
an actin-rich rim similar to those treated with PMA (Figure
3B, c). The cells transfected with a constitutively active form
of Rac no longer responded to PMA treatment, confirming
that signals mediated by PMA are upstream of Rac.
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Are Microtubules “Essential” for Ruffling and
Formation of a Lamellipodium?

To investigate whether PMA treatment is still able to induce
ruffle formation in cells devoid of microtubules, cells pre-
treated with 10 pg/ml nocodazole, were stimulated with 100
ng/ml PMA and time lapse images were recorded. Nocoda-
zole-treated cells contained prominent stress fibers and
showed no ruffles and lamellipodia (Figure 4A, time 00'00").
Within 5 min of application of PMA, however, ruffles began
to develop, which extended in the direction of their leading
edges to form large lamellipodia (Figure 4A, time 05'00"-
21'38"). Despite extensive actin polymerization at the cell
periphery, focal contacts and stress fibers remained stable.
Consequently, the cell edges advanced tearing the cell apart.
PMA stimulation in the absence of nocodazole lead to the
expected lamellipodium formation and subsequent dis-
placement of the cell (our unpublished results). At the com-
pletion of experiments conducted in presence of nocodazole
and PMA, GFP-actin cells were fixed and stained for tubulin,
revealing the absence of microtubules throughout the entire
cell (Figure 4B).

Stimulation of taxol-pretreated cells with PMA resulted in
enhancement of ruffling (Figure 5A). Ruffles often appeared
as circular structures, which eventually extended toward the
cell edge to form lamellipodia (Figure 5A, 10’ and 23’).
Interestingly, similar to induction of lamellipodia after ex-
change from nocodazole-to-taxol-containing medium (Wa-
terman-Storer et al., 1999), taxol-stabilized microtubules did
not enter the newly formed lamella (Figure 5B). Lamellipo-
dium formation also was observed in nocodazole- and taxol-
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treated cells in the absence of PMA although with a lower
frequency, suggesting that spontaneous lamellipodia forma-
tion, as well as PMA-induced lamellipodia formation can
occur in these cells. These results indicate that microtubules
do not appear to be essential for actin-dependent ruffling
and lamellipodium formation.

To quantify the ruffling events we analyzed kymographs
obtained by SACED (Hinz ef al., 1999). This method allows
recording of areas of interest along a line with the width of
one pixel (Figure 6A). Individual line scans were assembled
in sequence of their acquisition, resulting in a composite
phase contrast picture (Figure 6, A and B). The activity of cell
motion was measured for a period of 5 min and subdivided
into lamellipodium protrusion velocity, lamellipodium fre-
quency, ruffle retraction rate, and ruffle frequency. Lamelli-
podium protrusion velocity in nontreated cells was ~4.3
pm/min, and was significantly inhibited by taxol (20%) and
by nocodazole (50%; Figure 6, B and C). Similarly, the ruffle
retraction rate was significantly inhibited by taxol (25%) and
by nocodazole (50%) (Figure 6, B and C). Both, ruffle retrac-
tion rate and lamellipodium protrusion velocity were fully
restored by PMA treatment of the cells (Figure 6, B and C).
Frequency of lamellipodium protrusion and ruffle formation
remained almost constant after taxol but was significantly
inhibited by nocodazole treatment. Lamellipodium and ruf-
fling frequency were fully restored after addition of PMA.
These results indicate that it is possible to induce cell motil-
ity events despite the disturbance of the microtubule dy-
namics.

SCF Induces Ruffling in Melanoblasts Pretreated
with Nocodazole or Taxol

Although we demonstrated clearly that PMA induces Rac-
dependent ruffling in the absence of microtubules, this does
not represent a physiological situation. Therefore, we
wanted to investigate whether it was possible to reproduce
these findings after stimulation of cells via a surface receptor
tyrosine kinase.

Melb-a is a melanoblast cell line expressing the receptor
tyrosine kinase c-kit. Serum starved-melb-a cells do not
show any ruffling and lamellipodia. Upon addition of the
c-kit ligand SCF these cells immediately form lamellipodia
and begin to migrate. In our experiments we plated melb-a
cells on serum-coated glass coverslips, serum starved the
cells for 4 h, and incubated them for 1 h in presence of 10
png/ml nocodazole or 10 uM taxol prior to adding 50 ng/ml
SCF (final concentration). Nocodazole- and taxol-pretreated
cells began to form large lamellipodia within 10 min of SCF
treatment (Figure 7, A and B). These observations confirm
results obtained with PMA-stimulated melanoma cells,
showing that microtubules are not essential for the activa-
tion of the actin machinery to form lamellipodia.

Microtubules Regulate Adhesion and Tail Retraction
in Migrating Cells

In contrast to cells treated with SCF alone (example in Figure
8A) most of the melb-a cells (90%) treated with nocodazole
prior to SCF addition displayed virtually no cell migration,
despite the formation of lamellipodia (our unpublished re-
sults; Figure 8B). The remaining 10% that were able to ad-
vance moved with ~10 times slower kinetics compared with
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Figure 6. Kymograph analysis. (A) Motility of B16 melanoma cells
was analyzed by measuring cell edge movements along regions of
interest (insert, white line). Movements at these regions (20-um line)
were recorded in 1-s intervals for a period of 5 min. Pictures were
assembled resulting in a stroboscopic image, which displays lamel-
lipodia protrusion (black lines) and ruffle retraction (white lines).
Lamellipodia protrusion velocity and ruffle retraction rate in these
time/space images are indicated by the ascent (dx/dt, um/min) of
protrusive or retracted structures with notable gray values; frequen-
cies are measured counting the number of lamellipodia or ruffles
per minute (1/period, min~!). (B) Stroboscopic images under dif-
ferent conditions. Taxol (+tax) and nocodazole (+noc) treatment for
60 min reduced velocity and frequency of lamellipodia protrusions
and ruffle retractions. Protrusions and retractions are indicated by
white arrows. Cell edge motility was enhance by PMA (+PMA);
stimulation with PMA restored the motility of cells that were pre-
treated with taxol (+tax +PMA), or nocodazole (+noc +PMA). (C)
Quantification of B16 cell motility by kymograph analysis. B16
melanoma cells were left untreated (nt) or were treated with taxol
(tax), nocodazole (noc), or/and stimulated with PMA. Cell motility
was recorded by SACED. The following cell motility parameters
were quantified from stroboscopic images: 1) lamellipodia protru-
sion velocity, 2) ruffle retraction velocity (retraction rate), 3) lamel-
lipodia frequency, and 4) ruffle frequency. Compared with nt cells,
noc and tax decreased cell motility. Stimulation by PMA restored
lamellipodia and ruffle velocity and frequency of cells pretreated
with taxol (tax +PMA) or nocodazole (noc +PMA). At least 15 cells
were analyzed per experimental condition. Error bars indicate SD of
mean values, calculated from five independent experiments. p =
0.01, p = 0.001 compared with untreated control B16 cells.

cells stimulated with SCF alone. Perhaps even more strik-
ingly, these cells were unable to retract their tail (example in
Figure 8B).

Similarly, B16 cells treated with nocodazole in combina-
tion with PMA were inhibited in cell migration (Figure 9A).
However, probably because of the driving force created by
polymerizing actin at the leading edge and the stable focal
contact in the main cell body, cells were sometimes torn
apart, resulting in fragments separated from the main cell
body. These “breakaway” fragments continued to migrate
autonomously leaving a trace of actin-containing membrane
behind (Figure 9B). These observations and the finding that
focal contacts in the main cell body remain stable (cf. Figure
4A) suggest that microtubules might regulate the strength of
cell adhesion to extracellular matrix.

To verify this hypothesis we tested adhesion of B16 cells to
FN under the different conditions. As shown in Figure 9C,
adhesion of cells increased little when stimulated with PMA.
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However, an increase of cell adhesion (45%) was observed
upon treatment of cells with nocodazole alone or with no-
codacole and PMA. Thus, these results indicate that micro-
tubules regulate cell-substrate adhesion, which is required
for tail retraction of advancing cells.

DISCUSSION

The cytoskeleton is the key modulator of cell motility. The
organization of the actin cytoskeleton determines whether a
cell moves or remains stationary. It has been shown that
disruption of microtubules in fibroblasts leads to the loss of
lamellipodium protrusions, cell ruffling, and cell migration,
thus indicating a functional link between the actin and the
microtubular cytoskeleton (Vasiliev et al., 1970; Liao et al.,
1995; Bershadsky et al., 1996, Waterman-Storer et al., 1999). In
contrast, other studies demonstrated that microtubules were
not required for actin-based cell movements (Zigmond et al.,
1981; Euteneuer and Schliwa, 1984). These observations led
us to investigate more closely the contribution of microtu-
bular dynamics to cell movements. Using GFP constructs
and video microscopy we confirmed that destruction or
stabilization of the microtubular network blocked the for-
mation of lamellipodia and inhibited cell migration. How-
ever, protrusion of lamellipodia was recovered upon stim-
ulation of the cells with PMA or SCF.

Recent publications have proposed an involvement of
microtubules in activation of the small GTPase Racl (Best et
al., 1996; Waterman-Storer et al., 1999). This has led to the
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Figure 7. Lamellipodium formation in melano-
blasts (melb-a) after c-kit stimulation with SCF.
Starved melanoblasts pretreated with nocodazole
(A) or taxol (B) were stimulated with 50 ng/ml
SCEF. Both taxol- and nocodazole-pretreated cells
show lamellipodium formation 10 min after ad-
dition of SCF (10").

hypothesis that microtubules are directly involved in the
polymerization of actin at the cell periphery inducing lamel-
lipodial protrusions. It was shown that Racl-GTP directly
binds to tubulin dimers (Best et al., 1996), and it was hypoth-
esized that tubulin polymerization liberates activated Racl,
which can then result in lamellipodium formation (Water-
man-Storer and Salmon, 1999). Furthermore, it was demon-
strated that destruction of microtubules results in activation
of RhoA, a small GTPase involved in stress fiber formation
(Ridley and Hall, 1992a; Nobes and Hall, 1995). These ob-
servations led to a model of positive feedback interactions
between microtubule and actin dynamics in cell motility
(Waterman-Storer and Salmon, 1999). This model proposes
that microtubule disassembly in the perinuclear region ac-
tivates RhoA, leading to a contractile network of actin fibers
in the main cell body, thereby regulating contraction of the
cell. Simultaneously, microtubule growth at the cell periph-
ery activates Racl, promoting lamellipodium formation and
subsequent advancement of the leading edge. These con-
certed events, Rho and Rac activation, finally regulate cell
migration. In this model, microtubules feature as key play-
ers in Racl-mediated lamellipodia formation. However, our
results indicate that although they may play a role (and
indeed we see less ruffling and lamellipodium formation in
the presence of nocodacole or taxol) they are not essential:
First, protruding cell edges in rapidly locomoting cells have
only few associated microtubules and the distance between
tips of growing microtubules to the leading edge increases
with augmented speed of cell migration (our observations;
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Figure 8.

Actin-dependent Lamellipodia Formation

Tail retraction is inhibited in cells devoid of microtubules. (A) Migration of a melb-a melanoblast after stimulation with SCF. Cell

form lamellipodia and advance quickly (arrowhead). (B) In contrast cells treated with nocodazole prior to SCF form lamellipodia but are
inhibited in cell migration. The depicted cell advances very slowly and leaves a trace of membrane behind, indicating inhibition of tail

retraction (arrowhead).

Euteneuer and Schliwa, 1984; Wadsworth, 1999). Second,
spontaneous ruffle and lamellipodium formation was still
observed in nocodazole- and taxol-treated cells. However,
this did not address the issue of whether microtubules may
be essential in stimulated ruffle formation. PMA and growth
factors are known to be potent stimulators for actin reorga-
nization (Schliwa et al., 1984; Blume-Jensen et al., 1991; No-
bes et al., 1995; Vosseller et al., 1997; Timokhina et al., 1998).
Melanoma cells treated with PMA showed ruffling and la-
mellipodium formation in a Rac-dependent manner because
ruffling was not observed in cells expressing the dominant-
negative form of Rac. In our experiments it was possible to
stimulate actin-dependent ruffling and lamellipodium for-
mation in taxol- and nocodazole-pretreated cells to levels
comparable with that obtained in untreated cells. Interest-
ingly, lamella of taxol-pretreated cells were devoid of mi-
crotubules. Growth factor stimulation of the actin machinery
provided physiological evidence that microtubules are not
necessary for the transduction of signals leading to Racl-
dependent lamellipodium protrusion. Neither disruption
nor stabilization of microtubules resulted in inhibition of
SCF-induced lamellipodium formation.

Vasiliev et al. (1970) suggested that microtubules might be
required for proper placement of ruffles. In B16 cells circular
ruffle emergence was irrespective of the region, but formed
lamellipodia when localized close to the cell edge
(Ballestrem et al., 1998). No differences in ruffle localization
were apparent in cells treated with the combination of no-
codacole/taxol and PMA with respect to cells stimulated
with PMA only. In both cases big ruffles were formed, often
starting as circular structures in the cell body extending
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toward the cell edges forming lamellipodia. Thus, microtu-
bules seem not to play a role in localization of ruffle forma-
tion in PMA-stimulated melanoma cells in contrast to find-
ings in nonstimulated fibroblasts (Vasiliev et al., 1970).

One current hypothesis for lamellipodium formation is
that endocytosed membrane vesicles in the cell center are
transported via microtubules to the front of the cell were
they reinsert, thereby enlarging the leading edge (Rodionov
et al., 1993; Bretscher, 1996ab; Bretscher and Aguado-
Velasco, 1998b). There are several aspects that suggest that
this may be the case. Because both the actin and the micro-
tubule network are involved in axonal vesicle transport they
may have overlapping roles. Interestingly, it has been shown
that either destruction of actin filaments or microtubules
leads to partial inhibition of neurite outgrowth (Marsh and
Letourneau, 1984; Lamoureux et al., 1990). Similarly, in our
present study, kymograph analysis demonstrated only par-
tial inhibition of ruffling and lamellipodium formation after
disruption or stabilization of microtubules in B16 cells. That
microtubules were not essential for ruffling and lamellipo-
dium formation could therefore be explained by an actin-
dependent transport of vesicles that is up-regulated upon
PMA stimulation. Indeed actin-dependent transport of en-
docytotic vesicles in mast cells was recently reported by
Merrifield et al. (1999). Enhanced transport of melanophore-
containing vesicles to the membrane has been shown after
addition of PMA in melanoma cells (Reilein et al., 1998).
Furthermore, Bretscher and Aguado-Velasco (1988a) dem-
onstrated that epidermal growth factor-induced ruffles arise
by exocytosis of internal membrane from the endocytotic
cycle in a Rac-dependent manner. It may be possible that
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lamellipodium formation after PMA or SCF stimulation is
based upon a similar mechanism.

Although microtubules were clearly not necessary for ruf-
fling and lamellipodia formation, nocodazole-treated cells did
not migrate even after PMA or SCF stimulation. Therefore,
they evidently play a role in cell translocation. A recent publi-
cation demonstrated that focal contacts were released after
multiple targeting by microtubules (Kaverina et al., 1999). It has
been proposed that microtubules may deliver relaxing signals
to focal contacts, resulting in the release of focal adhesion sites
that would enable the cell to move forward, rather than re-
maining anchored to one spot (Kaverina ef al., 1999; Small et al.,
1999). Our observations are consistent with these findings in
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Figure 9. (A) B16 cell migration is inhibited upon disruption of
microtubules. Cells plated on serum-coated plastic dishes were
treated with control medium (nt), 100 ng/ml PMA, 10 pug/ml no-
codazole, or nocodazole and PMA. The migration distance of at
least 50 cells/condition was measured and calculated as average
speed of migration per hour (um/h). The histogram represents one
of five independent experiments with similar results. (B) Cell frag-
ment migration. GFP-actin—transfected B16 cells were plated on FN
and were subsequently treated with nocodazole and PMA. Time-
lapse images show the separation of a part of the cell from the main
cell body. The advancing cell fragment leaves a trace of actin-
containing membrane behind (arrowhead). Bar, 15 um. (C) Adhe-
sion of B16 melanoma cells to FN (2.5 ug/ml) is significantly en-
hanced by addition of nocadozole or the combination of nocadozole
with PMA. Stimulation of B16 with PMA alone leads only to little
increase in adhesion.

that migration is inhibited in cells devoid of microtubules.
Even stimulation with PMA or SCF, although leading to lamel-
lipodium formation and surface actin-dependent ruffling, did
not result in cell migration. In PMA-treated cells, focal adhe-
sion contacts remained stable in the main cell body, whereas
fragments of cells separated away from the main cell body,
apparently under the driving force created by actin polymer-
ization in the continuously protruding lamellipodium. Further-
more, we demonstrate that treatment of cells with nocodazole
leads to an increase in cell adhesion to extracellular matrix.
Thus, one task of microtubules may be to regulate the turnover
of focal contacts and modulate the adhesive strength to extra-
cellular matrix.
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In conclusion, we have shown herein that microtubules
influence cell motility events, such as stress fiber formation,
ruffling, and lamellipodium formation in nonstimulated
cells. We demonstrated that microtubules are not essential
for actin-dependent lamellipodium formation upon activa-
tion of Rac through stimulation with PMA or growth factors
such as SCF. In addition we showed that the formation of
lamellipodia is actin dependent but microtubules are essen-
tial for tail retraction, the release of focal contacts, and hence
regulation of coordinated cell migration.
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4. Melanocyte Migration in vitro: Cell-Substrate Interactions

4.1. Cell migration requires dynamic remodeling of cell-substrate interactions

Integrins are a large family of heterodimeric transmembrane receptors mediating cell-cell
and cell-extracellular matrix adhesion (Hynes, 1992). Growth factor signaling leads to the
recruitment of integrins from intracellular stores to the cell surface (Fabbri et al., 1999). During cell
migration, integrins establish the essential link to the extracellular matrix substrate and are recycled
from the back of the cell to the front (Pierini et al., 2000). Integrin $-chains combine with various
a-chains to generate integrins with different ligand specificity (Critchley et al., 1999; Hynes, 1992).
The spreading and adhesion of mast cells onto fibronectin via a5f1 is induced by SCF dependent c-
Kit activation (Kinashi and Springer, 1994). Important for melanocyte migration is the integrin
avfp3 which is involved in neural crest cell migration and stimulates metastasis formation of

melanoma cells (Albelda et al., 1990; Delannet et al., 1994; Filardo et al., 1995; Scott et al., 1994).

SCF addition (0")

Fig. 6. SCF induced spreading and migration on low concentrations of laminin-1. Melb-a cells were plated
for 4 hrs in the absence of SCF onto glass coverslip previousely coated with laminin-1 at 2 ug/ml. On this low
concentration of laminin-1 only about 10-20% of melb-a cells are able to spread. Cells adhere but fail to
spread under these conditions (-30',-1"). After addition of SCF at 50 ng/ml to the culture medium (0'), melb-a
cells begin to develop lamellipodia and spread and migrate onto a laminin-1 substrate that otherwise does not
support cell spreading (5'-80").

Melb-a melanoblasts express aVP3, a5p1, and a6p1 and they adhere and spread on high
concentrations of fibronectin and laminin-1 substrates in the absence of SCF. However, while melb-
a cells are still able to adhere to low concentrations of extracellular matrix proteins, they loose the
ability to spread. Interestingly, the addition of SCF to the medium induces rapid spreading on
substrate concentrations which otherwise do not provide sufficient signals for spreading (Fig. 6 see

also video chapter 6). This suggests that soluble SCF signaling provides a synergistic signal for

Bernhard Wehrle-Haller: Mechanisms of Melanocyte Migration 119



integrin dependent cell spreading on ECM substrates. The underlying molecular mechanism of this

effect however remains elusive.

This in vitro experiment however demonstrates that growth factor signals can control cell-
substrate interactions, in addition to their role in modifying the actin cytoskeleton. Since integrins are
anchored within the actin cytoskeleton, it is tempting to speculate that the same intracellular signaling
pathways that control the remodeling of the actin cytoskeleton control also integrin adhesion (see

chapter 4.3).

A further aspect of this in vitro experiment is the similarity to the melanocyte behavior
observed in vivo (described in chapter 2.5). In the in vivo situation, Nfl™ (immortal) melanocyte
precursors persist in the MSA (lateral to the neural tube) but do not migrate on the lateral pathway in
the absence of SCF signal. Although these cells are immortalized, they do not acquire the capacity to
randomly migrate away from the neural tube. It is not clear whether this is due to repulsive cues in
the surrounding tissue represented by ephrins (Santiago and Erickson, 2002) or due to a limitation or
balancing of adhesive extracellular matrix proteins such as fibronectin and laminin by proteoglycans
or tenascins (Wehrle and Chiquet, 1990; Wehrle-Haller and Chiquet, 1993). It appears logical
however, that a healthy tissue restricts cellular movements in order to maintain its integrity. I
therefore propose, that any cellular migration within our organism is tightly controlled by signals that

affect cell movement and cell-substrate interactions (Figure 6).
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4.2. The role of the avB3-integrin in cell migration

Integrins belong to a family of heterodimeric cell-substrate receptors (Hynes, 1992). Since
the 1 subunit can pair with at least nine different alpha subunits, it is difficult to classify the
different heterodimers into physiologically interesting classes. One obvious class is formed by the 2
containing integrins that are only found on cells of hematopoietic origin and have cell surface
glycoproteins as ligands. Another potential subclass could be defined by the av containing integrins.
av can associate with several different beta subunits.

An alternative way to classify integrins is according to cellular function and association with
pathological conditions such as cancer. In this respect, the avp3 heterodimer turned out to be an
interesting integrin, since its expression correlated with the ability of increased cellular mobility such
as in the case of tumor cells (Felding-Habermann et al., 1992; Felding-Habermann et al., 2001;
Filardo et al., 1995). In addition, avB3 integrin plays an essential role in osteoclast function (McHugh
et al., 2000). The 3 subunit is of special interest to pathologists, since Glanzmann thrombasthenia,
one of three integrin based syndromes, is caused by defects in this integrin chain (Hogg and Bates,
2000). The importance of the 33 subunit in platelet function has been confirmed in the mouse
(Hodivala-Dilke et al., 1999). The avf33 integrin has also been found to be important for angiogenesis
in relation to development and tumor vascularization. The inhibition of this integrin did interfere with
neovascularization and endothelial function (Brooks et al., 1994a; Brooks et al., 1994b; Dormond et
al., 2001; Eliceiri and Cheresh, 1999; Storgard et al., 1999). The importance for avf3 integrin for
neovascularization, however, has been recently challenged by the inability to block tumor
vascularization by the deletion of 33 and 5 integrins in double knockout mice (Reynolds et al.,
2002). Although this result seems a paradox, it underscores the importance for RTK signaling during
cell migration. Reynolds et al. (2002) found an increase in the expression of Flk1l (the VEGF
receptor) in endothelial cells of the knockout animals. It is tempting to speculate that the reduced
ability to migrate caused by the absence of avp3 integrins has been compensated by a more efficient
signaling system to overcome differences in the dynamic potentials of the various classes of integrin
receptors.

In chapter 4.3 we present data how the av33 integrin dynamics can be measured with the help
of the GFP technology. This chapter clearly demonstrates the need for a rigorous quantitative analysis
of integrin and focal adhesion dynamics, in order to fully understand the functional consequences

upon pharmacological or genetic interference with integrin function.
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4.3. Marching at the front dragging behind: differential ovp3-integrin

dynamics during cell migration
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provide the essential link between the actin cytoskeleton

and the extracellular matrix during cell migration. We
have analyzed aVB3-integrin dynamics in migrating cells
using a green fluorescent protein—tagged B3-integrin chain.
At the cell front, adhesion sites containing oVB3-integrin
remain stationary, whereas at the rear of the cell they slide
inward. The integrin fluorescence intensity within these
different focal adhesions, and hence the relative integrin
density, is directly related to their mobility. Integrin density
is as much as threefold higher in sliding compared with
stationary focal adhesions. High intracellular tension under
the control of RhoA induced the formation of high-density

Integrins are cell-substrate adhesion molecules that

contacts. Low-density adhesion sites were induced by Rac'
and low intracellular tension. Photobleaching experiments
demonstrated a slow turnover of B3-integrins in low-density
contacts, which may account for their stationary nature. In
contrast, the fast B3-integrin turnover observed in high-
density contacts suggests that their apparent sliding may be
caused by a polarized renewal of focal contacts. Therefore,
differential acto-myosin—dependent integrin turnover and
focal adhesion densities may explain the mechanical and
behavioral differences between cell adhesion sites formed
at the front, and those that move in the retracting rear of
migrating cells.

Introduction

Modulation of cell-substrate adhesion plays a crucial role in
cellular processes such as migration, spreading, or contraction.
These morphological changes result from the coordinated
reorganization of the actin cytoskeleton induced by intra- or
extracellular stimuli (Lauffenburger and Horwitz, 1996).
Cell migration is sustained by the continuous growth of
actin filaments at the leading edge, and the controlled retraction
of adhesive contacts at the rear of the cell (Palecek et al.,
1998; Horwitz and Parsons, 1999; Ballestrem et al., 2000).
Integrin aff heterodimers provide the physical link between
the continuously reorganizing actin cytoskeleton and
components of the extracellular matrix (ECM)* during cell mi-

The online version of this article contains supplemental material.
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gration (Hynes, 1992). Different types of integrin-containing
cell-substrate contacts have been described, of which focal
complexes and contacts are the best studied. These two types
of contacts have been distinguished according to several fea-
tures including size, the site where they are formed in the
cell, their age, their appearance in interference reflection mi-
croscopy, and their regulation by small GTPases (Geiger and
Bershadsky, 2001). In fibroblasts, small point-like focal
complexes form at sites of Racl-dependent lamellipodia
induction (Ridley et al., 1992; Nobes and Hall, 1995; Rottner
et al., 1999), whereas large and elongated focal contacts
localize to the ends of actin stress fibers upon RhoA activation
(Ridley and Hall, 1992; Nobes and Hall, 1995; Amano et
al., 1997; Rottner et al., 1999). The mechanical influence of
acto-myosin—induced intracellular contractility and extracel-
lular tension was suggested as a major factor converting focal
complexes into focal contacts (Chrzanowska-Wodnicka and
Burridge, 1996; Pelham and Wang, 1997; Riveline et al.,
2001). In this study, we will use the general term focal
adhesion, and will classify them according to their different
behavior and localization in migrating cells as well as their
integrin dynamics.

Although the pathways leading to the changes in the actin
cytoskeleton are well understood, it is not known how the
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Figure 1. The GFP-tagged B3-integrin chain forms functional heterodimers with endogenous aV. (A) Scheme of the «VB3—GFP-integrin
heterodimer. The GFP protein is tagged COOH-terminally to the cytoplasmic domain of the 3 subunit. (B) Immunoprecipitations of cell
extracts from surface biotinylated B16 B3—GFP cells. Extracts were precipitated with the indicated antibodies (c, control) and separated under
reducing conditions by PAGE followed by transfer onto nitrocellulose membranes. Revelation with either streptavidin coupled horseradish
peroxidase (SA-HPO, top) or anti-GFP antibodies (GFP, bottom) demonstrated the typical double-band pattern for integrin heterodimers and
the coprecipitated GFP-tagged B3-integrin subunit, respectively. The position of the molecular mass markers is indicated to the left of the
blots. (C) Substrate-specific clustering of the aVB3-GFP-integrin into adhesions sites. B16 B3-GFP cells were plated overnight on glass
coverslips, previously coated with 5 pg ml™" laminin-1 (LN), 5 pg ml™" fibronectin (FN), or 1 pg ml™" vitronectin (VN). Cells were
subsequently fixed and substrate adhesion sites were revealed by immunohistochemical detection of vinculin. Note that B3—-GFP-integrin—
positive adhesion sites were only found on fibronectin and vitronectin, which are ligands for aVB3-integrin. In contrast, B3—GFP-integrin did
not cluster on laminin-1, for which it is not a ligand. Because B16 cells use a different type of integrin receptor (@681) to adhere to LN than to
FN or VN (a5B1, aVB3), their morphology and migration behavior is different between these substrates (Ballestrem et al., 1998). (D) FACS
analysis of nontransfected, B3-, and B3-GFP-transfected CHO cells with a Kistrin—-CD31 fusion construct (SKI-7) (Legler et al., 2001). Note
that the B3—GFP-transfected CHO clone is not homogeneous, exhibiting cells that lost B3-GFP expression, which reduces their SKI-7 reactivity to
endogenous aVB3-integrin levels (gate 1) (ctr; SKI-7, unpublished data). Bar, 20 um.

strength of the integrin-mediated link between the actin cy-  hibit a high lateral diffusion within the plasma membrane
toskeleton and the ECM is controlled to promote either ~ (Duband et al., 1988). However, upon extracellular ligand
firm adhesion or detachment. Nonaggregated integrins ex-  binding, integrins become anchored to the actin cytoskele-
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ton by a large set of structural and regulatory proteins
(Miyamoto et al., 1995), thereby forming cell-ECM adhe-
sion sites. A “sliding” of B1-integrin—containing focal con-
tacts has recently been demonstrated, and was suggested to
represent weak attachment of stationary cells (Smilenov et
al., 1999). In addition, the movement of a5 1-integrins on
the ventral side of fibroblasts has been related to ECM reor-
ganization by fibrillar adhesions (Katz et al., 2000; Pankov
et al., 2000; Zamir et al., 2000).

To analyze the dynamics of individual integrin het-
erodimers within adhesion sites of migrating cells, we fo-
cused on the integrin aVB3. Integrin VB3 is expressed on
various motile cells such as neural crest cells (Delannet et al.,
1994) and plays an important role in tumor metastasis (Al-
belda et al., 1990; Felding-Habermann et al., 2001), angio-
genesis (Brooks et al., 1994), leukocyte transmigration
(Weerasinghe et al., 1998), and osteoclast function (Mc-
Hugh et al., 2000). Its ECM ligands include fibronectin,
vitronectin, and fibrinogen (Cheresh and Spiro, 1987).

The use of a directly green fluorescent protein (GFP)-
labeled B3-integrin chain that was coexpressed with the en-
dogenous aV-integrin subunit on the cell surface allowed us
to follow clustering and dispersal, and to perform quantita-
tive analysis of aVB3-integrins within adhesion sites of liv-
ing cells. We specifically asked whether the organization of
B3-integrins in focal adhesions differed according to their
subcellular localization, and whether distinct organization
patterns could be attributed to the activities of members of
the Rho family of small GTPases. In particular, we studied
the influence of intracellular tension, analyzed with the help
of elastic silicon substrata, on the organization of B3-inte-
grins within focal adhesion sites. Moreover, using FRAP, we
analyzed the turnover rates of B3-integrins within different
focal adhesions, in order to understand whether the motile
behavior and function of a given focal adhesion site could be
correlated to the temporal stability of the embedded inte-
grins. We found differential densities of integrins within fo-
cal adhesion sites that correlated with the degree of acto-
myosin—dependent intracellular contraction, and an inverse
correlation to the temporal stability of integrins within these
sites. Our data reveal casual connections between the behav-
ior of integrins and the state of the actin cytoskeleton that
provides the base for a detailed mechanical model of cell mi-
gration.

Results

Dimerization of B3-GFP-integrin chain with oV

To study and quantify aVB3-integrin dynamics in living
cells, we generated a fusion protein of the B3 integrin sub-
unit with GFP (Fig. 1 A). To determine whether this
B3—GFP-integrin chain formed heterodimers with the en-
dogenous oV subunit, we surface biotinylated stable B3—
GFP-integrin—transfected cells (B16 F1 melanoma and 3T3
fibroblasts), and performed immunoprecipitations with an-
tibodies against either the aV- or the B3-integrin subunits
(Fig. 1 B). After precipitation of the integrin and subsequent
Western blotting, both - and B-integrin subunits could be
detected with avidin-peroxidase (Fig. 1 B). Bands for the
B3—GFP-integrin fusion protein were only detected in pre-
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cipitations with anti-aV- or —B33-integrin subunits, but not
with control rat serum nor with anti-a6-integrin subunit
which forms heterodimers with the 81 and 34 chains (Fig. 1
B, bottom). These experiments clearly demonstrated that
B3—GFP-integrin was expressed on the cell surface as a het-
erodimeric complex in association with the endogenous oV
chain.

Ligand-specific clustering of «VB3-GFP-integrin

To further test whether the oVB3—GFP-integrin hetero-
dimer was functional and did not unspecifically associate
with cytoskeletal elements of focal adhesions, we plated B3—
GFP-transfected cells on the aVB3 ligands fibronectin and
vitronectin, and on laminin-1, which is not a ligand for
aVB3. Clustering of GFP was observed on fibronectin and
vitronectin, but not on laminin-1 (Fig. 1 C). Vinculin and
paxillin are present in, and used as markers for, cell-sub-
strate adhesion sites. Both localized to focal adhesion sites on
all three substrates (Fig. 1 C, paxillin, unpublished data). In
contrast, aVP3-integrin—containing focal adhesions were
only detected in cells cultured on fibronectin or vitronectin
substrata (Fig. 1 C). To demonstrate that the transfected
B3—GFP-integrin engaged in ECM binding was comparable
to wild-type B3 chains, we analyzed stable B3-GFP- and
B3-transfected CHO cells for their binding to a aVB3-inte-
grin—specific snake venom disintegrin (Kistrin). A FACS
profile using a Kistrin—CD31 fusion protein (SKI-7) re-
vealed only low levels of endogenous aVB3-integrin in non-
transfected CHO cells (Legler et al., 2001). In contrast, both
B3- and B3-GFP-transfected cells displayed extensive SKI-7
reactivity (Fig. 1 D). These results demonstrate that aV3—
GFP-integrin behaves like endogenous aVB3, indicating
that ligand binding, integrin signaling, and substrate speci-
ficity are not perturbed by the fusion of GFP to the B3-inte-
grin chain. Moreover, these data suggest that the associated
aV-integrin integrin chain specifically protects the cytoplas-
mic domain of B3-GFP from matrix-independent engage-
ment with cytoskeletal elements of focal adhesions (Yauch et
al., 1997). Therefore, direct labeling of the B3-integrin with
GFP allowed us to follow and quantify f3-containing inte-
grins in living cells.

Dynamics of B3-integrin

This aVB3-GFP tool permitted now the direct observation
of integrin clustering and turnover in adhesion sites of
migrating or stationary cells. Therefore, we performed time-
lapse experiments with stably B3—GFP-transfected, fast-
migrating B16 F1 melanoma cells, or stationary 3T3 fibro-
blasts (B16 B3—GFP or 3T3 B3-GFD, respectively). In B16
B3—GFP cells, we observed the formation of small integrin
clusters just behind the leading edge of the advancing lamel-
lipodia (Fig. 2, A and B). These clusters remained stationary
with respect to the substratum, whereas the cell moved for-
ward. When GFP-containing focal adhesions reached a dis-
tance of 10 wm from the leading edge, they began to shrink
and finally disappeared (Fig. 2, A, circled, and B, boxed;
Videol, available at http://www.jcb.org/cgi/content/full/
jcb.200107107/DC1). We noted that some of the focal
adhesions in the smoothly protruding lamellipodia assumed
an elongated shape. Although we never observed actin stress
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Figure 2.

Dynamics of B3—GFP-integrin in stable transfected B16 F1 cells. Time-lapse analysis of a B16 B3—GFP cell plated overnight on

vitronectin (1 pg ml™") revealed the transient 3—GFP-integrin clustering and subsequent dispersal in the advancing lamellipodium. A typical
B3-integrin cluster (A, circled) appeared close to the leading edge (8') and remained stationary (12’) until it began to gradually disappear
(16'-24"). In retracting parts of the cells, integrin clusters began to slide inward (arrow). To appreciate the relative movement of the different
integrin clusters during this time-lapse, an overlay revealed the stationary nature of focal adhesions in the lamellipodia (arrowhead) and the
streak-like pattern of sliding focal adhesions in retracting parts of the cell (arrow). In B, a higher temporal and spatial resolution of the boxed
area in A (12') revealed the polymorphic appearance of the stationary integrin clusters (small box as reverence). Although shapes were variable,
the fate of the clusters were identical. Arrowheads in B mark the smoothly advancing leading edge of the lamellipodium. Bar, 18 pm.

fibers in actively protruding lamellipodia, the presence of ra-
dially oriented actin ribs within the lamellipodia was fre-
quent (Ballestrem et al., 1998). Continuous appearance and
disappearance of stationary B3-integrin focal adhesions oc-
curred within a restricted area in the advancing lamella. We
refer to this area as the zone of transient integrin clustering.
In posterior regions of the cell, integrin-containing focal
adhesions moved in relation to the substratum during re-
traction (Fig. 2 A, arrow; Video2, available at htep://
www.jcb.org/cgi/content/full/jcb.200107107/DC1). To ex-
amine the possibility that integrin contacts in highly migra-
tory melanoma cells might behave differently from station-
ary or slow moving fibroblasts (3T3 B3-GFP cells), we
compared the appearance of GFP fluorescence in transfected
B16 and 3T3 cells. 3T3 cells displayed continuous cycles of
lamellipodia formation followed by retraction, and they
showed comparable integrin cluster dynamics to what had
been seen in B16 B3—GFP cells (Fig. 3; Video3, available at
heep://www.jcb.org/cgi/content/full/jcb.200107107/DC1).
However, during collapse of lamellipodia, small focal adhe-
sions in 3T3 cells transformed into larger, fluorescently
brighter focal adhesions (Fig. 3 B). During retraction, these
focal adhesions began to move in relation to the substracum
(Fig. 3, B and C). In conclusion, our data show that aV33-
integrins aggregate into stationary focal adhesions within the
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zone of transient integrin clustering during the protrusion of
lamellipodia. After the collapse of lamellipodia and subse-
quent retraction, small stationary focal adhesions transform
into inwards sliding larger focal adhesions.

Induction of differential B3-integrin cluster densities
upon transfection with dominant Rac1, Cdc42,

and RhoA

Lamellipodia formation, as well as the retraction of cell
edges, depends on the reorganization of the actin cytoskele-
ton. In addition, the transition from small and stationary to
larger, retracting focal adhesions was associated with an in-
crease in fluorescence intensity, and hence increased integrin
density (Fig. 3). Because signaling through members of the
Rho family of small GTPases is known to cause changes in
the actin cytoskeleton (Ridley and Hall, 1992; Ridley et al.,
1992; Nobes and Hall, 1995), we asked if changes in activa-
tion of these GTPases would influence the organization and
density of aVB3-integrin in focal adhesion sites. To answer
this question, we transfected dominant active forms of Racl,
Cdc42, and RhoA into B16 B3—GFP cells, and quantified
integrin fluorescence and focal adhesion morphology (Fig.
4). Control cells typically displayed a leading lamella with
small B3-integrin— positive focal adhesions and larger, fluo-
rescently brighter B3-integrin focal adhesions at the side and
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Figure 3.

Dynamics of B3—GFP-integrin in stable transfected 3T3 cells. Time-lapse analysis of a 3T3 B3-GFP cell plated overnight on

vitronectin (1 g ml™"), exhibiting cycles of lamellipodia extension (B) followed by cell edge retraction (B and C). During lamellipodia extension,
transient stationary small focal adhesions formed behind the leading edge (B, circled focal adhesion). During cessation of the extension
phase, small peripheral focal adhesions grew in size and were transformed into inward sliding focal adhesions (B, boxed area). Note that
the start of the time lapse in B corresponds to 54’ in A. Continuous inward sliding of large focal adhesions occurred in parallel with cell edge
retraction (C). A fiduciary mark on the substrate (C, white crosses) can be used to gauge the speed and position of retracting focal adhesions.

Bar, 24 pm.

rear of the cell (Fig. 4 A). Expression of dominant active
Cdc42 (V12) and Racl (L61) that are known to induce
filopodia and lamellipodia, respectively (Ridley et al., 1992;
Nobes and Hall, 1995), led to the appearance of flat and
well-spread B16 B3-GFP cells. Compared with control cells
the surface area increased by 188 and 248%, respectively
(see Materials and methods), and cells exhibited actin-rich
filopodia and lamellipodia and many small caliber actin fila-
ments (unpublished data). This phenotype is apparent only
after prolonged exposure to dominant active Racl, and is as-
sociated with the formation of many small caliber actin fila-
ments as previously reported (Ridley et al., 1992). In these
cells, B3—GFP fluorescence resulted in a streak-like pattern
of integrin clusters associated with filopodia (cdc42) or
lamellipodia (Racl) covering large areas of the substratum.
These extensive clusters exhibited a granular pattern that re-
sembled assemblies of numerous small focal adhesions (Fig.
4, B and C). The fluorescence intensity profiles indicated in
Fig. 4, A-C, revealed that the density of 33-integrin in small
focal adhesions in control cells (Fig. 4 E, profile a) corre-
sponded to the densities measured across the integrin clus-
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ters of dominant Cdc42- and Racl-transfected cells (Fig. 4
E, profile da-Cdc42 and da-Racl). In contrast, measure-
ments of GFP intensity (and hence, integrin densities) in fo-
cal adhesions that were localized in retracting cell edges at
the rear of control cells were consistently higher (Fig. 4 E,
profile b). Moreover, expression of dominant active RhoA
(V14) induced robust stress fiber formation and the cells ap-
peared contracted (64% of control cell surface area) with
large, even brighter fluorescent B3-integrin focal adhesions
(Fig. 4, D and E, profile da-RhoA). From these data we cal-
culated (see Materials and methods) that the relative a VB3-
integrin densities compared with nonclustered integrin in
the plasma membrane increased by three- to fivefold in
lamellipodial and Racl- or Cdc42-induced low-density focal
adhesions, by five- to eightfold in lateral and rear high-den-
sity focal adhesions of control cells, and by 9-14-fold in fo-
cal adhesions of dominant RhoA-stimulated cells (Fig. 4 F).
Similar to the raise in integrin densities, we also observed a
RhoA-dependent increase in anti-vinculin labeling of focal
adhesions (unpublished data). These results demonstrate
that the Racl- and RhoA-induced changes in the bundling
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Figure 4.  Members of the Rho family of small GTPases regulate 33-integrin clustering differentially. B16 33—-GFP cells transfected with
myc-epitope-tagged dominant active forms of Cdc42, Rac1, and RhoA were plated overnight on vitronectin (1 pg ml™")-coated glass cover-
slips. Cells were fixed and stained for the expression of the myc-epitope (inserts), and GFP fluorescence images were recorded with identical
camera settings in order to appreciate qualitative as well as quantitative differences in the integrin localization pattern. (A) Nontransfected
control cells displayed the typical pattern of small low-fluorescent focal adhesions in the lamellipodium (profile a) and larger high-fluorescent
focal adhesions at lateral borders and rear of the cell (profile b). (B) Dominant active Cdc42 (da-Cdc42) induced the formation of long, streak-
like arrays of low-fluorescent B3 integrin focal adhesions mainly localized in the lamella or periphery of the cell. Similarly, dominant active
Rac1 (da-Rac1) induced extensive B3-integrin clustering into low-fluorescent adhesion sites at the periphery of the cell (C). In contrast, dominant
active RhoA (da-RhoA) induced a retracted cellular morphology with intensively fluorescent B3-integrin focal adhesions at the cell periphery
(D). Fluorescence intensity profiles of the indicated traces in A-D are shown in E. Note that the intensity profiles are similar between focal
adhesions in the lamellipodium of control cells and cells transfected with dominant active Cdc42 and Rac1. Peak fluorescent intensities of
lateral and rear focal adhesions in control cells are consistently higher compared with lamellipodial focal adhesions, but can increase even
more after dominant active RhoA induction. A quantification of the B3-integrin density (fluorescence intensity increase over membrane) is
shown in F. Bar, 15 pm.

state of the actin filament network led to changes in the clus- Intracellular tension controls integrin density
tering behavior of B3 integrin, i.c., the generation of integrin  transition within focal adhesions
low- and high-density focal adhesions, respectively. What causes this RhoA-induced increase in integrin density?
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Intracellular tension correlates with integrin density in focal adhesion sites. 3T3 B3-GFP cells were grown on flexible silicone

rubber substrates in order to visualize intracellular contractile forces by the appearance of substrate wrinkles. (A-C) Cells were recorded for
1 h under control conditions to confirm stability of the wrinkles (nt). After addition of drugs, the increase in substrate wrinkles (LPA, 10 pM)
or their disappearance (Y 27632, 10 wM, or staurosporine, 50 nM) were recorded for the indicated times (A’-C’) (Videos 4-6). In a parallel
experiment, 3T3 B3-GFP cells were grown overnight on serum-coated glass coverslips (D, nt), and changes in B3—GFP-integrin localization
in response to the above mentioned drugs was determined after 60 min of treatment (E, LPA; F, Y27632; G, staurosporine). The peak B3-integrin
density/focal adhesion area relationship was plotted for untreated (H), LPA- (1), Y 27632- ()), and staurosporine- (K)treated cells. Note the shift
in the focal adhesion population after addition of agonist. Bar: (A-C), 80 um; (D-G), 40 wm.

Previously it has been shown that activated RhoA increases
myosin-dependent contraction of the actin cytoskeleton,
leading to intracellular tension (Chrzanowska-Wodnicka and
Burridge, 1996; Amano et al., 1997). Integtins in focal adhe-
sion sites are anchored within the actin cytoskeleton, such
that contraction of this actin filament backbone induced by
myosin activity may lead to increased integrin density, i.e.,
the transition of lamellipodial to lateral focal adhesions. To
test this, we determined whether intracellular tension in-
duced by RhoA was correlated with this transition. Intracel-
lular tension was measured by plating 3T3 fibroblasts on
flexible silicone rubber that formed wrinkles in response to
cellular contraction (Harris et al., 1980). Activation of RhoA
by lysophosphatidic acid (LPA) (10 wM) within these cells
increased the number of wrinkles (Fig. 5 A; Video4, avail-
able at htep://www.jcb.org/cgi/content/full/jcb.200107107/
DC1) (Amano et al.,, 1997). RhoA activates Rho-kinase,
which blocks myosin light chain phosphatase, resulting in
myosin-dependent actin contraction (Kimura et al., 1996).
Treatment of cells with the Rho-kinase inhibitor Y-27632
(10 uM) removed the wrinkles (Fig. 5 B; Video5, available
at htep://www.jcb.org/cgi/content/full/jcb.200107107/DC1)
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(Uehata et al., 1997). Similarly, blocking of myosin light
chain kinase with the wide-spectrum protein kinase inhibitor
staurosporine (50 nM) resulted also in the disappearance of
wrinkles (Fig. 5 C; Video6, available at http://www.jcb.org/
cgi/content/full/jcb.200107107/DC1). Using these modula-
tors of intracellular tension, the formation of high- and low-
density focal adhesions was analyzed. Treatment of 3T3 fi-
broblasts with LPA increased B3-integrin compaction and
formed high-density focal adhesions (Fig. 5 E). In contrast,
cells treated with Y-27632 or staurosporine displayed the dis-
appearance of high-density focal adhesions, whereas low-
density focal adhesions remained in the periphery of the cells
in the lamellipodia (Fig. 5, F and G). To correlate the
changes in intracellular tension with that of the integrin den-
sity and focal adhesion size, we displayed the relative peak in-
tegrin density (compared with the integrin density in the
membrane) and the respective area of focal adhesions (see
Materials and methods). For each experimental condition,
we analyzed ~500 focal adhesions from different cells. Con-
trol cells displayed a significant number of small-sized, low-
density focal adhesions that were mainly associated with pro-

truding lamellipodia (Fig. 5 H). In addition, a considerable
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Figure 6. Block of intracellular tension
reduces focal adhesion density. Time-
lapse analysis of B3-integrin fluores-
cence of focal adhesions in B16
B3-GFP cells after addition of
Y-27632 (20 uM) (A, 5’ before
addition; B, 60’ after addition). (C)
Higher magnification of the boxed
area in A demonstrates (a) the
reduction in B3-integrin density
(fluorescence intensity) during the first
10 min of treatment and (b) the further
dispersal of compact B3-integrin focal
adhesions into irregularly shaped

B3- integrin clusters (arrowhead). (D)
The average peak B3-integrin integrin
density in the peripheral focal
adhesions was measured before and
after the addition of the inhibitor.

The indicated time refers to the
addition of inhibitor. Bar, 20 pm.
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number of large-sized, generally high-density focal adhesions
were found (Fig. 5 H) (average relative integrin density and
size: 5.14-fold, 1.15 wm?). The stimulation of the RhoA
pathway with LPA led to a shift to denser and generally
larger focal adhesions (Fig. 5 I) (average relative integrin den-
sity and size: 6.77-fold, 1.69 wm?). In contrast, treatment
with either Y-27632 or staurosporine resulted in a drop in
integrin densities (Fig. 5, ] and K). Interestingly, the average
size of the contacts in Y-27632—treated cells was only slightly
lower compared with control cells, whereas the average size
of staurosporine treated contacts was dramatically reduced
(average relative integrin density and size: Y-27632, 4.39-
fold, 0.87 wm?; staurosporine, 4.49-fold, 0.43 wm?). Fur-
thermore, the dynamic transition of high- to low-density
focal adhesions was analyzed in living B16 F1 cells by time-
lapse microscopy (Fig. 6; Video7, available at heep://
www.jcb.org/cgi/content/full/jcb.200107107/DC1). Release
of intracellular tension by Y-27632 induced the rapid de-
crease in integrin densities in peripheral focal adhesions (Fig.
6, B and C, arrowhead). During the first 10 min of treat-
ment, neither the shape of the contacts nor that of the cell
did change. With time, the cell developed large lamellipodia
that contained numerous dot-like tension-independent focal
adhesions. In addition, the Y-27632-induced low-density
focal adhesions began to change shape but remained un-
dispersed during the entire time of observation (up to 90
min) (Video7, available at http://www.jcb.org/cgi/content/
full/jcb.200107107/DC1). These observations suggest that
high intracellular tension correlates with the formation and
maintenance of high-density a'VB3-integrin focal adhesions.
The formation of low-density aVB3-integrin focal adhesions
is favored under conditions of low intracellular tension.

Exchange rates of integrins differ between low- and
high-density focal adhesions

In the previous experiments, we determined that the density
of aVB3-integrin and the apparent sliding of focal adhe-
sions are critically linked to the tension created by the actin
cytoskeleton in a Racl/RhoA-dependent fashion. During
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cell migration, newly formed, small, stationary, low-density
focal adhesions firmly anchor the cell to the substratum. At
the cell rear, retraction and apparent sliding of high-density
focal adhesions require a more flexible interaction with the
substrate. To understand the mechanical differences be-
tween these two types of adhesion sites, it is necessary to de-
termine the dynamics of integrins within these substrate
contacts. Therefore, we performed FRAP of B3—GFP-inte-
grins within high-density focal adhesions and compared it
with the recovery of integrins in low-density focal adhesions.
FRAP measurements of B3—GFP-integrins in high-density
focal contacts revealed a fast exchange (Fig. 7 A). Within
120 s, 50% of the integrin fluorescence recovered in the
bleached contacts, whereas the exchange of all the 33-inte-
grins was completed within 5-10 min (mobile fraction
[MF] = 80-100%) (Fig. 7 B). This exchange was indepen-
dent whether a high-density focal adhesion was stationary or
sliding (Fig. 7 A). Due to the transient nature of low-density
focal adhesions within an advancing lamellipodia, it was im-
possible to measure FRAP (Fig. 2). Therefore, we analyzed
low-density focal adhesions formed upon transfection with
dominant active Racl (Fig. 4). These low-density focal ad-
hesions revealed a 2.5X slower recovery of integrins than
high-density focal adhesions (Fig. 7 B). In addition, during
the time of observation recovery reached only 50% (MF),
suggesting that half the integrins in low-density focal adhe-
sions are immobilized. Our experiments showed that al-
though the integrin density in Racl-induced focal adhesions
was lower (see above), the retention time of integrins was
dramatically increased compared with high-density focal ad-
hesions. These data also suggest that an increase in intracel-
lular tension, and hence the activation of RhoA, increases
the turnover rate of integrins in focal adhesions.

Discussion

Migration is a complex cellular behavior that involves pro-
trusion and adhesion at the cell front, and contraction and
detachment at the rear. During these processes, members
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Figure 7. FRAP reveals different B3-integrin exchange rates in high- versus low-density focal adhesions. (A) Nontransfected or dominant

active Rac1 transfected B16 B3—GFP cells were cultured overnight on serum-coated glass coverslips and FRAP was performed on focal adhesions
localized to the edge of cells. The bleached area of each series is circled in the first frame and the recovery time (seconds after completion of
bleach) indicated to the left. In control cells, immobile (first series) and inward sliding (second series) high-density focal adhesions show
almost complete recovery (MF >80%). In cells transfected with dominant active Rac1 (third series) in which low-density focal adhesions
were formed, fluorescence recovery was only partial (50% MF), reaching fluorescent levels just slightly above fluorescence intensities of
nonclustered B3—GFP-integrin present in the plasma membrane (visible on the right hand side of the frame). Qualitative FRAP curves from

several cells (5-8) are displayed in B. Each data point is the median of

three to five individual focal adhesions. Bar, 10 pm.

of the integrin family provide the physical link between
the actin cytoskeleton and the extracellular environment
(Hynes, 1992). Here, we developed a new tool to fol-
low and quantify aVB3-integrins within focal adhesions
formed in living cells by GFP labeling of the B3-integrin
subunit (Plancon et al., 2001) for a similar construct). We
have chosen the B3-integrin subunit for GFP tagging, as it
forms heterodimers uniquely with the V and the platelet-
specific IIb a chains. Therefore, GFP—f3-integrin trans-
fected into cells (except platelets), will pair exclusively with
aV to create a single species of labeled integrins. Most im-
portantly, for quantitative studies of integrins, the amount
of GFP fluorescence correlates directly with the number
of VB3 heterodimers, and represents a direct measure of
the relative integrin density within the two-dimensional
plasma membrane and focal adhesion sites. In addition,
the B3-GFP-integrin subunit, like normal (-integrin
chains, requires heterodimerization with the aV chain for
ER export and for an ECM-dependent engagement into
focal adhesions (Heino et al., 1989; Lenter and Vestweber,
1994; Yauch et al., 1997). This is in contrast to mono-
meric chimeric B-integrin constructs that associate with fo-
cal adhesions in an ECM-independent manner, and there-
fore are not suited for quantitative measurements of
integrin behavior (LaFlamme et al., 1994; Smilenov et al.,
1999). Our analysis of a'VB3-integrin—containing contacts
in migrating and stationary cells revealed two differently
behaving types of cell adhesion sites. At the cell front, sta-
tionary focal adhesions formed within a zone of transient
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integrin clustering, whereas focal adhesions in retracting
cell processes moved in relation to the substratum. The rel-
ative abundance of these two types of contacts may deter-
mine the migratory behavior of a cell. In the short-lived
lamellipodia of slow-migrating fibroblasts, the zone of
transient integrin clustering was difficult to define. In con-
trast, extremely fast-moving cells such as fish keratocytes
exhibit stationary focal adhesions throughout the entire
width of the lamellipodium that represent a major part of
their total cell area (Lee and Jacobson, 1997; Anderson and
Cross, 2000). Thus, the size of the area occupied by sta-
tionary focal adhesions, in respect to the total cell area,
may determine the stability and persistence of lamellipo-
dial protrusion and hence the overall speed of cell locomo-
tion. In these different cell types, the zone of transient inte-
grin clustering is equivalent to the area that is occupied by
actin filaments originating at the edge of the lamellipo-
dium (Svitkina et al., 1997; Ballestrem et al., 1998). It is
conceivable that the actin filament turnover within the
lamellipodium determines the half-lives of these stationary
focal adhesions. In contrast to the stationary focal adhe-
sions at the front of migrating cells, focal adhesions in re-
tracting cell edges move relative to the substratum. This
mobility of focal adhesions, previously described as sliding,
has been suggested important for cell edge retraction and
migration (Smilenov et al., 1999; Anderson and Cross,
2000; Zamir et al., 2000). Because the efficiency of cell mi-
gration is determined by the speed and ability of rear re-
traction (Palecek et al., 1998; Ballestrem et al., 2000), the
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degree of focal adhesion sliding may limit the maximal
speed of cell migration.

The quantitative analysis of GFP-labeled aVB3-integrin
allowed us to determine the changes in integrin densities
within different types of focal adhesions. Hence, we ob-
served a low aV33-integrin density in small, stationary focal
adhesions, and a high aVB33-integrin density in large, slid-
ing focal adhesions. The formation of small dot-like focal
adhesions (named focal complexes) in response to Racl and
Cdc42 activation was first described by Nobes and Hall
(1995) in fibroblasts, and they were distinguished from
larger RhoA induced focal adhesions (named focal contacts)
by their size (Nobes and Hall, 1995; Rottner et al., 1999). It
is likely that these focal complexes and focal contacts are ho-
mologous to the low-density, respectively high-density focal
adhesions observed by us. However, in contrast to focal ad-
hesion size, integrin density represents a parameter that en-
ables one to distinguish focal complexes from focal contacts
in many different cell types, where the size differences are
less accentuated as in fibroblasts, and is more specific than
the recently questioned interference reflection microscopy
(Iwanaga et al., 2001). Because activation of RhoA induces
the bundling of actin filaments into stress fibers (Chrza-
nowska-Wodnicka and Burridge, 1996; Machesky and Hall,
1997), we suggest that the acto-myosin—dependent contrac-
tion of the actin scaffold increases integrin density in focal
adhesions. This idea is supported by the observation that the
gradual raise in acto-myosin—dependent intracellular tension
strictly correlates with the amount of stress fiber formation
and the increase in size of focal adhesions (Balaban et al.,
2001). The increase in focal adhesion size has been recently
attributed to RhoA activated mDial, resulting in de novo
actin polymerization at sites of focal complexes (Riveline et
al., 2001). In contrast to RhoA, Racl or Cdc42 induces the
formation of a looser actin filament lattice (Machesky and
Hall, 1997) that could form the initial scaffold for low-den-
sity focal adhesions. The fate of these low-density focal ad-
hesions, and hence their respective size and density, is then
independently controlled by mDial-stimulated actin poly-
merization and RhoA/Racl-regulated acto-myosin contrac-
tion, respectively (Ridley et al., 1992; Sanders et al., 1999;
van Leeuwen et al., 1999; Riveline et al., 2001). The impor-
tance of mechanical tension for focal adhesion compaction
was corroborated by studies analyzing fields of intracellular
tension during cell migration (Dembo and Wang, 1999; Ol-
iver et al., 1999). In the lamellipodia of fish keratocytes, ten-
sion was low and isometric, predicting stationary low-den-
sity focal adhesions, whereas tension was high and vectorial
at the lateral edges of the cell consistent with the formation
of sliding high-density focal adhesions (Oliver et al., 1999;
Anderson and Cross, 2000).

We have concluded that the integrin density within focal
adhesion sites is determined by the degree of intracellular
tension. Accordingly, changes in the elasticity of the ECM
must similarly influence integrin density. We propose the
following model. During cell migration, newly formed ad-
hesion sites at the cell front are always in a low-density con-
figuration. Subsequently, these sites mature into high-den-
sity contacts upon acto-myosin—dependent contraction. A
rigid substratum such as glass resists the intracellular con-
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traction resulting in a distortion of the actin integrin link-
age. This mechanical stress within the focal adhesion site
generates a signal for actin polymerization and growth of the
focal adhesion. In contrast, an elastic ECM substratum will
not resist the acto-myosin—dependent focal adhesion con-
traction failing to generate a distortion signal that would en-
force the focal adhesion. Therefore, cells will favor a rigid
over an elastic substrate for adhesion, a behavior consistent
with the observed increase in cell motility and reduced
spreading of fibroblasts on elastic substrates (Pelham and
Wang, 1997). Furthermore, we propose that integrin den-
sity within a focal adhesion may act as a relay to exchange
information about the degree of intracellular tension and ex-
tracellular elasticity, hence allowing cells to respond to gradi-
ents of extracellular elasticity and to adapt to mechanical dis-
tortions of the extracellular environment (Lo et al., 2000;
Jalali et al., 2001; Riveline et al., 2001).

Induction of intracellular tension leads to the apparent
sliding of focal adhesions in the rear of the cells. What is the
mechanism of contacts sliding and how is aV3-integrin in-
volved in this process? Focal adhesion have been considered
as stable anchor points of the cell, supported by the observa-
tion that integrin containing fragments are left on the tracks
of migrating cells (Chen, 1981). However, more recently it
has become clear that fast-migrating cells recover integrins
from the retracting, trailing portion of their body (Palecek et
al., 1998; Pierini et al., 2000). Our FRAP analysis demon-
strated a complete exchange of aV33-integrins in high-den-
sity focal adhesions within 5-10 min. This fast integrin
turnover may provide a mechanistic explanation for focal
adhesion sliding, resulting from a polarized renewal of inte-
grins. We propose that the continuous loss of integrins from
the distal edge, and recruitment of new integrins at the prox-
imal edge of focal contacts, creates the illusion of sliding. In
addition, high integrin turnover would increase the plastic-
ity of focal adhesions, permitting rapid responses to local
changes in intra- or extracellular tension. Because integrin
turnover requires the loss of intracellular as well as extracel-
lular links, the apparent turnover rates of integrins depend
on the respective rate-limiting binding reaction. Measure-
ment of fibrinogen to allb/B3 integrin affinity revealed a
dissociation constant in the mM range (Rivas et al., 1996).
Due to this low binding affinity, the rate-limiting step for
integrin turnover is likely to be determined by the interac-
tion of the integrin with the actin cytoskeleton.

Focal adhesions that are formed at sites of Racl activity at
the cell front exhibit a surprisingly slow turnover and high
temporal stability. Recently, it has been reported that Racl ac-
tivation induces the high-affinity state of aVP3-integrins,
preferendially located within the leading edge of the cell
(Kiosses et al., 2001). We propose that the slow and fast turn-
over rates of aV3-integrin in different focal adhesions di-
rectly represent its respective high- and low-affinity state.
Hence, the high-affinity state of aVB3-integrin in low-den-
sity focal adhesions may result in their stationary nature,
whereas the low-affinity state in high-density focal adhesions
may lead to their sliding. The RhoA signaling pathway leads
to accumulation of phosphorylated myosin light chains,
which in turn results in focal adhesions exhibiting high
aVB3-integrin turnover rates. Activation of the RAS/MAPK/
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Figure 8. Model of cell migration based on
differential integrin turnover. Cell migration is
driven by Rac1- and Cdc42-dependent actin
polymerization in the advancing lamellipodium.
Integrin aVB3 is incorporated in the lamellipodial
actin filament lattice (gray shading) to form low-
density integrin focal adhesions (focal complexes)
(large and irregular shaped dots). These low-density
focal adhesions remain stationary in respect to the
substrate, firmly anchored in the cytoskeletal
scaffold due to their slow turnover rate. These
stabilized focal adhesions support the advancing
lamellipodium. At the rear of the zone of transient
clustering (circumferenced by dotted line), station-
ary focal adhesions rapidly disperse due to the
depolymerization of the lamellipodial actin
filament lattice (gray shading). While the cell moves
forward, low-density focal adhesions at the lateral
edges of the lamellipodium transform into high-
density integrin focal adhesions (focal contacts)
(accumulation of small dots). This transformation is
directed by the acto-myosin—driven local collapse of
the lamellipodial actin filaments into stress fibers and
provides a means to sense the rigidity of the sub-
strate. Integrins localized in high-density focal
adhesions loose their firm cytoskeletal anchor and
begin to show fast turnover, creating a great degree
of plasticity for modulation of the contact. This
plasticity can lead to polarized renewal of focal
adhesions, the loss of integrins from the distal edge
and their addition at the proximal edge of the con-
tact, giving the illusion of sliding (small arrows).

ERK signaling pathway also results in myosin light chain
phosphorylation. This pathway induces the low-affinity states
of integrins and enhances rear retraction (Hughes et al., 1997;
Klemke et al., 1997; Nobes and Hall, 1999; Fincham et al.,
2000). These data suggest that myosin light chain phosphory-
lation might be the key step to the generation of low-affinity
integrins in high-density focal adhesions that results in fast in-
tegrin turnover and is required to generate the sliding pheno-
type of these focal adhesions. Consistent with this hypothesis,
it has recently been demonstrated that the RhoA signaling
pathway, involving Rho-kinase and acto-myosin contraction,
is required for integrin recycling and tail retracting of migrat-
ing leukocytes (Niggli, 1999; Pierini et al., 2000; Worthylake
et al., 2001). Moreover, it has been demonstrated that nascent
focal adhesions at the front of migrating fibroblasts generate
the strongest propulsive forces (Beningo et al., 2001). These
contacts display the typical phenotype of low-density and
slow-turnover integrin contacts defined by this study.

To conclude, we propose a model of dynamic integrin
clustering and dispersal in motile cells (Fig. 8). Racl and
Cdc42 become activated and induce filopodia and lamelli-
poda that exhibit many stationary, low-density focal adhe-
sions. Maximal cell motility is maintained by their ability to
form firm adhesions due to slow integrin turnover and rapid
dispersal at the rear of the zone of “transient integrin cluster-
ing,” possibly caused by the depolymerization of lamellipo-
dial actin filaments. Low-density focal adhesions form inde-
pendent of intracellular tension, but transform into integrin
dense focal adhesions at the lateral edge of the lamellipo-
dium in response to RhoA induced acto-myosin—dependent
intracellular tension. During this contraction, the actin inte-
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grin linkage senses the mechanical condition of the con-
tacted ECM substrate resulting in the enforcement of focal
adhesions on rigid substrates. High-density focal adhesions
maintained by high traction forces at the lateral borders, be-
gin to slide and subsequently detach due to their fast inte-
grin turnover, a prerequisite for cell migration. Therefore,
acto-myosin induced integrin turnover would offer a crucial
therapeutic target to control migratory behavior of many cell
types and might be relevant for pathological situations in-
volving excessive migration of cells.

Materials and methods

B3-GFP-integrin fusion protein

Full-length mouse B3-integrin cDNA was provided by Dr. Patrick Ross
(Washington University School of Medicine, St. Louis, MO) (Weerasinghe et
al., 1998; Legler et al., 2001). Fusion of the enhanced GFP (EGFP) coding se-
quence (CLONTECH Laboratories, Inc.) with B3-integrin cDNA was per-
formed in two steps. First, a COOH-terminal fragment of B3-integrin,
containing a unique EcoRV site (underlined), was amplified with a 5'-ATG-
GATCCAAGGGTCCTGATATCCTG-3’ forward and 5'-AATACCGGTGA-
AGTCCCCCGGTAGGTGATA-3' reverse primer pair, in order to remove the
stop codon. The amplified sequence was digested with BamHI (5') and Agel
(3") restriction enzymes and cloned into pcDNA3/EGFP, containing the
EGFP cDNA sequence 3’ to an Agel site. pcDNA3/EGFP was prepared by
insertion of the Hindlll/Notl EGFP containing fragment from pEGFP-N1
(CLONTECH Laboratories, Inc.) into pcDNA3 at these sites (Invitrogen). The
remaining NH,-terminal part of the B3-integrin cDNA sequence (5’ to the
EcoRV site) was cut out of the original vector with BamHI and EcoRV, and
inserted at the respective sites into pcDNA3/EGFP, resulting in full-length
B3-GFP-integrin joined by a short spacer (SerProValAlaThr).

Cells and transfections

NIH 3T3 fibroblasts and mouse B16F1 melanoma cells were cultured in
DME and CHO cells in F12 medium, both supplemented with antibiotics
and 10% FCS as described (Ballestrem et al., 1998). Superfect (QIAGEN)
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or Fugen 6 (Roche) were used according to the manufacturers’ recommen-
dation for stable and transient transfections. Cells were cultured in the
presence of 1 mg ml~" G418 (GIBCO BRL) to select for stable B3-GFP-
integrin—expressing clones (B16 B3-GFP; 3T3 B3-GFP).

NH, terminally myc-tagged (9E-10 epitope) (Evans et al., 1985) cDNA’s
for dominant active (L61) Rac, dominant active (V12) Cdc42, and domi-
nant active (V14) RhoA, all in pRK5, were provided by Dr. Kurt Ballmer-
Hofer (Paul Scherrer Institute, Villigen, Switzerland). The DS Red expres-
sion vector was obtained from CLONTECH Laboratories, Inc.

Antibodies and immunofluorescence

Anti-human vinculin were obtained from Sigma-Aldrich (Cat # V-9131).
Mouse anti—chicken paxillin (clone 349) was from Transduction Laborato-
ries, and mouse anti-myc (9E-10) was from American Type Culture Collec-
tion. The Kistrin—-CD31 fusion protein (SKI-7) and the rat anti-CD31 mono-
clonal antibody (CG51) were used for FACS analysis as described (Legler
etal., 2001).

B16 B3—GFP and 3T3 B3-GFP cells were cultured overnight in complete
culture medium on Lab-Tek chambers (Nunc), previously coated with 5 pg
ml~" laminin-1, a gift from M. Chiquet (Morris Mueller Institute, Bern, Swit-
zerland), 5 ug ml™" fibronectin (Biomedical Products), or vitronectin 1 pg
ml~" (Sigma-Aldrich). Cells were fixed for 10 min with 4% paraformalde-
hyde in PBS and permeabilized with 0.5% Triton X-100 in PBS, washed, and
blocked with PBS supplemented with 1% BSA. Cells were incubated 1 h
with the respective monoclonal antibody diluted in PBS supplemented with
1% BSA. After rinsing twice with PBS, cells were incubated in the presence
of goat anti-mouse antibodies conjugated to Texas red diluted in PBS sup-
plemented with 1% BSA (Jackson Laboratories Inc.) and washed three times
with PBS. Stained cells were examined and photographed using a Zeiss Ax-
iovert 100 TV microscope equipped with a digital CCD camera (Hamamatsu
Photonics) controlled by the Openlab software (Improvisions).

Immunoprecipitations

B16 B3-GFP were harvested by trypsinization and washed twice in ice-
cold PBS before surface biotinylation with 0.5 mg ml™" sulfo NHS-biotin
(Pierce Chemical Co.) in PBS. Biotinylation was stopped by washing the
cells in 2 ml ice-cold FCS. After three more washes in ice-cold PBS, cells
were lysed in extraction buffer (1% Triton X-100, 0.5% deoxycholate,
0.1% SDS, 120 mM NaCl, and protease inhibitors) for 20 min at 4°C. Cell
lysates were centrifuged at maximal speed for 15 min in a precooled mi-
crofuge. Supernatants were precleared with protein G beads (Amersham
Pharmacia Biotech), and subsequently incubated overnight at 4°C with rat
serum as control, a rat monoclonal against the integrin a6 subunit (EA-1)
(Ruiz et al., 1993), a rat monoclonal against the aV subunit (RMV-7) (Taka-
hashi et al.,, 1990), and a hamster anti-B3 subunit (anti-aVB3, Cat #
01522D; PharMingen), coupled to protein G beads. Beads were washed
four times in extraction buffer and then boiled in SDS sample buffer. An
equivalent of 10° cells per lane was run under reducing conditions on 7%
SDS PAGE gel. Proteins were transferred to nitrocellulose membranes and
nonspecific binding sites were blocked with TBS containing 1% BSA and
0.1% Tween-20. After incubation with streptavidin-horse radish peroxi-
dase or polyclonal rabbit anti-GFP antibodies (CLONTECH Laboratories,
Inc.) followed by peroxidase-conjugated anti-rabbit immunglobulin anti-
bodies (Sigma-Aldrich), peroxidase activity was visualized by chemilumi-
nescence (ECL; Amersham).

Flexible silicone rubber contraction assay

Flexible rubber silicone substrata were prepared as described previously
(Harris et al., 1980) with some modifications in order to obtain even and
thin substrata. 5 pl of silicone fluid (poly dimethyl siloxane; 30,000 centi-
stokes; Dow Corning) were deposited onto glass coverslips and centrifuged
at 1,000 rpm for 1 min. The silicone surface was then crosslinked by pass-
ing the coverslip through a very low Bunsen flame for ~0.5 s. An incuba-
tion chamber was created by placing a silicone ring onto the coverslip. Sil-
icone substrates were equilibrated with 0.1% gelatin in Tris-HCI buffer, pH
8.4 to facilitate cell adhesion, sterilized by UV light exposure for 3 h and
left overnight in the incubator at 37°C. 3T3 fibroblasts were then seeded in
DME/10%FCS and allowed to spread and to deform the silicone substratum
for 2 d. Live cells were observed at 37°C on a Zeiss Axiovert microscope
using a 32X Ph2 objective. Cells were recorded (KS400, 1 frame/15 s) for
60 min under control conditions before agonists were added to the culture
medium. Three experiments were performed per experimental condition.

Time-lapse and inhibitor studies

Time-lapse studies were performed as described (Ballestrem et al., 1998,
2000). Briefly, B16 B3—-GFP and 3T3 B3-GFP were cultured overnight on
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Lab-Tek chambers previously coated overnight at 4°C with indicated con-
centrations of ECM proteins. Cells were visualized on an Axiovert 100 TV
inverted microscope (Zeiss), equipped with an incubation chamber, a stan-
dard GFP filter set (Omega), and a Hamamatsu C4742-95-10 digital
charge coupled device camera. Images were recorded in intervals of 1 or 2
min and processed using Openlab software (Improvision).

LPA and staurosporine were obtained from Sigma-Aldrich and used at
10 wM and 50 nM, respectively. Rho kinase inhibitor Y-27632 (Uehata et
al., 1997) was obtained from Yoshitomi Pharmaceutical Industries and
used at 10 uM for 3T3 B3-GFP cells, and at 20 wM for B16 B3-GFP cells.

Measurement of fluorescence intensities of integrin clusters and

cell surface areas

Stable and homogeneously B3-integrin—expressing B16 B3—-GFP and 3T3
B3-GFP cells derived from clonal selection were either transiently trans-
fected with dominant active Rac1, Cdc42, and RhoA or treated with vari-
ous drugs (see above). 24 h after transfection, or 1 h after the addition of
drugs, cells were fixed and, where appropriate, were counterstained with
anti-myc (9E-10) anti-mouse Texas red, in order to detect the transfected
GTPases. GFP fluorescence images were recorded with identical exposure
settings for all different experimental conditions on an Axiovert 100TV
equipped with a CCD-camera (see above). Cell surface and focal adhesion
areas and their respective mean and peak fluorescence were measured us-
ing the Openlab software (Improvision). For the GTPase transfection exper-
iments, 20 or more cells were measured per experimental condition, and
mean surface areas were calculated (nontransfected, 1127 + 283 um?; da-
Rac1, 2800 = 1072 um?; da-Cdc42, 2117 + 500 um?; da-RhoA, 724 =
315 wm?; data from one out of three qualitatively similar experiments).
Fluorescence intensity profiles were obtained with the software of the
LSM510 confocal microscope (Zeiss). The range of fluorescence values
(expressed in 8-bit gray levels) were derived from several intensity profiles
(three to five profiles per cell, from three to five different cells per condi-
tion) by determining the local minima and maxima: 48-52 (background
fluorescence outside of cells), 65-75 (nonclustered integrin fluorescence
in the cell periphery corresponding to two sheets of plasma membrane),
90-110 (peak fluorescence intensities of focal complexes in control, da-
Rac1-, or da-Cdc42-transfected cells), 110-140 (peak fluorescence intensi-
ties of focal contacts in control cells) and 150-200 (peak fluorescence in-
tensities of focal contacts in RhoA transfected cells). To calculate the
relative increase in integrin densities in respect to the density of nonclus-
tered integrins in one sheet of plasma membrane, we subtracted the back-
ground fluorescence (50) and the fluorescence of one of the plasma mem-
brane sheets (10) from each value and divided it by the fluorescence of
one plasma membrane sheet (10).

The same type of calculation was used to determine the x-fold fluores-
cence increase between the relative integrin density of membranes and
that of individual focal adhesions in normal and drug treated cells. To de-
velop an integrin density/contact area profile, we analyzed between 400-
600 contacts from four to six cells from one out of three similar experi-
ments. To follow the integrin densities in Y-27632-treated cells (see Fig.
6), the average peak fluorescence intensities of 40-60 peripheral focal ad-
hesions were measured.

FRAP

Control or dominant active Rac1/Ds red-transfected B16 B3-GFP cells
were plated and grown on serum-coated glass coverslips in DMM/10%FCS
for 24 h. For photo-bleaching and fluorescence recovery, the culture me-
dium was changed to F12/10%FCS medium and cells were mounted on an
inverted confocal microscope equipped with an incubation chamber
(LSM510; Zeiss). Confocal images of focal adhesion sites were recorded
with 2-3% of the intensity of the 488-nm line from living Mock and Rac1/
Ds red-transfected cells. GFP fluorescence was eliminated using five
bleach cycles at 100% intensity of the 488 line. Control bleach experi-
ments performed over the entire cell surface demonstrated that the GFP
chromophore was completely inactivated by this treatment and that recov-
ery of fluorescence due to newly synthesized GFP proteins was not detect-
able during the period of recovery (15-20 min). Qualitative recovery
curves (R[t]) were obtained per cell, by comparing fluorescence intensities
of three to five bleached contacts (lpjeached contactlt]) With neighboring un-
bleached (lunpleached contacts[t]) contacts after background (Ipacigrounalt]) subtrac-
tion: R(t) = (Iteached contact[t] — Ibackground [t1)/(lunbleached contacts[t] — Ibackground[t]); t,
time of recovery (White and Stelzer, 1999). This internal calibration com-
pensated for intrinsic changes in fluorescence due to small focus changes
and or the gradual loss of cellular GFP fluorescence during the observation
period due to fluorophore inactivation by the laser. For comparison of sev-
eral recovery curves, the fractional recovery (Rp,c[t]) of each curve was
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plotted against time. The analysis of the fractional recovery corrected for
differences between cells due to incomplete inactivation of the chro-
mophores during bleaching. Typically, the fluorescence intensity just after
bleaching (Ipieacn) Was between 5 and 20% of the prebleach fluorescence
(100%). The fractional recovery (R.[t]) (all curves start at 0) was therefore
Rirac® = (R[] = lpleach)(T — lpieach) (Axelrod et al., 1976). A single logarith-
mic regression curve was calculated from the datapoints (Excel; Microsoft),
in order to determine the half-maximal recovery time (T;,) and the MF
(MF = Rpiacltend]); tend corresponds to the endpoint of the recovery period
(10-15 min). Due to the variable size of the focal contacts analyzed, and a
likely second order logarithmic recovery of integrins in focal contacts, a
diffusion coefficient was not calculated. In addition, we did not correct the
error that is due to the integrin fluorescence of the contact-overlaying
membrane sheet in which the recovery is much faster (unpublished data).
This error is more important for low- than high-density contacts, as the dif-
ferences in the fluorescence between the membrane and high-density con-
tacts is bigger than that for low-density contacts.

Online supplemental material

Video sequences of untreated and Rho-kinase inhibitor-treated B3—GFP-
integrin—transfected cells reveal the dynamics of B3—-GFP-containing adhe-
sion sites. In addition, video sequences of cells cultured on elastic silicon
substrata reveal the change in intracellular tension caused by the applica-
tion of drugs. Video 1 demonstrates the stationary and transient nature of
focal complexes appearing within an advancing lamellipodium. Video 2
reveals the apparent sliding of focal contacts localized within the rear of a
migrating cell. Video 3 illustrates lamellipodia extension, collapse, and re-
traction in a nonmigratory cell, and follows the cycling of integrin fluores-
cence intensity as well as mobility between small and large focal adhe-
sions. Video 4 demonstrates the increase in intracellular tension
manifested by an increase in wrinkling of the flexible silicon substrate after
LPA addition. Videos 5 and 6 illustrate the respective loss of intracellular
tension after addition of Rho-kinase inhibitor (Y 27632 or staurospo-
rine, respectively. Video 7 shows the behavioral and structural changes
of B3-GFP-containing focal adhesion sites upon release of intracellu-
lar tension after inhibition of Rho-kinase. All videos are available at
http://www.jcb.org/cgi/content/full/jch.200107107/DC1.
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1. Introduction work. In addition, we discussthe importanceof the
actin andthe microtubulesystemin the regulationof

Within the last few years the dynamic analysis of focal adhesiondynamics,requiredfor cell adhesion

the major cytoskeletal elements has gained new im- andmigration.

petus due to the application of the GFP technology.

The stable or transient transfection of GFP-labeled cy-

toskeletal components ranging from actin, tubulin and 2. Different actin dynamics in stationary and

a number of accessory proteins has allowed analysismotile cellg

of cytoskeletal dynamics in living cell${g. 1, Video

1) [1]. The dynamic remodeling of the actin cytoskele-  During the developmenbf multicellular organisms
jton as well as the mlcrotubule_network has been stud- differentcell typeswork togethetto perpetuatgrowth
ied in greatdetail[2,3]. The reciprocalcross-talkbe- and tissuehomeostasismechanismshat requirecell

tween these important cytoskeletal systems and their migration. A cell can changefrom a stationaryto a
dynamic link to the substrate in focal adhesions has mobile status dependingon the microenvironment
helped to unravel the critical regulatory pathways es- that provides signals, such as extracellular matrix
sential for cell motility. Here, we review the recent moleculesgrowthfactorsor chemokinesln response
progress in understanding the function of cytoskeletal to thesesignals,cell movementis propelledby the
structures formed by the actin and microtubule net- cytoskeleton.More precisely,the actin cytoskeleton
is associatedvith protruding cellular structuresthat
Abbreviations: APC, adenomatous polyposis coli; CSF-1, form at the front of migrating cells suchasfilopodia
colony stimulating factor-1; EGF, epidermal growth factor; ER, andlamellipodia[4]. Thesestructuresare composed
endoplasmic reticulum; GEF, GTPase exchange factor; GFP, of numerousactin filaments (F-actin) that are poly-

green fluorescent protein; MTOC, microtubule-organizing center; : ; ; f
merizedat their bar ndfrom monomericactin
PDGF, platelet-derived growth factor; PMA, phorbol 12-myristate erizedat their ba bed% endfro onomericac

13-acetate; SCF, stem cell factor
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Fig. 1. Visualization of actin dynamics in lymphocytes. Time-lapse analysis of L1-2 lymphocytes double transfected withaGiP—

and fMLP peptide receptor. At the beginning of the sequence fMLP peptide was added to activate actin remodeling and migration. Note
the appearance of GFP—B-actin containing filopodia and lamellipodia and the time indicated. Bar corresponds.tdidéo 1: In the

first part of the sequence non-stimulated cells were recorded. A white frame indicates the addition of the fMLP peptide to the medium
that is followed by actin remodeling and migration. The width of the frame correspondsutm 4fd the sequence is accelerated 300-fold

(1 frame/min to 5 frames/s).

(G-actin). At the pointed end of these filaments, within alamellipodium,into forward movementthe
G-actin is liberated by de-polymerizatiof8,5-7]. actin filamentshaveto be anchoredto the substrate
This process is referred to as treadmilling and in a at sitesknownasfocal complexeg9,10]. Oncetread-
lamellipodium, it operates towards the interior of the milling actin filamentsare anchoredo the substrate,
cell, i.e. actin molecules are added to filaments at thecontinuousadditionof G-actinattheirbarbedends
the periphery and they are released towards the cellwill pushthe lamellipodiaandthe plasmamembrane
center. In general, the orientation of treadmilling in- forward [11].

dicates the polarity of each actin filament. One might  In contrast to fast migrating cells, such as ker-
consider a cell as stationary as long as the sum of theatinocytes, leukocytes or melanoma cells, slow mi-
vectors defined by treadmilling equals zero. The sum grating cells, such as fibroblasts, exhibit actin fila-
of the treadmilling vectors in a migrating keratinocyte mentsthat are bundledinto stressfibers anchored
may therefore define the direction of migratisi. within focal contacts located at the cell periphery.
In order to transform the treadmilling, for example These stress fibers are often found oriented along

Fig. 2. Reshufflingof the actin-pool during the onsetof cell migration. Stable GFP-8-actin transfectedB16 F1 mousemelanomacells

were plated onto serum coated glass cover slips. After overnight culture, a stationary cell exhibiting a well established stress fiber
network was stimulated with 100 nM PMA at5min. After treatment for 10 min the cell began to develop lamellipodia that grew into
large lamella. Associated with the formation of this lamella, the number and caliber of stress fibers reduced simultaneously. Note the
indicated time in minutes and the bar representing 30 wm. Mideo 2: Microtubules lag behind rapidly advancing lamellipodial edges. Stable
B5-tubulin—-GFP transfected mouse B16 F1 melanoma cell that undergo lamellipodial extension and rdBagti@uring the rapid

advance of a lamellipodium (visible by the increased fluorescence of non-polymerized GFP—-tubulin), microtubules do not polymerize at
the same rate and stay behind. After the arrest or the collapse of the lamellipodium, microtubules catch up with the cell edge. Note that
the collapse of the lateral edge of the lamellipodium correlates with the arrival of new microtubules. The frame width corresponds to
60pm and the sequence is accelerated 300-fold (1 frame/min to 5 frames/s).
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lines of tension strapping the cell to the substrate.
In comparison to the lamellipodia of migrating cells,

3. Microtubule dynamicsin stationary and motile
cells

actin stress fibers are anchored with their barbed ends

to these focal contacts. Thus, the orientation of the
actin filaments is reversed in respect to the different
adhesion sites, meaning that G-actin incorporation
occurs within focal contacts in stationary cells and
distal to focal complexes in the lamellipodium of
migratory cells[12,13]. This fundamental difference
in orientation, anchorage and polymerization of actin
filaments in stationary and migrating cells is key to
understanding cell migration.

In order to switch from a stationary (stress fiber
rich), into a migratory state (lamellipodium rich), the
actin cytoskeleton has to be reorganized from G-actin
molecules of which a considerable amount may still
be trapped as F-actin in stress fibers. Monomeric
actin can be recruited from existing actin filaments by
severing and de-polymerizatid8,14,15](seeFig. 2,
Video 2). Due to the limited size of the actin-pool,
the F- to G-actin ratio may have considerable in-
fluence on cellular motility. Recently it has been
demonstrated that increased levels of thym@sina
G-actin binding protein, is associated with a change
in cell migration [16—-19]. This behavior could be
attributed to an increase in the G-actin pool that
reduces the threshold for de novo actin polymer-
ization. Similarly, by over-expression @f-actin the
dynamic equilibrium between G- and F-actin may be
affected[20]. Therefore, the comprehension of the
regulatory mechanisms leading to local actin poly-
merization is crucial for understanding cell migration
[3,4].

In contrast to the actin cytoskeleton that is polarized
in the direction of migration, the microtubule network
is polarized from the center to the periphery of the
cell. Microtubules emanate from the MTOC regardless
whether a cell is stationary or motile. The MTOC is
located close to the nucleus, and it can undergo reori-
entation towards the side facing the direction of migra-
tion [21]. This migration-induced reorientation of the
MTOC can be disturbed by dominant negative Cdc42,
a member of the Rho family of GTPade4,22]. Since
Cdc42 is also involved in the reorganization of the
actin cytoskeleton, it is conceivable that the MTOC
position is determined by the interaction of the actin
cytoskeleton with the microtubule network. Dynamic
analysis of proteins that associate with the tip of poly-
merizing microtubules such as CLIP-170, EB1 or APC
have revealed a continuous outward polymerization
of microtubules from the MTOC towards the cell pe-
riphery (Fig. 3, Video 3)[23-25]. We might won-
der whether growing microtubules interact with the
plasma membrane when they reach the cell periphery?
In yeast, microtubules are captured by cortical actin
patches, a process required for proper cell division in-
volving proteins such as Kar9, Bim1/Yebl, Bud6 and
Kip3 [26—28]. Although mammalian orthologues have
only been found for Bim1 (EB1), a related mechanism
involving the contact between the tips of the micro-
tubules and the cortical actin cytoskeleton could be
responsible for positioning of polarity cues such as
the recently described Par3—Par6-atypical PKC com-

Fig. 3. GFP-CLIP-170 fusion protein reveals microtubule tip dynamics. GFP—-CLIR2B]@vas transiently transfected into mouse B16

F1 melanoma cells. Forty-eight hours after transfection, tips of growing microtubules to which GFP-CLIP-170 associates were recorded.

From the MTOC (arrow), microtubules constantly polymerized towards the periphery of the cell. Note that the tips of two growing
microtubules are marked with arrowheads and that the indicated time is in seconds. Bar repregemtd/tidgo 3: Originating at the
MTOC, microtubules constantly polymerized towards the periphery of the cell. The width of the frame correspondartcas8 the
sequence is accelerated by a factor of 15 (1 frame/3s to 5 frames/s).
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plex [29]. This interaction of microtubules with the  Moreover, a Racl specific GEF (Asef) is activated
cortical actin network may represent an important as- andboundto APC that canassociatavith thetips of
pect of the cross-talk between these cytoskeletal struc- growing microtubules[42]. Over-expressiorf both
tures and as such be decisive in determining whether theseGEFsresultedin membraneuffling. Therefore,
a cell is stationary or migratory. In this respect it is modificationof the polymerizedstateof microtubules
interesting to note that in stationary cells, the tips of may changeintracellularlocalization of Rho family
microtubules extend to the cell edge around the en- GEFs and downstreameffectors and hence modify
tire periphery, whereas the advancing lamellipodium actin polymerizationandcell migration.

of migrating epithelial and melanoma cells is only oc-

casionally penetrated by microtubul®,31] (Video

2). Therefore, it is likely that the cross-talk between 5. Actin dynamicsin response to modulation of
the actin and microtubule network is qualitatively dif- microtubules

ferent in the lamellipodium at the cell front compared

to the retracting rear of migrating cells. 5.1. At the front of the cell

Microtubules have beensuggestedo play a role
4. Potential mechanisms of cross-talk between the in regulatingcell migrationandactin dynamics since
actin cytoskeleton and the microtubule networ k destructionof microtubulesin fibroblastsresultedin
inhibition of protrusivelamellipodialactivity [43—-45].
From the above-mentioned observations, it is sug- More recentlytherehasbeenevidenceto suggesthat
gested that a cross-talk exists between the actin cy- microtubulesregulateadhesiveand protrusiveevents
toskeleton and the microtubule network. From studies through pathwaysinvolving the small GTPasesRho
of the dynamic microtubule growth and collapse in sta- and Rac [2,46] (see Section4). Furthermore,it has
tionary cells, Kaverina et al. have observed that micro- beenshownthatthe disruptionof microtubuleded to
tubules can repetitively target the end points of actin RhoA activation,which resultedin stresdiber forma-
stress fibers, the focal contacts. In fact, focal contacts tion, anincreasedaizeof focal contactsandenhanced
targeted in this manner frequently disappedB8)33]. phosphorylatiorof paxillin andfocal adhesiorkinase
We also observed that trailing and retracting portions [47,48]. Otherstudiesindicatedthat microtubulesex-
of migrating cells are extremely rich in microtubule ertedtheir control on the reorganizatiorof the actin
projections[31], which situates the site of cross-talk cytoskeletorvia a Racl-dependemathwayatthecell
most likely to rear portions of migrating cells. front. Rac1-GTPhas beenshownto bind to tubu-
A possible cross-talk between microtubules and lin dimers[49], and henceit was proposedthat the
actin cytoskeleton could be mediated through the polymerizationof microtubulesat the cell front lib-
Rho family of small GTPases well known for their eratedRacl-GTRherebyinducingactinpolymeriza-
ability to modify the actin cytoskeletof34—36]. No- tion [50]. In addition,it hasbeenshownthat the in-
tably it has been demonstrated that activated forms of ducedgrowth of microtubulesn fibroblastsfollowing
Cdc42, Racl and RhoA induce the polymerization of the removalof the microtubuledisrupternocodazole
filopodia, lamellipodia and stress fibers, respectively. activatedRac1-GTPasgl6]. This effectcouldbe me-
It has also been demonstrated recently that activateddiatedthroughthemicrotubuletip associatettansport
Racl is localized to membrane rufflg&r7]. It is not of the Racl-specifi’GEF (Asef) to the cell periphery
known where activated RhoA is localized; neverthe- [42].
less, downstream effectors such as mDial required In contrast, other studies demonstratedhat mi-
for stress fiber polymerization localize partly to mi- crotubules were not required for actin-basedcell
crotubuleq13,38,39]and can bind to RhoA and taxol movementg§51,52]. Furthermoreijt hasrecentlybeen
stabilized microtubuleg40]. In addition to down- demonstratedhat activatedRacl blockedintracellu-
stream effectors such as mDial, a RhoA-C and Racl lar RhoA activity while activatedRhoA blockedRac1l
activating GTP exchange factor (GEF) has been lo- activity [53]. Therefore,it cannotbe excludedthat
calized to the surface of microtubules (GEF-H4)}]. the observedmicrotubule polymerizationdependent
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activation of either RhoA or Rac1 is caused by the in- to achievestressfiber de-polymerizationHence,the
activation of either one of the counter players. These presenceof microtubulesis necessaryin order to
observations led us to investigate more closely the weakenstressfibers and to reducefocal contactad-
contribution of microtubule dynamics to cell move- hesionin responséo migratorysignals.Interestingly,
ments. Using GFP constructs and video microscopy Kaverina et al. have observedthe releaseof focal
we confirmed that destruction or stabilization of the contactsafter multiple targetingby microtubulesin
microtubule network reduced actin dynamics in the fibroblasts[33]. The authorsof this study suggested
lamellipodia and inhibited cell migratiof81]. How- that microtubulesdeliver a relaxing signalthat desta-
ever, spontaneous ruffle and lamellipodium formation bilizes the focal contacts.The nature of this signal
was still observed in nocodazole and taxol treated is unknown.Moreover,we cannotexcludethe possi-
cells, suggesting that Racl activity cannot be com- bility, that stressfibers are the targetsof this signal,
pletely blocked by microtubule de-polymerization. In andthat their de-polymerizationis the causefor the
addition, protruding cell edges in rapidly locomoting disintegrationof focal contactsPossiblemechanisms
cells have only few associated microtubules and the thatcould accountfor the releaseof focal contactsin
distance between tips of growing microtubules to the therearpartof cellsarediscussedurther.
leading edge increases with augmented speed of cell Basedonthesedatait is apparenthatmicrotubules
migration (our observation$8,54,55]). modify the stateof the actin cytoskeletorat the rear,
Furthermore, in cells of the melanocyte lineage the contractingendof migrating cells. However,it might
external stimulation of nocodazole or taxol treated alsobe possiblethat microtubulescontrolcell migra-
cells with either growth factors (SCF) or PMA in- tion by influencingotherintracellularprocessesSuch
duced potent reorganization of the actin cytoskele- a mechanismcould involve microtubule dependent
ton in a Racl dependent manner and reinstalled membrandraffic requiredfor cell migration.
actin-dependent ruffling and lamellipodium forma-
tion to levels comparable with that of untreated cells
[31]. Moreover, growth factor stimulation of the actin 6. Membrane traffic in migrating cells
machinery provided physiological evidence that mi-
crotubules are not necessary for the transduction of Recentlythe requirementdor growthfactordepen-
signals leading to Racl-dependent lamellipodium dentruffling or lamellipodiaformationhaveincluded
protrusion. These data suggest that the microtubule intracellular membranerecruitmentto the cell sur-
network plays a modulatory rather than an instructive face. Bretscherand Aguado-Velascodemonstrated
role regarding the control of the actin cytoskeleton in that EGF-inducedruffles arise by exocytosisof in-

the front of fast migrating cells. ternal membranefrom the endocytotic cycle in a
Rac-dependennanner{56]. Furthermorethe signal-
5.2. Actin dynamics at the rear of the cell ing throughCSF-1in macrophages?DGFin fibrob-

lastsor PMA treatmentresultedin the activationof
Although microtubules were clearly not necessary the ARF6 small GTPase[57-59]. ARF6 is involved
for ruffling and lamellipodia formation at the front in theexportof lipid membrane$rom the endosomal
of fast migrating cells, nocodazole treated cells were compartmentto the cell surface[60,61] and ARF6
unable to migrate following PMA stimulatiof31]. dependentembraneuffling canbeinhibitedby over
Nocodazole treated cells remained glued to the sub- expressionof a negativeregulator of ARF6/ARF1,
strate and were unable to retract their rear portions, ASAP1 [59]. This suggestghat ARF6 activationis
a requirement for successful migration. In normal similarly importantfor actin dependentamellipodia
cells, PMA stimulation led to de-polymerization of formation,asis Rac1[62]. Moreover,sinceactivated
actin stress fibersFHg. 2). However, in PMA and  ARF6 andRaclbind bothto a commonadaptorpro-
nocodazole co-treated cells, stress fibers did not tein Porl/arfaptin-2thatis requiredfor lamellipodia
de-polymerize nor did focal contacts detach after formation,it is likely thattheir concomitantctivation
initiation of lamellipodia formation[31]. Therefore, determinesactin polymerizationand lamellipodium
PMA derived signals require the microtubule network extension63—65].
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At the rear end of migrating cells, membranes as lattice [77], while they remainthroughoutthe actin
well as membrane proteins that are involved in cell filamentfilled lamellaof fish keratinocyteg76]. This
adhesion such as integrins (s&ection 7) are internal-  suggestghat focal complexedirectly dependon the
ized and delivered to the front of the cell by vesicu- presencef the lamellipodial actin filament network,
lar transpor{66—69]. Based on these data, the role of whichin turnis pinneddownto the substratédy these
plasma membrane internalization at the rear and mem- stationaryadhesionsites. Although the morphology
brane export at the front of migrating cells is again and distribution pattern of these small focal adhe-
highlighted[70]. Since, an important part of the intra-  sions vary betweenthesedifferent cell types, they
cellular membrane transport depends on an intact mi- have severalpoints in common. First, they remain
crotubules network, its de-polymerization may slow stationaryin respecto the substratesecondthey are
down membrane dependent lamellipodium formation associatedvith anactin filamentlattice thatformsin
at the cell front and membrane recycling from the rear, a Racl-dependentannerand third they appearin
effectively obstructing cell migratiof81,71-73]. cellular locationsthat are free of intracellularor ex-

While we have reviewed the essential cytoskeletal tracellulartension[9,12,74,77,78]Furthermoretheir
and membrane components important for cell migra- structuralandfunctionalsimilarity is alsounderlined
tion, we have so far ignored a third requirement. In by thefactthatthe avp33 integrin aggregatiordensity
fact, in order for a cell to move, the intracellular cy- is similarly low in thesefocal adhesiorsites(Fig. 4)
toskeletal changes have to be transduced into motility [77].
by coupling the cytoskeleton to the extracellular ma-  Due to the stationarybehavior of avp3 integrin
trix at sites of cell-substrate adhesion. The formation low-densityfocal complexesandthesimultaneousor-
and controlled release of these adhesion sites are cruward movementof the cell body, low-density focal
cial for coordinated cell migration. complexedocatedatthelateraledgesf Raclinduced

lamellipodia transit into the cellular domainthat is
underthe influenceof RhoA activity (seeFig. 6). In

7. Differential behavior of focal adhesion at the fibroblasts focal complexesundergodramaticRhoA
front and the rear of migrating cells inducedremodelinghatis associateavith anincrease

in size, leadingto large focal contacts[9]. In addi-
7.1. At the cell front, stationary focal complexes tion, RhoAinducedintracellularacto-myosircontrac-
form in the advancing lamellipodium tion increaseshe avp3 integrindensityin focal adhe-

sions,resultingin the formationof high-densityfocal
The appearance of small dot like cell-substrate contactFig. 4) [77].

adhesions have been noted within Racl induced Thereforejn theadvancindamellipodiaof migrat-
lamellipodia of fibroblasts. These structures are high- ing cells, stationarylow-density focal complexesei-
lighted by the presence of cytoskeletal linker proteins ther form and disappeain an actin cytoskeletonde-
such as vinculin and have been referred to as fo- pendenbutmicrotubuleindependentanneror trans-
cal complexeg49,74]. In fast migrating cells such as form into high-densityfocal contactslocatedat the
fish keratinocytes, small dot-like focal adhesions are cell rear that can be modulatedby the microtubule
found throughout the leading lamella where they an- network(seeSection7.2).
chor actin filaments emanating from the lamellipodial
edge to the substrad2,75,76]. These focal adhe- 7.2. Focal contacts are dliding cell-substrate
sions remain stationary in respect to the substrate contacts at the cell rear
while the lamella advancgg6]. Similarly, focal com-

plexes in lamellipodia of fibroblasts and small focal In fast migrating, polarized cells the actin rich
adhesions in the lamella of migrating melanoma cells lamellipodium covers the front of the cell like a
remain stationary in respect to the substrfté]. crescentwhich continuouslyadvancesdue to poly-

In fibroblasts and melanoma cells these small focal merizationof actin at theleadingedge[4]. While the
adhesions disappear at positions that correlate with cell movesforward, actin filaments emergingfrom
the rear of the protruding lamellipodial actin filament this lamellipodium remain fixed to the substrateby
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Fig. 4. Different GFPB3 integrin aggregation densities in focal complexes and focal contacts. Stablg3&HRegrin transfected 3T3

mouse fibroblasts were plated overnight on serum coated glass covef73ljp&FP fluorescence signals were recorded during extension

and retraction of a lamellipodium. Since the GBB-integrin is incorporated into the plasma membrane, the increase in the fluorescence
signal reflects the lateral aggregation, hence the relative density of integrins in focal complexes and focal contacts. Low-derfi8ty GFP—
integrin adhesions or focal complexes are associated with the protruding lamellipodium, while high-densiB8@#egrin adhesions or

focal contacts form during cell edge retraction. The number next to the circled focal adhesions represent the relative increase @3he GFP—
integrin fluorescence intensity (local maximum) over that of the plasma membrane (density of focal adhesion) (for metfiods. see

Note the inward sliding of the circled high-density focal adhesion located next to the judiciary mparB4r represents @m. Video 4:

GFP—B3 integrin dynamics in focal complexes and focal contacts. The sequence shows the extension and retraction of a lamellipodium in
a stationary cell. Stationary, low-density GFP—@3 integrin adhesions or focal complexes are associated with the protruding lamellipodium,
while sliding, high-density GFP—B3 integrin adhesions or focal contacts form during cell edge retraction. Note the continuous inward
sliding (or flow) of focal contacts during the second phase of the video. The width of the frame correspongsrtaBd the sequence

is accelerated by a factor of 600 (1 frame/2min to 5 frames/s).

focal complexesKigs. 4 and 5Videos 4 and 5). At havebeenobservedat the lateral edgesof migrating

the lateral edge of the lamellipodial crescent, the fine andstationarycells(Fig. 4) [76,77,80].Thesliding of
actin network collapses into stress fibers ending in focal contactsandthe associatedetractionis exclu-
focal adhesionsHig. 5) [75,76,79]. Subsequently the sively found at the rear of migrating cells [77], sug-
actin fibers anchored at these lateral contact sites, gestingthat effector proteinsresponsiblefor this be-
begin to retract and slide towards the cell center havioraredistributedin a polarizedway (Fig. 6).

(Fig. 5). Similarly, sliding focal contacts visualized Several laboratories have proposed different mech-
by GFP-vinculin, GFP—B1 and GFP—B3 integrins anism to explain the phenomenon of rear retraction,

Fig. 5. Inward retracting stress fibers appear at the rear of migrating cells. Stabl¢3-@Ef+expressing mouse B16 F1 melanoma cell

were plated overnight on laminin-1 (1@/ml) coated glass cover slips. The cell advanced employing an actin rich lamellipodium. At the
lateral edges of the lamellipodium, actin filaments split off, that span the width of the lamella. These actin fibers remained stationary in
respect to the substrate (small arrow). In contrast, actin stress fibers located at the rear of the cell probably linked to focal adhesions, began
to retract inwards (large arrow and arrowhead). A judiciary mark was introducgdo(judge the movement of the cell. Bar corresponds

to 20pm. Video 5: Actin dynamics at the rear of migrating cells. The cell advanced employing an actin rich lamellipodium in the front.

At the rear of the cell, actin stress fibers retracted continuously to allow the advance of the cell. In the middle of the sequence, the cell
gets immobilized due to the equal pull of two opposing lamellipodia. Note that one of the lamellipodia had to collapse in order for the
cell to resume migration. The width of the frame corresponds touh2@nd the sequence is accelerated by a factor of 300 (1 frame/min

to 5 frames/s).
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cell rear

retraction
and sliding

focal contacts
high-density, sliding
microtubules dependent

cell front

direction of migration

focal complexes
low-density, stationary
microtubules independent

— microtubules = filopodia
_~ stress fibers & lamellipodia
®  focal contacts % focal complexes

Fig. 6. Actin driven cell migration in the front and microtubule controlled retraction in the rear. A schematic view of a migrating cell is
shown that illustrates the main features of the actin and microtubule cytoskeleton. At the cell front, Cdc42/Racl induced actin polymerization
results in the formation of filopodia and lamellipodia that drive the cell edge forward. The advancing lamellipodia is anchored to the
substrate by stationary focal complexes (see text). While the cell moves forward, low-density focal complexes located at the lateral edges
of the lamellipodium transform into high-density focal contacts that are linked to actin stress fibers in a RhoA dependent manner. When
the focal contacts localize to the rear of the cell, a microtubule controlled inward sliding, release and retraction takes place (arrows), which
allows the cell to move forward.

consisting of: (i) actin cytoskeleton contraction; (ii) sitivefocalcontactandstresdibercontrollingpathway
focal contact sliding and subsequent; (iii) focal con- could involve the activity and localizationof a class
tact disassembly. It has been demonstrated that ex-of Rho-effectorknownasdiaphanous-relatdfdrmins
tracellular calcium influx mediated by stretch sensi- (mDialandmbDia2)[38]. RhoA activatedmDiasme-
tive calcium channels is responsible for detachment diatestresdiber andfocal contactformationandthey
of focal adhesions and retraction of the cell rgl]. stabilizemicrotubuleq13,40,88].In turn, mDiasalso
Mobilization of calcium from intracellular stores such bind to stabilizedmicrotubuledeadingto the seques-
as ER might be sensitive to the presence of micro- tration of part of the cytoplasmicmbDia pool [40].

tubules, since their de-polymerization leads to a col- Therefore,the de-polymerizationof microtubulesin

lapse of the ER network in the cell periphei82]. the rearof migratingcells could increasehe concen-
Therefore, microtubules could regulate calcium re- tration of cytoplasmicfree mDia that leadsto actin

lease from intracellular stores; modifying the activity stressfiber formationandthe polymerizationof focal

of calcium regulated calmodulin associated myosins contacts.Furthermore since de novo actin polymer-
[83]. Myosin-I1Xb is of particular interest since it in- ization within focal adhesionsthustheir increasein

activates Rho. When over-expressed it leads to loss of size, dependn mDia activation[12], it is plausible
actin filaments and rounding up of cell84,85]. In that polarized,microtubule-dependemhDia delivery
addition to myosins, calcium targets involved in cell to focal adhesionsouldleadto unilateralactin poly-

motility include the calcium activated phosphatase cal- merizationand focal contactgrowth at the proximal
cineurin[67]; calcium activated intracellular proteases aspecbf focal contactsThis modelwould predictthat
calpain[68,86] as well as acto-myosin-dependent in- the observedocal contact'sliding” is dueto a polar-
tracellular contractiofid7]. Another microtubule sen-  ized remodelingof focal contacts.The recentobser-
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vation, that RhoA dependent high-density focal adhe- Acknowledgements

sions undergo complete renewal of thgB integrin
pool within 10 min is in favor of such a hypothesis of
“polarized remodeling” of focal contacfg7]. Hence,
changes in the microtubule network, by means of dif-
ferential localization and delivery of actin cytoskele-
tal effectors, may control cell migration by influenc-
ing focal contact formation, stability and remodeling
[10,77].

The question arises how cells with low numbers of

We thank Dr. Caroline Johnson-Légelfor criti-
cal reading and discussionof this manuscript.We
are grateful to Marie-ClaudeJacquierfor excellent
technical supportand JacquelineNtah for secretar-
ial assistanceWe would like to thank Drs. Andrew
Matus, Stefanie Kaech and ThomasKreis for the
tubulin~-GFPand CLIP170-GFPconstructs,respec-
tively. A specialthank to Dr. ChristophBallestrem

microtubules are able to release their rear focal con- who wasinvolved in the initial phasesof cytoskele-
tacts. One example are migrating fish keratocytes thattal analysisin our laboratory and who contributed
release their focal contacts by the acto-myosin system someof the movies. This work has beensupported
that might be under the control of localized calcium in- by grantsfrom the Schweizerischeikrebsliga(KFS
flux [8,81,89]. Similarly, other studies have indicated 412-1-1997),the Swiss National Science Founda-
a role for RhoA and Rho kinase in focal adhesion re- tion (31-059173.99and 31-64000.00),the Founda-

lease at the rear of migrating leukocyt€®,90,91].

In addition, Ras and or v-src activation leads to re-
lease of focal contacts at the rear of migrating cells
through the MAP kinase pathwd21,92—-96]. It has
been suggested that v-src induced recruitment of p190
Rho—GAP to focal contacts may be involved in focal
contact disassemblj®@7]. Furthermore, the src path-

way has been demonstrated to be a downstream tar-

get of mDia, suggesting that microtubule-dependent
and independent focal adhesion sliding and release
are not so different after alp8]. It will be important

to determine the potential interactions and hierarchies
of these different focal adhesion regulating mecha-

nisms in order to understand the modulation of cell

migration through differential substrate binding at the

rear.

8. Conclusion

Migration is a complex cellular behavior that is con-
trolled by extracellular as well as intracellular pro-
cesses. The proper regulation of migration within an
organism is a challenging task requiring the control
at the level of the cytoskeleton as well as at the sites
where cells adhere to the extracellular matrix or neigh-
boring cells. While the actin cytoskeleton is the actor,
microtubules have assumed the role of the conductor.
Dynamic analysis of adaptor proteins with the help of
in vivo labeling tools such as GFP will eventually al-
low us to study not only the qualitative but also the
guantitative aspects of cell migration.
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The inner lives of focal adhesions

Bernhard Wehrle-Haller and Beat A. Imhof

In focal adhesions of eukaryotic cells, transmembrane receptors of the integrin
family and a large set of adaptor proteins form the physical link between the
extracellular substrate and the actin cytoskeleton. During cell migration,
nascent focal adhesions within filopodia and lamellipodia make the initial
exploratory contacts with the cellular environment, whereas maturing focal
adhesions pull the cell forward against the resistance of ‘sliding’ focal
adhesions at the cell rear. Experimental approaches are now available for
analysing the dynamics and interior structure of these different focal
adhesions. Analysing focal-adhesion dynamics using green-fluorescent-
protein-linked integrin leads us to propose that the acto-myosin-controlled
density and turnover of integrins in focal adhesions is used to sense the
elasticity and spacing of extracellular ligands, regulating cell migration by
mechanically transduced signaling.
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During recent years our knowledge about focal
adhesions and their role in cell spreading, migration
and survival has increased vastly. The ever-increasing
number of proteins being found to participate in focal
adhesions makes them one of the most complex
protein aggregates formed in a cell [1]. Focal adhesions
fulfil mechanical and sensing functions that involve
reversible anchorage of the actin cytoskeleton

to the extracellular matrix during migration and
monitoring intracellular or extracellular tension.
Understanding the molecular mechanisms that
account for these distinct functions of focal adhesions
is a major challenge.

Eukaryotic cells have differently sized and shaped
cell-substrate adhesion sites, which we here generally
refer to as ‘focal adhesions’. In fibroblasts, these
different focal adhesions are commonly referred to as
focal complexes, focal contacts and fibrillar adhesions
[2]. Many attempts have been made to classify focal
adhesions using descriptive features such as
shape, size, cellular location, GTPase dependency
and protein composition [3—7]. Unfortunately,
some of these characteristics vary depending on the
environment of the cells [8]. Here, we propose the use
of functional criteria to classify focal adhesions
according to their physiological role, such as sensing
the environment or providing mechanical support,
and give new definitions to distinguish focal
complexes from focal contacts.

The recent use of chimeras comprising green
fluorescent protein (GFP) attached to various focal
adhesion proteins has made important contributions
to our understanding of focal adhesions. Owing to the
stoichiometric fusion of GFP to focal adhesion proteins,
such GFP chimeras can be used not only as markers
for cellular attachment sites but also to provide
dynamic and quantitative information about the
composition of focal adhesions [6,9—13]. In parallel,
progress has been made in measuring the mechanical

traction forces exerted by cells when they interact
with elastic surfaces [9,10,14—-16]. One of the
emerging ideas from these studies is that focal
adhesions are mechanical transducing devices
with a mechanical sensor function. Hence, they relay
changes of intra- and extracellular tension into
signaling pathways that, in turn, modify the
composition and behaviour of focal adhesion,
directly influencing the migratory and contractile
state of the cell [17,18].

Although this model provides a major
breakthrough and contributes significantly to
the understanding of focal adhesion and cellular
behaviour, the underlying molecular mechanism
and the concept behind mechanically transduced
signaling remains obscure. Here, we review the
topology of focal adhesions and propose that they are
sensors for the elasticity and spacing of extracellular
ligands. Our model is based on the quantitative
analysis of GFP-tagged focal adhesion proteins
associated with the two-dimensional (2D) plane of the
plasma membrane that give dynamic insight into
the interior structure of focal adhesions.

The second dimension of focal adhesions

In focal adhesions, the actin cytoskeleton is linked
through various adaptor proteins to heterodimeric
receptors of the integrin family (Fig. 1a) [19]. Integrin
receptors bind to extracellular matrix proteins
organized in either basement membranes (Fig. 1a) or
connective tissues (Fig. 1b). Importantly, whether a
focal adhesion is formed on a flat surface (e.g. glass
coverslip) or within a network of extracellular-matrix
proteins, the integrin receptors are confined to the
2D plane of the plasma membrane, in which they

can diffuse laterally [20]. By contrast, the actin
cytoskeleton and adaptor proteins are recruited from
a cytoplasmic pool and aggregate in complex ways to
form ~60-nm-thick focal contacts [21]. Therefore, one
can classify focal adhesion components that are
confined to or entrapped within the 2D plasma
membrane, such as integrins, as 2D focal adhesion
markers. By contrast, adaptor proteins that are
stacked on top of each other within the actin backbone
of focal adhesions, such as vinculin and paxillin,
represent markers of the focal adhesion volume.

This observation is important when the
fluorescence intensity of such GFP chimeras is
measured by light microscopy, which is unable to
resolve the depth of focal adhesions (Fig. 1c) [22].

For example, if one observes an increase in the
fluorescence intensity of a given GFP marker within
a focal adhesion, the following conclusions can be

http://tcb.trends.com  0962-8924/02/$ - see front matter © 2002 Elsevier Science Ltd. All rights reserved. Pll: S0962-8924(02)02321-8
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Fig. 1. The topology of focal adhesions and their components on a flat surface such as a fibronectin-
coated glass coverslip (a) or formed within a three-dimensional network of collagen fibres (b).

The topology of focal adhesion is identical in (a) and (b), linking the extracellular substrate (blue) via
integrin heterodimers (red) embedded in the plasma membrane (thin lines) and various adaptor
proteins (green) to the actin cytoskeleton (purple). Although focal adhesions are very flat structures,
they nevertheless have a certain volume occupied by many adaptor proteins stacked on top of each
other. This volume can be considered as a box (c) in which the adaptor proteins appear as volume
markers that fill the inside of the focal adhesion. By contrast, transmembrane constituents of focal
adhesions such as integrins will behave as two-dimensional (2D) markers labelling just the lower
surface of the box. The increase in the fluorescent intensity of the 2D marker indicates a higher
packing density within the focal adhesion. By contrast, owing to the missing resolution along the
zaxis, an increase in fluorescence intensity of the volume marker does not allow us to distinguish
between an increase in packing density (concentration) or an increase in focal adhesion volume.
This makes a 2D marker a better diagnostic instrument to analyse the interior physical structure of
focal adhesions.

drawn (Fig. 1c). For a 2D marker, the equation is
simple: an increase in fluorescence intensity indicates
a higher packing density in the focal adhesion. For a
volume marker, the situation is more complex: higher
fluorescence intensity indicates more GFP molecules,
but this yields no structural information about

the organization of the extra molecules recruited to
the focal adhesion. The issue is further complicated by
the fact that certain focal adhesion adaptor proteins
can, owing to their multiple protein—protein interactions
[1], behave as 2D or volume markers depending
whether they interact with plasma-membrane-

or actin-backbone-associated focal adhesion
components. In general, however, a 2D marker has a
higher diagnostic potential than a volume marker for
interpreting changes in fluorescence intensity.

http://tcb.trends.com
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This problem with quantifying GFP marker
proteins that do not exclusively associate with the
plasma membrane of focal adhesions is highlighted
in the following two examples. In human foreskin
fibroblasts, it has been demonstrated that the amount
of tension generated by a focal adhesion correlates
directly with focal adhesion size and with the amount
of fluorescence of the focal adhesion adaptor protein
GFP-vinculin in it [9]. In another study, the
fluorescence intensity of GFP—zyxin, another focal
adhesion adaptor protein, has been compared with
the traction forces exerted by focal adhesions in
migrating fish fibroblasts. In contrast to the analysis
with vinculin, the fluorescence intensity of
GFP-zyxin in focal adhesions demonstrated an
inverse correlation with the generated traction stress
in the respective focal adhesions [10]. We are led to
conclude that the different focal adhesion markers
used in these studies have distinct functions and are
being recruited by signals that might not be
generated by the mechanical forces applied to
focal adhesions. Moreover, bearing in mind the
complexity and multiple functions of focal adhesions,
it is very difficult to assign a specific cause to changes
in the fluorescence intensities of any particular
GFP marker. Hence, we propose the use of a
2D GFP marker for the quantitative analysis of
tension-dependent changes in focal adhesion
structure. Preferably, this 2D marker should also
serve a mechanical function, for example by being
part of the physical link between the extracellular
matrix and the actin cytoskeleton.

Using a 2D GFP-[33-integrin marker

The two examples of changing intensities of the focal
adhesion markers GFP—vinculin and GFP—zyxin
show dramatically that focal adhesions are complex
structures that require multiple functional parameters
to describe their behaviour, such as fluorescence
intensity, traction forces and focal adhesion mobility
(also termed ‘sliding’[13]). When a 2D GFP—[33-
integrin marker is used to study focal adhesions, the
respective fluorescence intensity correlates directly
with the packing ‘density’ of this particular integrin in
each focal adhesion. The analysis of GFP—p3-integrin
in five different focal adhesions in a migrating
melanoblast revealed several important features
(Fig. 2). First, focal adhesion can be classified into
low-density and high-density forms. Second, focal
adhesion density can change dramatically with time.
Third, high- and low-density contacts are located in
different cellular compartments. Fourth, only high-
density focal adhesions show mobility (‘sliding’) [11].
The value of this complex information can be further
extrapolated taking into account the fact that
low-density focal adhesions form in response to the
activity of the GTPases Racl and Cdc42, and
high-density focal adhesions form in a manner
dependent on the GTPase RhoA and acto-myosin
contraction [11]. This implies that, at least for
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Fig. 2. The two-dimensional (2D) marker green-fluorescent-protein (GFP)-f3-integrin reveals the
multidimensionality of focal adhesions. A melanoblast (melb-a [50]) stably transfected with
GFP-B3-integrin was stimulated with a growth factor to induce migration. The migration is
characterized by the formation of an actin-filament-rich lamellipodium at the cell frontand a
subsequent coalescence of these actin filaments into actin bundles at the lateral edges of the
lamellipodium [41,51]. Focal adhesions A, B and C are located along this lateral edge, whereas focal
adhesions D and E are positioned within the advancing lamellipodium. The circles mark the positions
of the focal adhesions in the first frame (A, B and C) or where they first appear (D, E) and are keptin a
constant position throughout the different frames (1-5). Focal adhesions D and E remain stationary,
whereas focal adhesions A, B and C show inward ‘sliding’. In addition, notice the differences between
the focal adhesion fluorescence intensities of low-density focal adhesions (D, E) within the
lamellipodium and high-density focal adhesions (A, B and C) located along the lateral edge of the
lamellipodium [11]. Bar, 4.5 um.

B3-integrins, myosin-dependent actin-cytoskeleton
contraction is at the origin of the formation of
high-density focal adhesions.

Importantly, the notion that focal adhesions can
exhibit different densities would not have been
anticipated by the use of GFP markers that are not
confined to the 2D plane of the plasma membrane.
The observation that the packing densities of
B3-integrins can increase two- to threefold [11]
has important consequences, bearing in mind
that integrins are anchored simultaneously via
adaptor proteins to the actin cytoskeleton and their
extracellular ligands. Owing to this mechanical link,
either density changes in the actin backbone of focal
adhesions or changes in the spacing of extracellular
ligands (e.g. induced by extracellular tension) will
mechanically distort the link between integrins and
actin-bound adaptor proteins. Furthermore, the
induction of acto-myosin contraction of low-density
focal adhesions, as observed in migrating cells (Fig. 2)
[11], might have different behavioural consequences
depending on whether the bound extracellular
ligands form a rigid or elastic surface or whether they
exhibit dense or widely spaced integrin binding sites.
Some of these theoretical concepts are outlined below
with the relevant cellular responses.

Elasticity and spacing of extracellular-matrix ligands
Anybody who has cultured cells on a plastic dish will
have realized that, although cells spread, adhere and
divide, they will, in living tissues, encounter non-
homogeneous microenvironments consisting of rigid
as well as flexible domains. Therefore, experiments in
which cells have been cultured on elastic substrates
have provided interesting information about the
cellular responses within a flexible environment.
Fibroblasts plated on a flexible substrate were unable

http://tcb.trends.com
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to adhere tightly and migrated much faster than on a
rigid substrate [23]. Furthermore, when cells were
plated on a gradient of different elasticities, they
migrated from the flexible towards the more rigid
surface [24]; the term ‘durotaxis’is used for this
movement towards a more rigid surface. Therefore,
cells must be able to measure extracellular resistance
by physical contact with their environment.

How do cells measure or sense the physical
constraints of their environment? It is plausible that
mechanical sensing occurs inside focal adhesions,
considering that the sensing organelles of cells — the
filopodia and lamellipodia — have low-density focal
adhesions (also called focal complexes in fibroblasts)
that form in a Racl- or Cdc42-dependent manner
[5,11]. When the cell moves forward (Fig. 2), the
low-density adhesions transform into high-density
adhesions (also called focal contacts in fibroblasts) in
response to RhoA activation and myosin-dependent
actin-filament contraction [5,11]. The combination of
an increase in focal adhesion density and centripetal
acto-myosin contraction is sufficient to probe the
resistance of the extracellular environment (Fig. 3).
It has been observed that, on elastic substrates, focal
adhesions retract, whereas they are reinforced and
maintained on a rigid surface, anchoring the cell for
forward motion [24].

The mechanism of focal adhesion reinforcement
and maintenance on a rigid surface is not well
understood but can be observed under different
experimental conditions. Fibronectin-coated beads
that attach to the dorsal surface of cells show
retrograde motion and can be easily removed with
optical tweezers. However, holding the bead on the cell
surface for only a short period of time is sufficient to
reinforce cellular binding to the bead, a process that
can be blocked by the tyrosine phosphatase inhibitor
phenylarsine oxide (PAO) [25]. Furthermore, it has
been demonstrated that focal adhesion loss or
reinforcement in response to a local reduction
or increase in substrate tension, respectively, requires
the presence of focal adhesion kinase (FAK) [26].

In addition, brushing against a moving lamellipodium
with a microneedle induces the maturation of
lamellipodial focal complexes (low-density focal
adhesions) into focal contacts (high-density focal
adhesions) [27]. This maturation of focal adhesions in
response to extracellularly applied tension depends
on RhoA activation and its downstream target
Diaphanous (mDia)[18,27,28]. Because mDia acts as
an actin polymerization factor, the observed increase
in size and density of focal adhesions could be linked
to increased amounts of polymerized actin [28,29].
Similarly, in undisturbed cells, the molecular signals
involved in transforming low-density into high-
density focal adhesions and the synthesis of associated
actin stress fibres involves RhoA activation and its
downstream targets Rho kinase and mDia [3,5,29,30].
Whereas Rho kinase inhibits the myosin light chain
phosphatase, which results in continuous acto-myosin
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Fig. 3. The influence of substrate elasticity and spacing on focal
adhesions formed on rigid [brick wall; (a, c)] and elastic [blue ribbon (b)]
substrates. The integrin-binding sites are represented by blue triangles
in adense (a, b) or wider-spaced (c) configuration. When focal
adhesions are formed within filopodia or lamellipodia, they assume a
low-density configuration that does not necessarily occupy all available
extracellular-matrix-binding sites (left-hand side). In addition, the loose
integrin spacing might leave space for additional non-integrin
transmembrane receptors within the adhesion site (yellow). Owing to
the absence of acto-myosin contraction, adaptor proteins are in a
relaxed configuration (green circles). In response to RhoA activity and
increased tension, the actin cytoskeleton will contract, generating a
lateral pull. We propose that the distortions created in integrins (red)
and adaptor proteins (green ovals) between the rigid extracellular
binding sites and the contracting actin cytoskeleton induces
mechanical signaling (‘zigzag’ orange arrows) by exposing so-far-
unidentified stress-sensitive binding sites for adaptor or signaling
proteins [31]. The subsequent recruitment of new integrins and adaptor
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proteins together with actin polymerization will lead to high-density
focal adhesions that, however, need to be continuously pulled to
maintain mechanical signaling. When the cell establishes a low-density
focal adhesion on an elastic substrate, the subsequent acto-myosin-
dependent contraction will not be able to create a distortion within the
condensing focal adhesion because of the lack of resistance of the
substrate (b). In the absence of a mechanical distortion, no mechanical
signaling will occur. The lack of focal adhesion reinforcement will result
in the dispersal of the focal adhesion site. By contrast, when an elastic
substrate is locally pulled or stretched, mechanical signaling is initiated
by the distortion of the focal adhesion site, resulting in a high-density
adhesion (b). When low-density focal adhesions on widely spaced
extracellular-matrix ligands are contracted by RhoA-induced acto-
myosin activity, mechanical signaling will be initiated, leading to the
formation of high-density adhesions (c). However, when the spacing of
extracellular ligands is too wide, only a suboptimal amount of integrins
will be engaged in substrate adhesion, insufficient for the formation of
stress fibres and resistance to a further increase in tension (c).
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contraction, mDia acts as an actin polymerization
factor within focal adhesion sites.

Most importantly, however, it has recently been
demonstrated that the mechanically stretched,
Triton-resistant cytoskeleton of fibroblasts recruits
signaling molecules such as paxillin and FAK to
stretched focal adhesions [31]. These signaling
molecules are recruited to the focal adhesions and not
to the actin cytoskeleton extended between them.
This is of particular importance because it suggests
that the mechanical distortion of focal adhesions itself
is at the origin of mechanical signaling. However, it
has to be demonstrated whether the mechanical
distortion of integrin receptors or the specific adaptor
proteins such as FAK [26] or paxillin, which extend
between integrins and the actin cytoskeleton, is
involved in mechanical sensing. Interestingly, when
the extracellular tension is reduced, focal adhesion
sites loose the ability to recruit paxillin [31] and will
detach from the relaxed substrate [26], suggesting
that continuous generation of intracellular tension
(and hence high-density focal adhesions) is required
to maintain mechanical signaling. Figure 3b
demonstrates the different fates of low- and
high-density focal adhesions with respect to the
elasticity of the substrates. The absence of
mechanical signaling on an elastic substrate is
proposed to be because of the lack of physical
distortion during the contraction of focal adhesions.

A second model based on the different densities of
focal adhesions can be extrapolated from the spacing
of extracellular ligands. RGD peptides represent the
integrin recognition sequence of the major cell
binding site of fibronectin [2]. Differently spaced
RGD peptides have been used to study the minimal
RGD densities required for cell spreading and
adhesion [32]. Whereas cells readily spread and
attached to an RGD density of 1 fmol cm2, cells were
unable to form focal contacts (high-density focal
adhesions) and stress fibres on this substrate.

Only at RGD densities of 10 fmol cm~2 or above were
high-density adhesions and stress fibres formed. This
suggests that, beyond a crucial density of integrin
ligands (e.g. RGD), cells can only use low-density focal
adhesions for attachment, which form in spreading
lamellipodia and filopodia, exhibiting wider integrin
spacing to establish a stable contact to the substrate.

These data have recently been complemented
by an elegant study analysing cell adhesion in a
centrifugal force field on a substrate coated either
with small clusters of RGD peptides or with monomeric
RGD peptides [33]. Interestingly, when pulled by a
centrifugal force field, cells plated on the clustered
RGD substrate showed reinforcement of cell adhesion,
suggesting the formation of high-density focal
adhesions. Cells plated on an equimolar amount of
monomeric RGD peptides, however, could not resist
the centrifugal force and detached. These data suggest
that, on the evenly spaced, monomeric RGD substrate,
the high-density focal adhesions (which formed in
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response to mechanical forces) could not be
stabilized because of the absence of the appropriate
high-density spacing of RGD ligands found only

in the clusters.

Based on these data, it is therefore possible (Fig. 3c)
that low-density focal adhesions within filopodia or
lamellipodia can bind to surfaces with widely spaced
extracellular matrix ligands. As soon as a cell
generates RhoA-induced acto-myosin contraction of
focal adhesion, these sites will only resist if the
spacing of the extracellular-matrix ligands matches
that of the packing density of the integrins within the
high-density focal adhesion. An important prediction
of this model is that Rac1l- or Cdc42-induced cellular
processes such as neuronal growth cones, which
move forward by the force generated by actin
polymerization in lamellipodia and filopodia, can
adhere to and explore substrates that have only widely
spaced extracellular ligands. These processes, however,
will retract on these substrates when RhoA activity
leads to acto-myosin contraction [34,35].

FRAP analysis reveals the dynamic interior of focal
adhesions

The model of focal adhesion behaviour and
mechanical signaling presented here is based on the
notion that the initial stress-induced physical
distortion of focal adhesions causes changes in their
densities and subsequent recruitment of signaling
and structural focal adhesion proteins. Although this
model explains many of the experimental findings,
it does not explain the observed mobility (‘sliding’)
of focal adhesions [11,13]. One of the best techniques
for measuring the internal dynamics of complex
structures is fluorescence recovery after photobleaching
(FRAP) [36]. This technique can be used to analyse
many cellular structures and is particularly

suited for use with GFP chimeras. During FRAP,
the chromophore in the GFP protein is irreversibly
inactivated and the generated radicals are efficiently
scavenged by the GFP protein cage, reducing the
phototoxicity of the laser pulse. The time and

degree of fluorescence recovery within the bleached
spot give information about the reorganization and
renewal of the analysed structure. When this
technique is applied to focal adhesions, each focal
adhesion marker will have its own characteristic
FRAP ‘value’that depends on its intracellular
concentration (availability) as well as the number
and strength of binding sites to other focal

adhesion components. Because integrins are a
structural component of the link between the
cytoskeleton and the extracellular matrix, FRAP
can give information about the dynamic state of the
focal-adhesion—substrate interface.

Analysing GFP—f3-integrins by FRAP revealed
that high-density focal adhesions undergo renewal
that results in the complete exchange of integrins
within 5—10 min. Interestingly, low-density focal
adhesions that do not exhibit acto-myosin
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Fig. 4. Fluorescence recovery after photobleaching (FRAP) reveals the
dynamic remodelling of high-density focal adhesions. An inwardly
‘sliding’ high-density focal adhesion of a green-fluorescent-protein
(GFP)-B3-integrin-transfected melanoblast (melb-a) was analysed by
FRAP [11] (a). Between 0 and 25 sec, the fluorescence has been
inactivated within the circled region. In all subsequent frames, the
initial outline (at 0”) of the focal adhesion has been traced to show the
relative locations of the reappearance of the GFP fluorescence. Some
fluorescence recovers within the former location of the focal adhesion,
but most GFP—3-integrin accumulates at the edge of the bleached focal
adhesion facing the interior of the cell. (See also the accompanying
supplementary video at: http://archive.bmn.com/supp/tcb/imhof.mov.
Inthe video, the bleached region is indicated by a circle in frame 1. After
the fluorescence inactivation (0’), each subsequent frame is labeled
with the respective time after bleach. The width of field is 27 um.)

A schematic view of the proposed mechanism of sliding caused by a
polarized renewal of high-density focal adhesion is shown (b). High-
density focal contacts demonstrate continuous dispersal of old
(Disassembly, red) and polymerization and aggregation of new
(Assembly, green) focal adhesion components. Local differences in the
cellular traffic of these building blocks along the polarized microtubule
network creates an imbalance between disassembly and assembly in
focal adhesion localized to the retracting rear of migrating cells. This
imbalance results in a polarized renewal of focal adhesions, giving the
impression of ‘sliding’ (left-hand side). At the cell front, however,
defined by the presence of an advancing lamellipodium, integrins and
adaptor proteins ready to become incorporated into the renewing focal
adhesion have similar access to all sides to induce a nonpolarized
renewal that does not result in sliding (right-hand side). Bar, 5.5 um.

contraction show a reduced turnover [11]. Focal
complexes formed at the cell front do not ‘slide’ or
demonstrate integrin turnover; by contrast, focal
contacts at the cell rear slide and renew their
integrins at a high rate [11,13]. This suggests that
sliding of focal contacts might be a consequence of
integrin renewal.
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In Figure 4a, a rapidly sliding focal adhesion has been
bleached by a laser pulse (see also the supplementary
video at: http:/archive.bmn.com/supp/tcb/imhof.mov).
Although there is some renewal of the focal adhesion
within the bleached region, a much faster de novo
recruitment of integrins can be observed at the side of
the focal adhesion facing the cell centre. This suggests
that sliding focal adhesions demonstrate a polarized
renewal leading to their displacement (Fig. 4b). The
renewal of focal adhesions requires the delivery of
new building blocks. The disassembly, at the side of
the focal adhesion facing the cell periphery, could
therefore be caused by the absence of delivery of new
focal adhesion components. In this respect, it is
interesting that integrins, like many other membrane
components, are transported away from the cell rear
towards the front by vesicular transport [12,37-39].
By contrast, when the building blocks required for
focal adhesion renewal are transported towards pre-
existing focal adhesion sites, for example to form a
local lamellipodium (Fig. 4b), focal adhesions can
renew at their distal as well as their proximal end.
This isometric renewal could explain why retracting
focal adhesions temporarily halt their inward sliding
at sites of local lamellipodium formation [11] and why
maturing focal adhesions that are formed behind the
cell front in migrating fibroblasts do not demonstrate
sliding [13]. This model is also in agreement with
the observation that high-affinity ovB3 integrins
are generated by Racl activity, associated with
the formation of lamellipodia [40]. To conclude, the
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continual renewal of high-density focal adhesions
gives the cell the necessary plasticity to continuously
adapt pre-existing focal adhesions to modify cellular
shape and function.

Concluding remarks

We have proposed here that new models to explain
focal adhesion structure, function and regulation
require the analysis of functional criteria such as
focal adhesion density, renewal and the amount of
traction force. Nevertheless, much work remains to be
done to identify the regulatory pathways involved in
focal adhesion dynamics and mechanical signaling.
Although it is plausible that the physical distortion of
focal adhesions is at the root of mechanical signaling,
it is not known which protein domains can fold in a
tension-dependent manner to expose binding sites for
signaling proteins.

A second crucial task involves the elucidation of the
signals that lead to and control focal adhesion
turnover. This is especially important for migrating
cells, because the efficient release of focal adhesions at
the cell rear allows fast migration [41,42]. It has been
demonstrated that stretch-activated calcium channels
play an important role in rear detachment [43].
Calcium influx might stimulate RhoA and subsequent
Rho-kinase activation, which is required for rear
detachment of cells of haematopoietic origin [44,45].
This suggests, however, that acto-myosin contraction
within focal adhesions is part of the signaling pathway
that leads to focal adhesion disassembly. It remains a
paradox that the same signaling pathway is also
involved in focal adhesion enforcement. Finding the
molecular switch remains a crucial task.

Although the model presented here is mainly
based on data generated with the ovp3 integrin,
which is involved in cell migration, the integrin
family comprises more than 20 different members
with potentially different functions [19]. One
remarkable example is the a5p1 integrin, which

[T 7R:n0s in Cell Biology Vol.12 No.8 August 2002

initially localizes with avB3 in focal contacts of
fibroblasts but subsequently segregates into fibrillar
adhesions involved in fibronectin matrix assembly
[6,46]. It has been suggested that this difference

is due to the constitutive high-affinity state of

05B1 integrins required to bind to fibronectin,
whereas the high-affinity (or ligand-bound) state of
avP3 integrins is less stable [47]. Alternatively, it has
been demonstrated that the non-receptor tyrosine
kinase Src selectively suppresses the reinforcement of
substrate binding (the high-affinity state) of av33
integrins but not of o531 integrins [48]. Whether the
high- to low-affinity switch of avB3 or other integrins
is correlated with focal adhesion turnover and cell
migration remains to be shown [49].

What is most pertinent, however, is that volume
and 2D focal adhesion markers have to be analysed
in parallel, to calibrate focal adhesion density
changes with the recruitment or loss of focal
adhesion components. For example, RhoA-induced
high-density GFP—33-integrin contacts have much
more vinculin (as determined by conventional
immunofluorescence) than control focal adhesions
(B. Wehrle-Haller, unpublished). This suggests that
vinculin is recruited to high-density focal adhesions
in response to RhoA signaling and/or tension [9].
However, vinculin is not recruited to stretched and
Triton-extracted focal adhesions [31], suggesting that
it plays a structural role by supporting the increased
tension within focal adhesion but is not directly
involved in mechanical sensing.

A careful analysis of the functional role and the
topology of several GFP markers is required in
order to correctly interpret qualitative changes
in fluorescence intensities and FRAP behaviour. This
will allow the construction of a structural, dynamic
model of focal adhesion. Revealing the regulatory
circuits involved in focal adhesion dynamics should
facilitate the discovery of new therapeutic approaches
for wound healing or to prevent metastasis.
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5.3. Outlook

Although progress in understanding cell motility has been substantial, cell migration remains
a fascinating but still pristine aspect of cellular physiology. Significant work has to be done in order
to understand the interactions between chemotactic signals and the actin cytoskeleton. It has become
apparent that cell migration requires efficient mechanisms to establish and maintain cell polarity,
which involves recycling, sorting and rear to front transport of membranes and proteins across the
cell. It will be particularly challenging to functionally connect cytoskeletal and membrane remodeling
that are both stimulated by RTKs or chemokine receptors. In addition, the detailed analysis of
integrin and focal adhesion dynamics with the help of the GFP technology will be paramount to
develop focal adhesion specific tools that can fine-tune intracellular tension and focal adhesion
remodeling, involved in pathological situations associated with excessive cell migration. The task
will be to turn a cell into a reaction tube in which each protein component can be quantitatively
analyzed in its physiological environment. This has now become possible to various spectral and
functional GFP variants that allow distance and dynamic measurements of protein-protein and
protein-membrane interactions. Combining theses experimental approaches will lead to a further
understanding of normal or pathological migratory events. With this knowledge it will be possible to
create new therapeutic tools to stabilize or revert pathological situations associated with excessive

cell migration.
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