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Primordial germ cells (PGCs), the progenitors of the gametes,

migrate from the position where they are specified towards the

region where the gonad develops. To reach their target, the

PGCs obtain directional cues from cells positioned along their

migration path. One such cue, the chemokine SDF-1, has

recently been found to be critical for proper PGC migration in

zebrafish and in mice. In Drosophila, too, a molecule that is

structurally related to chemokine receptors and is important for

PGC migration has been identified. The ability to visualize

chemokine-guided migration at a high resolution in vivo in these

model organisms provides a unique opportunity to study this

process, which is relevant for many events in normal

development and disease.
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Abbreviations
7-TM seven transmembrane
HMGCoAr 3-hydroxy-3-methylglutaryl coenzyme A reductase

PGC primordial germ cell

SDF stromal cell-derived factor

SGP somatic gonadal precursor

Introduction
Organ development and function rely on cooperation

among different cell types. In many cases, cells that form

an organ originate some distance away from the place

where the organ develops. Understanding the mechan-

isms that enable migrating cells to reach their targets is

therefore a central theme in the study of organogenesis

and of clinical conditions resulting from aberrant cell

migration.

The gonad, the organ where the gametes are generated,

is composed of two major cell populations, somatic and

germ cells. The somatic cells of the gonad are crucial for

supporting proper development of germ cells, the lineage

that gives rise to sperm and eggs. Interestingly, in most

organisms the germ cells are specified in positions that are

distinct from the location where the gonad develops [1,2].

Therefore, the germ cells (termed primordial germ cells

or PGCs at this stage) have to migrate through the

developing embryo and become incorporated in the

developing gonad [1,2].

Analysis of PGC migration in different organisms sup-

ports the idea that the cells are guided towards their target

by cues provided by somatic cells along their migration

route [1]. Recently, molecules involved in providing the

PGCs with directional information were identified. These

findings, discussed in the context of previous studies, are

the focus of this review.

Guidance of PGC migration in Drosophila
Drosophila PGCs (or pole cells) are formed earlier than

the cells that constitute the somatic portion of the gonad

and at a different location [1,3]. From the posterior part of

the embryo, where they are specified, the PGCs move

with the invaginating posterior midgut primordium

towards the interior of the embryo. The PGCs leave

the midgut by traversing its epithelium and assume a

dorsal position so that they face the mesoderm. The

PGCs then migrate toward the somatic gonadal precursor

(SGP) cells with which they make contact and eventually

coalesce to form a gonad. The initial translocation of the

PGCs with the invaginating posterior midgut primor-

dium is driven by the movement of the somatic cells, with

the PGCs being passively carried along with the endo-

dermal cells. In the next stage, however, the PGCs

actively migrate through the gut. Yet this process too

depends on the somatic cells that form intercellular

spaces within the single-layered epithelium and thus

allow the PGCs to transmigrate [4–6].

Following on from this work in wild-type embryos, exten-

sive mutational analysis and the use of other genetic tools

showed that PGC migration can be divided into distinct

steps. In addition, several molecules required for the

directed migration of PGCs were identified [7–12,13�].
For example, the active migration through the gut epithe-

lium was found to depend on the function of trapped in
endoderm-1 (Figure 1a). This gene is expressed in PGCs

and encodes a 7-transmembrane (7-TM) domain orphan

receptor related to chemokine receptors [13�]. Consider-

ing that a role for this family of receptors in PGC migra-

tion has been demonstrated in zebrafish and mice (see

below), signaling through 7-TM receptors could repre-

sent an evolutionarily conserved mechanism for guiding

PGC migration. In addition, transepithelial migration

requires the function of the small GTPase Rho1, pre-

sumably to allow specific alterations in actin cytoskeleton

architecture to take place [13�]. After transversing the gut
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epithelium, two apparently independent and spatially

distinct activities guide the PGCs towards the SGPs

(Figure 1a). Wunen and Wunen-2, homologues of mam-

malian lipid phosphate phosphatases, generate a repul-

sive environment directing the PGCs toward the

mesoderm [7,11]. Subsequently, 3-hydroxy-3-methylglu-

taryl coenzyme A reductase (HMGCoAr, columbus) is

responsible for generating an attractive environment in

the target region [9]. Although the precise mode of action

of HMGCoAr has not yet been reported, this enzyme is

expressed in the mesodermal target and controls a rate-

limiting step in the mevalonate pathway; HMGCoAr

could therefore be important for the production of a

compound used to modify the actual attractant (e.g. a

lipid used in protein modification).

In conclusion, these studies highlight the significance of

interactions between the somatic cells and the migrating

Figure 1
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A simplified schematic representation of the spatial distribution of molecules relevant for guidance of PGC migration in Drosophila, mouse and

zebrafish embryos. (a) Expression of trapped in endoderm-1 (Tre-1, blue) in the PGCs of Drosophila is required for transepithelial migration out of

the posterior midgut. Once out of the posterior midgut, the PGCs are directed towards the mesoderm by the repulsive activity of Wunen and

Wunen-2, which are expressed in certain areas of the posterior midgut (red). The PGCs are then attracted to the somatic gonadal precursor cells

that express hmgcr (green). (b) At the 9th day of mouse embryonic development the PGCs are found at the ventral part of the hindgut. From there

they migrate dorsally towards regions expressing SDF-1 (yellow) that directs them to the genital ridges. (c) Zebrafish PGCs are formed within a

broad domain of SDF-1a expression (yellow). Alterations in the shape of this domain by control over the spatial activity of the sdf-1a promoter

and simultaneous migration of the PGCs to domains that express the gene at high levels results in cell accumulation in the region where the gonad

develops. For simplicity only the left half of the embryo is illustrated.
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cells, interactions that ensure that the developing gonad

becomes populated by PGCs. The somatic cells can play

either a permissive role (e.g. by altering midgut epithe-

lium properties and thus allowing PGC migration) or an

instructive role (e.g. by producing repulsive and attractive

signals).

Guidance of PGC migration in mouse
Despite the anatomical differences between the embryos

and the different mode of PGC specification [14–16], in

principle the migration path of mouse PGCs is similar to

that described above for Drosophila. After the endoderm

invaginates to form the hindgut, PGCs are found along

the ventral side of the forming organ. Leaving this site,

the PGCs migrate actively through the dorsal aspect of

the gut and then perform directed migration towards the

genital ridge [17,18].

As in Drosophila, a role for somatic tissues in support-

ing the directed migration was demonstrated in mouse.

For example, PGCs lacking b1-integrin do not colonize

the gonad efficiently [19]. This finding underscores the

importance of interactions between the PGC and the

extracellular matrix. Importantly, Godin et al. [20] have

demonstrated in vitro that the genital ridge tissue can

attract PGCs, although the molecule responsible for this

activity is not known. Additional molecules have been

implicated in guiding mouse PGCs, such as the c-kit
receptor tyrosine kinase, which is expressed in the PGCs,

and its ligand Steel, which is expressed by somatic cells

along the migratory route. It was suggested that receptor–

ligand interaction between these molecules is required to

support migration and survival of the PGCs [21–23], but a

direct demonstration of the role of Steel as a guidance cue

is still lacking. Therefore, it is possible that c-kit signaling

plays only a permissive role by supporting proliferation

and survival of migrating mouse PGCs.

The most promising candidate for a signaling molecule

that guides mouse PGCs is the chemokine stromal cell-

derived factor 1 (SDF-1). In the context of PGC gui-

dance, this molecule was originally identified in zebrafish

[24��]. The receptor for SDF-1, the 7-TM domain protein

CXCR4, is expressed in mouse germ cells, whereas

expression of its ligand is high in the genital ridge and

the gonad, the targets of the migrating cells [25�,26��]
(Figure 1b). The requirement for chemokine signaling

for colonization of the gonad by PGCs was demonstrated

by studying the process in mice deficient for the activity

of the receptor [26��] or the ligand [25�]. In both cases,

specification and arrival at the position in the gut from

which the PGCs initiate their dorsal migration was not

affected, but the mutant mice showed a substantial

decrease in the number of PGCs that were able to reach

the genital ridge. The impaired colonization of the gonad

in the mutant mice appears to reflect a dual role for

CXCR4 signaling in PGC development: in addition to

the apparent defects in guidance, the total PGC number

was reduced, revealing a function for CXCR4 in control-

ling cell proliferation and/or survival [26��]. The best

evidence for SDF-1 playing a direct role in guiding mouse

PGCs comes from live cultures of the hindgut region,

where SDF-1 can influence the migration of GFP-labeled

PGC [26��]. Specifically, application of exogenous SDF-1

inhibited the migration of the PGCs toward the genital

ridges, presumably by interfering with the generation

of positional information by the endogenous ligand.

Furthermore, SDF-1-coated beads producing high local

concentrations of the protein can attract migrating germ

cells and alter their migration trajectories.

In summary, as in Drosophila, mouse PGC migration

depends on permissive interactions with somatic cells

and on instructive cues that guide them towards their

target. Our ability to follow the migration process using

the slice culture setup, together with the availability of

mice deficient for the receptor and/or the ligand, should

facilitate thorough investigation of chemokine-directed

cell migration.

Guidance of PGC migration in zebrafish
Among the organisms discussed in this review, the pro-

cess of reaching the gonad appears to be most challenging

in zebrafish PGCs. In contrast to the single defined

migration starting points in mouse and Drosophila, zebra-

fish PGCs are specified in four positions that are randomly

oriented with respect to the axis of the embryo [27,28].

Notably, despite this seemingly complex situation, vir-

tually all cells reach their target within the first day of

development. The robustness of PGC migration in zebra-

fish was convincingly demonstrated in experiments in

which PGCs transplanted to a region destined to give rise

to head structures were nevertheless able to reach the

gonad [29]. In an attempt to understand the mechanisms

that allow the cells to reach their target, the PGC migra-

tion path was determined in wild type and mutant

embryos and the behavior of PGCs in live embryos

was followed (Figure 2). This analysis led to the definition

of six migration steps, some of which involve active

migration and some passive migration in which PGCs

are carried along by the movement of somatic tissues

[28,30�].

The main conclusions drawn from these studies were as

follows: first, that PGCs depend on guidance cues from

somatic cells; second, that the directional cues are attrac-

tive; and third, that on their way to the region of the

gonad, the cells pass through domains within the embryo

that constitute intermediate targets [28,30�,31]. The

results of these studies reveal how the PGCs arrive at a

common target irrespective of their starting point. Briefly,

a broad domain of attractive environment is formed in the

early embryo that includes the positions in which the

PGCs are specified. Dynamic changes in the shape of this
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domain and the resulting migration of the PGCs culmi-

nates in the accumulation of PGCs in two clusters in the

position where the gonad develops.

The molecule responsible for attracting zebrafish PGCs

towards their intermediate and final targets is the che-

mokine SDF-1a, a secreted molecule that is expressed in

domains previously defined as attractive to PGCs

(Figure 1c) [24��,31]. In mutant embryos in which the

expression pattern of SDF-1a is changed as a result of

abnormal somatic development, PGC migration is altered

and corresponds to the new expression profile of the gene

[24��]. Similarly, expression of SDF-1a in ectopic loca-

tions is sufficient to attract the PGCs to these positions

[24��]. Finally, in embryos in which the activity of SDF-

1a [24��] or its receptor CXCR4b [24��,32] is reduced, the

cells arrive at ectopic positions, thus proving that SDF-1a

serves as the endogenous directional cue for zebrafish

PGCs. It is noteworthy that the cells in which SDF-1a

signaling is inhibited are motile, but in contrast to wild-

type PGCs they show non-directional migration and

exhibit less-polar cell morphology [24��].

Conclusions
Over the past few years, the field of PGC migration has

advanced significantly, primarily as a result of the identi-

fication of molecules that serve as directional cues for the

cells. These findings make the study of PGC migration, a

classical topic in developmental biology, directly relevant

to work on the development of other organs [33,34], stem

cell homing [35,36], leukocyte trafficking [37,38] and

neuronal cell migration [33,39], in which the same mole-

cules are utilized. Moreover, the numerous recent demon-

strations of the role of CXCR4 in tumor formation and

the spreading of malignant cells [40,41,42��] make the

research of PGC migration pertinent to this subject too.

The accessibility of the zebrafish and Drosophila embryos

and the techniques that permit visualization of live PGC

migration in the mouse provide excellent experimental

systems in which these processes can be explored.
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