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Abstract

Embryonic germ cell migration is a vital component of the germline lifecycle. The translocation of 

germ cells from the place of origin to the developing somatic gonad involves several processes 

including passive movements with underlying tissues, transepithelial migration, cell adhesion 

dynamics, the establishment of environmental guidance cues and the ability to sustain directed 

migration. How germ cells accomplish these feats in established model organisms will be 

discussed in this review, with a focus on recent discoveries and themes conserved across species.

Introduction

Embryonic development involves the complex and coordinated movement of many cell 

types. In many metazoans, germ cells are specified at one location in the embryo and must 

translocate across a large distance to find the developing somatic gonad. This translocation 

often involves more than one process, including moving passively with underlying somatic 

cells, traversing epithelial barriers and responding to environmental guidance cues during 

active migration. As defects in any one of these processes can compromise fertility, the 

migration of germ cells is a critical component of the germline lifecycle and propagation of 

many metazoan species. Therefore, it is not surprising that germ cell migration has been the 

subject of intense scientific interest for more than one hundred years [1–3]. Investigations 

into germ cell movements have yielded a wealth of insights into the mechanisms of cell 

migration in the context of dynamically developing embryos. This review will focus on 

recent discoveries and highlight features and strategies shared by many model organisms.

Migratory paths of germ cells

Germ cell migration is being investigated in an ever-growing number of organisms [4–7]. 

Established model organisms include mice, chicken, frogs, fruitflies and two teleost fish: 

zebrafish and medaka [8–13]. Despite divergence, features of overall path of embryonic 

germ cells can be remarkably similar between these species. For instance, germ cells are 

often specified at the posterior edge of the embryo or at the border between embryonic and 
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extraembryonic tissues (Figure 1). Germ cells then translocate during morphogenetic 

movements. These movements usually occur during gastrulation and involve movements 

with endodermal tissue toward the center of the embryo. In Drosophila and Xenopus, the 

translocation with endodermal tissue is a passive process and known to require germ cell 

adhesion to underlying endodermal epithelium [14,15], while germ cell morphology 

suggests that endoderm translocation may be an active process in mice [16,17]. Germ cells 

that get enclosed within the developing endoderm must undergo a transepithelial migration 

to enter the mesoderm before migrating both dorsally and laterally to form two groups of 

germ cells that will occupy each somatic gonad. In Drosophila and mice, these dorsal/lateral 

movements occur after gut exit, while in Xenopus the dorsal/lateral movements occur before 

endoderm exit [10,14].

Alternative migration paths are observed in two model organisms. In chicken embryos, germ 

cells translocate through the vasculature before migrating along the endoderm toward the 

developing somatic gonads [18]. In zebrafish, germ cells do not appear to enter the 

endoderm and because they are specified at four random locations, germ cells do not have to 

bilaterally sort in order to form two separate groups [19]. Instead, Zebrafish germ cells 

migrate dorsally to occupy a large zone along the dorsal midline and only a portion of germ 

cells migrates laterally [19,20]. Despite these unique features, all germ cells studied in depth 

seem to undergo an active migration guided by attractive and repulsive cues toward the 

genital ridges or somatic gonadal precursors of the developing gonad. Somatic gonadal cells 

and germ cells then coalesce to form the complete embryonic gonad. The mechanisms by 

which germ cells navigate several tissue types in order to reach the gonad are often similar 

in many organisms and will be discussed in further detail.

Transepithelial migration

Germ cells in many species must traverse an epithelium to reach the gonad. Insights into 

how germ cells traverse this barrier have been made through studies in mice and Drosophila. 

Several signal transduction pathways have been implicated in mouse germ cell exit from the 

hindgut, including Fibroblast growth factor (FGF) [21], Wnt [22] and Transforming growth 

factor beta (TGF-β) [23,24]. Which cells produce and respond to these signals has yet to be 

determined, though the TGF-β responsive gene foxc1 is expressed in the mouse hindgut, 

suggesting a non-autonomous role germ cell exit [24]. FGF signaling facilitates germ cell 

exit in both mice and Drosophila. In mouse explants, addition of FGF2 causes germ cells to 

exit the explanted gut with increased velocity [21]. In Drosophila, FGF signaling is required 

for dynamic E-cadherin localization within the endodermal epithelium to prevent a midgut 

collapse that traps germ cells [25]. Together, these findings suggest that germ cells require a 

dynamic gut epithelium for a properly timed germ cell exit. Strong support for this postulate 

was recently found in Drosophila. By genetically manipulating the timing of endodermal 

remodeling, it was demonstrated that an endodermal epithelial to mesenchymal transition is 

both necessary and sufficient for germ cell migration out of the midgut (Figure 2) [26]. 

Thus, at least in some organisms, germ cells capitalize on epithelial dynamics to traverse 

barriers.
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Adhesion dynamics

Changes in adhesion are often observed in germ cells during endodermal exit or the 

initiation of active migration. The cell-cell adhesion protein E-Cadherin is dynamically 

regulated in germ cells in many organisms (Figure 2). In zebrafish, E-Cadherin 

downregulation is facilitated by the depletion of regulator of G–protein signaling 14a 
(Rgs14a) [27,28]. Similarly, recent studies of isolated Xenopus germ cells using single cell 

force spectroscopy have shown that isolated migratory Xenopus germ cells have less E-

Cadherin-mediated adhesion capabilities compared to isolated pre-migratory Xenopus cells 

[28–30]. Interestingly, mouse germ cells display an increase in E-cadherin expression during 

exit from the hindgut, although mouse E-Cadherin does not appear to be strictly required for 

migration to the somatic gonad [31]. In Drosophila, E-cadherin localization is altered as 

germ cells dissociate from one another prior to midgut exit, a process that requires the G 

protein-coupled receptor (GPCR) Trapped in endoderm (Tre1) [32,33]. Together, these data 

suggest a conserved rearrangement in the cell-cell adhesive properties of germ cells prior to 

guided migration in the mesoderm.

Dynamic adhesion to the extracellular matrix (ECM) is also observed in germ cells of some 

species (Figure 2). For instance, isolated migrating Xenopus germ cells display less 

adhesion to Collagen I and fibronectin than isolated pre-migratory germ cells [29]. In 

contrast, isolated migrating mouse germ cells display more adhesion to fibronectin than 

germ cells isolated at the end of migration, while adhesion to Collagen IV and laminin 

remains unchanged [34]. Together these data suggest that differential ECM localization may 

facilitate germ cell migration. Indeed, high levels of select ECM components are found 

along the paths of migrating germ cells in several species [14,23,35] and mouse germ cells 

dynamically express a select few matrix metalloproteinases during migration to the 

developing gonad [36]. Consistent with differential adhesive properties and expression 

patterns, fibronectin in Xenopus [37], laminin and the ECM protein Shifted in Drosophila 

[38,39] and β1-integrin in mice have all been shown to be necessary for efficient germ cell 

migration [35]. However, Drosophila and zebrafish germ cells motility was not enhanced by 

the addition of ECM components in vitro and interestingly Drosophila germ cells do not 

require beta-integrins in vivo [38,40,41]. Future studies will be needed to clarify the role of 

adhesion to the ECM as germ cells actively migrate to gonad.

Guidance to the gonad

Germ cells ultimately undertake an active migration toward the developing somatic gonad. 

The high fidelity in which germ cells reach the gonad was noted over sixty year ago, leading 

to the postulate that this stage of germ cell migration is guided by environmental chemical 

gradients [2,3]. Initial support for this chemotaxis postulate came from two experimental 

strategies. First, in vitro studies demonstrated that mouse genital ridge explants attract 

isolated germ cells across a large distance [42–44]. Second, genetic screens in Drosophila 

solidified that germ cell migration requires both the specification and maintenance of 

somatic gonadal precursor fate [45,46]. In fact, such genetic studies continue to identify new 

factors that are required for somatic gonad fate maintenance and morphogenesis [47,48] and 
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a wealth of studies have shown that active germ cell migration is guided by one or more 

attractive or repulsive cues in established model organisms.

SDF-1/CXCR4

One significant germ cell guidance mechanism is mediated by a gradient of the small 

chemokine Stromal-cell-derived factor 1 (SDF-1 also called CXCL12). SDF-1 binds to and 

activates the GPCR chemokine (C-X-C motif), receptor 4 (CXCR4) expressed in migrating 

germ cells (Figure 3a). The SDF-1/CXCR4 axis is well-studied in cell migration, being 

required for lymphocyte chemotaxis, neural cell migration, growth cone guidance, stem cell 

homing and metastasis, reviewed in [49]. First discovered in zebrafish [50,51], the SDF-1/

CXCR4 germ cell guidance mechanism was subsequently found in mouse [52–54], chicken 

[54] and more recently Xenopus [55], medaka [56], and other marine animals [4,6]. The 

importance of the SDF-1/CXCR4 axis is highlighted by a recent study uncovering a 

requirement for the pluripotency transcription factor Nanog in medaka germ cell migration. 

Interestingly, the Nanog requirement can be completely circumvented by overexpression of 

cxcr4, suggesting CXCR4 is the only Nanog target critical for medaka germ cell migration 

[57]. Thus, the SDF-1/CXCR4 axis has emerged as a central germ cell guidance mechanism 

in many species.

A steep chemokine gradient is crucial for effective directed germ cell migration. In fact, a 

recent study has shown that ectopic expression of sdf-1 in germ cells is sufficient to sterilize 

zebrafish [58]. Steep gradient establishment and maintenance is complicated by the fact that 

sdf-1 expression is not restricted to the developing somatic gonad target tissue but instead is 

highly dynamic, with highest levels found just in front of migrating germ cells 

[50,51,53,54]. With the source of SDF-1 changing as germ cells migrate, it is perhaps not 

surprising that several mechanisms exist to regulate the SDF-1 gradient. One important 

regulatory layer was discovered in 2008, during which it was discovered that depletion of a 

second SDF-1-binding GPCR CXCR7b yielded a migration phenotype similar to that 

observed upon CXCR4 loss [59]. Interestingly, CXCR7b is not expressed within germ cells 

and instead was found to function in the surrounding soma as molecular sink to steepen the 

SDF-1 gradient (Figure 3a) [59]. Two additional regulatory layers were recently discovered. 

First, it was shown that miRNA processing enzymes or specifically miR-430 depletion 

increases sdf1a and cxcr7b expression in zebrafish leading to germ cell migration defects, 

although observed variations in phenotypic penetrance suggests that miRNA-mediated 

regulation of SDF-1/CXCR7 might not be apparent at all developmental stages or required 

under all environmental conditions [60–62]. Interestingly, miR-430 also regulates myosin 
light chain kinase (mlck) and Zeb1 mRNA, suggesting that downregulation of several targets 

influence the timing and success of germ cell migration [63]. A second regulatory layer 

involves β-arrestin-mediated endosomal recycling of CXCR7b, which increases the number 

of times CXCR7b can function as a molecular sink [64]. Interestingly, β-arrestin does not 

facilitate the endosomal recycling of CXCR4, consistent with CXCR7b being the first 

GPCR to be identified as having an intrinsic β-arrestin bias [64,65]. Together, these 

discoveries highlight the importance of a robust SDF-1 gradient in zebrafish. Future 

investigations will be needed to determine whether similar regulatory mechanisms exists in 

other organisms that rely on the SDF-1/CXCR4 axis for germ cell guidance.
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Additional guidance mechanisms discovered in Drosophila

SDF-1-mediated germ cell guidance is not conserved in all animals even when the overall 

migration path is similar. One well-established example is Drosophila, in which the newly 

evolved CXCR family of GPCRs does not appear to exist [66]. Instead, in vivo genetic 

screens have identified other mechanisms of germ cell guidance. One prominent guidance 

mechanism requires 3-hydroxy-3-methylglutaryl coenzyme A (Hmgcr), which like SDF-1, 

displays a dynamic expression pattern that initially encompasses the mesoderm before 

becoming restricted to the somatic gonad [67]. Also like SDF-1, ectopic expression of 

hmgcr, as well as other components of the mevalonate pathway, is sufficient to attract germ 

cells in vivo [50,67,68]. Interestingly, hmgcr-dependent attraction requires the ABC 

transporter Multidrug resistance 49 [69]. One biological process that requires each of these 

components is the biogenesis and secretion of the yeast pheromone a-mating factor, 

suggesting that a secreted prenylated factor may guide Drosophila germ cells (Figure 3b) 

[69,70]. Some studies suggest that Hedgehog is the hmgcr-dependent germ cell attractant 

[39,71]; however intensive study of Hedgehog lipid modifications have not revealed 

prenylation [72]. Furthermore, the attracting capabilities of ectopic hedgehog expression has 

not proven reproducible and using several methods to alter Hedgehog signaling failed to 

affect germ cell migration [73]. Thus, the identity of the hmgcr-dependent germ cell 

attractant remains elusive.

Response to guidance cues is often mediated by GPCRs or receptor tyrosine kinases (RTKs). 

A key receptor required for Drosophila germ cell migration is the GPCR Tre1, named for the 

loss of function phenotype ‘trapped in endoderm’ wherein the majority of tre1 mutant germ 

cells fail to exit the midgut (Figure 3b) [32,33]. Interestingly, tre1 null germ cells that 

circumvent the need for transepithelial migration migrate to the somatic gonad, while germ 

cells carrying a mutation in the conserved DRY domain of Tre1 are able to exit the midgut 

but not migrate to the gonad, instead scattering throughout the embryo [33,74]. These 

curious findings suggest that Tre1 may be required to both exit the gut and respond to 

guidance cues. Computational modeling suggests that mutations in the DRY domain 

prevents the formation of a salt bridge necessary for protein stability, however this seems 

inconsistent with the phenotypic differences between the hypomorphic tre1sctt (DRY domain 

mutation) and null mutations [75]. A detailed structure-function analysis is needed to 

determine whether there is indeed multiple requirements for Tre1 in germ cell migration. 

While the ligand for Tre1 is as yet unknown, the closest mammalian homolog, GPR84, binds 

to medium chain fatty acids, leaving open the prospect that Tre1 mediates germ cell 

response to lipid guidance cues [76].

Lipid-mediated germ cell guidance

Growing evidence suggests that extracellular lipids play an important role in germ cell 

guidance. Lipid-mediated germ cell guidance was first discovered in Drosophila, in which 

mutations in the genes encoding lipid phosphate phosphatases (LPP), wunen and wunen2, 

disrupt bilateral sorting and cause germ cells to scatter throughout the embryo instead of 

reaching the gonad [77,78]. The genes wunen and wunen2 encode six-pass transmembrane 

LPPs wherein the enzymatic lipid phosphatase activity faces the extracellular space and 

modulate the lipid environment within at least a ten-micron distance [79,80]. Interestingly, 
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germ cells are repelled from regions of high wunen expression, suggesting that Wunens may 

deplete the local environment of a phospholipid germ cell attractant (Figure 3c) [77,81,82]. 

Consistently, several additional lipid-modifying factors have been implicated in Drosophila 

germ cell guidance. The simultaneous loss of two lysophospholipid acyltransferases, 

Oysgerdart and Nessy or two lipid kinases Dmulk and Dcerk compromise germ cell 

migration to the developing somatic gonad [83,84]. While the requirements for lipids in 

Drosophila germ cell guidance is becoming more defined, much less is known in other 

organisms, perhaps due to functional redundancy, which is already evident in the relatively 

simple Drosophila genome [83,84]. Indeed, the recent discovery that LPPs repel germ cells 

away from nearby somites required the simultaneous knockout of the six LPP genes encoded 

in the zebrafish genome [85]. In addition, it was recently shown that germ cells in the 

colonial ascidian Botryllus schlosseri respond to sphingosine-1-phospate (S1P) gradients 

and S1P receptors are required for germ cell migration to the niche (Figure 3c) [5]. These 

exciting findings suggest that lipid-mediated germ cell guidance may be conserved in quite 

divergent species.

Sustaining motility

Germ cells require both environmental guidance and the ability to initiate and sustain 

motility. In some species, germ cells must sustain directed migration for twenty-four to 

forty-eight hours (Figure 1). The study of zebrafish germ cell migration has proven fruitful 

for the discovery of autonomous motility factors (for a recent detailed review see [11]). One 

motility factor, Dead end regulates cell shape, actomyosin contractility, and cell-cell 

adhesion to facilitate the initiation of migration [63,86]. Recent evidence suggests that 

filopodia may play a role in polarized CXCR4 activation, which in turn facilitates elevated 

pH to polarize Rac1 activity at the leading edge in zebrafish germ cells [87,88]. In Xenopus, 

germ cell migration requires the kinesin KIF123B for polarized Phosphatidylinositol (3,4,5)-

trisphosphate (PIP3) accumulation at bleb-like protrusions [89] and the PDZ domain-

containing germ plasm protein XGRIP2, although the function of XGRIP2 is not yet known 

[90,91]. In mice and chicken, germ cell motility is enhanced by the somatically-expressed 

Stem cell factor (SCF, or Steel factor) ligand and the corresponding receptor c-Kit in germ 

cells [92–94]. Interestingly, the RTK Ror2 is required in mouse germ cells for SCF-mediated 

motility in vitro [95]. Ror2 is a receptor for Wnt5a, a ligand that is also required for germ 

cell migration, though not as a chemoattractant, suggesting that Wnt5a-mediated Ror2 

activation may permit robust SCF-mediated c-Kit activation [22,95]. Less is known about 

motility factors in Drosophila germ cells due to the perdurance of maternally-provided 

factors in Drosophila germ cells through most stages of migration [45]. One strategy to 

overcome this hurdle is to deplete maternal RNAs, as was done recently by injecting 

interfering dsRNAs into developing embryos to identify factors potentially required 

autonomously for germ cell migration [96]. Development of more refined tools, such as 

protein-degradation systems could also be used to deplete maternally-provided factors and 

has the added potential to shed light on temporal requirements for germ cell migration and 

motility factors [97].
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Post-migration fates

Germ cells that successfully reach the target tissue undergo several maturation steps to yield 

a functional gonad. The fate of germ cells that do not reach the gonad vary depending upon 

species. In Drosophila, Xenopus, and mice, germ cells that do not make it to the gonad 

eventually disappear, either through apoptosis or loss of germ cell fate [52,53,98,99], while 

in zebrafish, mis-migrated germ cells persist quite some time during development [50]. The 

fate for the mis-migrated cell may lie in differences in the hospitality of non-gonadal 

somatic tissues. Indeed, wunen deficient Drosophila germ cells die upon migration into 

regions of high wunen expression but are protected if they remain in the midgut, while 

ectopic expression of zebrafish LPPs do not lead to germ cell loss [79,85,100]. Similarly, 

mouse germ cells that migrate into the midline encounter low levels of SCF and undergo 

apoptosis [101]. Thus, Wunen in Drosophila and SCF in mice modulate both germ cell 

migration and survival and dynamic regulation of such mechanisms may safeguard 

organisms against neonatal germ cell tumors.

Conclusions

The study of germ cell migration has yielded valuable insights into how cells navigate 

several tissues in a dynamic environment to reach their target. Despite mechanistic 

differences in migrational paths and guidance cues, the themes required for germ cell 

migration remain remarkably conserved across model organism species. In all species, the 

migration of germ cells is a multi-step process involving passive and active movements. 

While these translocation steps might seem distinct, emerging evidence suggests that defects 

in an early stage can, through unknown mechanisms, affect migration at a later stage [102–

104]. The development of new genetic tools and imaging capabilities will shed light on the 

interconnectedness of each migration step. In addition, insights into germ cell dynamics will 

continue to be aided by in vitro systems, including recent developments using single cell 

force spectroscopy and defined germ cell culturing strategies [30,105]. Thus, the study of 

germ cell migration is primed for additional breakthroughs in our understanding of this vital 

process in the germline lifecycle.
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Figure 1. Shared themes in the migration path of embryonic germ cells
Shown are highly stylized schematics of an embryo not meant to represent any one species. 

The ‘species-less’ embryo is shown at six key events during germ cell migration in 

chronological order from left to right. First, germ cells (red) are specified, often at the 

posterior or edge between embryonic (gray) and extra-embryonic (blue) tissue. Second, 

germ cells move during somatic morphogenetic movements (dashed arrow). In many 

species, germ cells move passively during gastrulation and often move within the developing 

mid or hindgut. Third, germ cells in several species undergo a transepithelial migration to 

exit the gut. Fourth, germ cells move dorsally and laterally to sort into two populations. 

Fifth, germ cells undergo a sustained, directed migration toward the developing somatic 

gonad (green circles). Sixth, germ and somatic gonadal cells coalesce to form the complete 

embryonic gonad. Shown underneath each stage of germ cell migration is a table with 

characteristic, key factors and length of stage noted for specific model organisms: D-

Drosophila, Z- Zebrafish, X- Xenopus, C- Chicken, M- Mouse. Hpf – hours post 

fertilization. A- anterior, P- posterior, D- dorsal, V- ventral *Unlike other species, chicken 

germ cells migrate through the vascular epithelium rather than the gut epithelium.
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Figure 2. Transitions between migratory stages coincide with adhesion dynamics
Shown is a stylized schematic of germ cell transepithelial migration that occurs during 

embryogenesis in many species. The transition between tissue types often accompanies 

changes in localization or downregulation of the cell-cell adhesion protein, E-Cadherin (blue 

links on red germ cells). In Drosophila, transepithelial migration requires an endodermal 

(blue columnar cell) epithelial to mesenchymal transition (EMT) (purple cells). Once out of 

the gut, germ cells in some species make contacts with select extracellular matrix (ECM) 

(gray crosshatch). The model organism for which specific factors and processes have been 

discovered is noted as a single letter with the key code in the bottom right corner.
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Figure 3. Germ cells are guided to the gonad by one or more environmental cues
Shown here are three simplified schematics, each with three cell types: germ cell-attracting 

somatic cells (green), migratory germ cells (red) and non-attracting somatic cells (gray) A. 
The SDF-1/CXCR4 axis functions in many vertebrates. The attracting somatic cell secretes 

the chemoattractant SDF-1 (small green circles), which either binds to the CXCR4 GPCR in 

the migrating germ cell or is taken up by the molecular sink GPCR CXCR7 in non-attracting 

somatic cells. Factors recently identified as promoting or inhibiting ligand or receptor 

components are highlighted. B. Study of the invertebrate Drosophila model has revealed 
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other guidance mechanisms, wherein HMGCR, additional factors required for protein 

prenylation, and the ABC transporter Mdr49 are required in somatic attracting cells for germ 

cell guidance by a secreted factor (red). Germ cells require the GPCR Tre1 for exit from the 

midgut and migration to the gonad. C. Extracellular lipids guide germ cell migration in 

highly divergent species. Phospholipids are produced by attracting somatic cells, which can 

bind to receptors such as the S1P receptor in migrating germ cells. To amplify the 

phospholipid gradient, nonattracting somatic cells express lipid phosphate phosphatases 

(LPP), which depletes the local environment of phospholipids. The model organism for 

which specific factors and processes have been discovered is noted as a single letter with the 

key code in the bottom left corner.
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