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Germ cells have a crucial role in development. They are 
uniquely capable of undergoing meiosis, the special-
ized cell cycle necessary to generate oocytes and sperm. 
The fusion of these gametes at fertilization launches the 
development of a new organism, which will have all of 
the diverse somatic cell types and a fresh set of germ cells. 
To serve this crucial purpose of making gametes and sub-
sequently generating entire new organisms, generation 
after generation, germ cells must be properly specified 
early in development and then protected from deviating 
from their germline-differentiation path during later 
stages of development.

There are two general modes of germ cell specifica-
tion (BOX 1). In some animal species, germline identity is 
continuous and is passed via the oocyte to the primordial 
germ cells (PGCs), which are formed during early embryo-
genesis. In such animals, specification of germ cell fate 
involves segregated cytoplasmic ‘determinants’. In other 
animal species, including mammals, the germline is dis-
continuous, as PGCs must be newly induced from a subset 
of embryonic cells later in development. These two modes 
of germ cell specification are often called preformation 
and induction, respectively1.

Protection of germ cell fate is accomplished by several 
mechanisms. For many animals, a first level of protec-
tion from extrinsic somatic signals is accomplished by 
the separation of PGCs from somatic cells during early 
embryogenesis. As somatic cells turn on their transcrip-
tional programmes in response to maternal and zygotic 
cues, newly formed PGCs are protected by their transcrip-
tional quiescence, which is regulated at the level of RNA 

polymerase II (Pol II) activity and chromatin state. Later 
in development, after PGCs initiate their transcriptional 
programme, germ cell identity is protected by prevent-
ing expression of transcripts that are inappropriate for 
germ cells. Disruption of these protective mechanisms in 
the germline induces germ cells to lose their germ cell fate.

Recent discoveries have expanded and challenged tra-
ditional models of germ cell specification and protection. 
This Review revisits previously known factors and mecha-
nisms and introduces new players in germ cell specifica-
tion and protection. The first half of the article discusses 
the mechanisms of germ cell specification in diverse ani-
mal types. The second half discusses common and unique 
strategies different animals use to protect germ cell fate.

Specifying germ cell fate
The search for germ cell determinants in preformation 
animals has yielded conflicting views of the roles of 
unique cytoplasmic organelles generically termed ‘germ 
granules’ and has focused our attention on the ‘germ 
plasm’ in which germ granules reside. The search for fac-
tors that are critical for de novo induction of germ cells 
in mammalian embryos has identified a small set of sig-
nalling molecules and transcription factors. In both types 
of animals, chromatin-level epigenetic regulation plays a 
key part.

Specification of PGCs by germ plasm and germ granules. 
Germ granules are a well-known feature of germ cells 
and have been suggested to function as determinants of 
germ cell fate ever since their segregation to germ cells 
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Primordial germ cells
(PGCs). The nascent germ cells 
formed during embryogenesis, 
which ultimately generate 
oocytes and/or sperm in adults.
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Abstract | Germ cells are the special cells in the body that undergo meiosis to generate 
gametes and subsequently entire new organisms after fertilization, a process that continues 
generation after generation. Recent studies have expanded our understanding of the 
factors and mechanisms that specify germ cell fate, including the partitioning of maternally 
supplied ‘germ plasm’, inheritance of epigenetic memory and expression of transcription 
factors crucial for primordial germ cell (PGC) development. Even after PGCs are 
specified, germline fate is labile and thus requires protective mechanisms, such as global 
transcriptional repression, chromatin state alteration and translation of only germline-
appropriate transcripts. Findings from diverse species continue to provide insights into the 
shared and divergent needs of these special reproductive cells.
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A type of cell that is produced 
by cleavage divisions during 
early embryogenesis.
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A ridge of embryonic 
mesoblast cells that envelopes 
primordial germ cells in 
vertebrates and develops into 
the sex organs.

was first observed2. By electron microscopy, they are seen 
as amorphous, non-membrane-bound, electron-dense 
aggregates in the cytoplasm of germ cells in numerous 
phyla (reviewed in REF. 3). The discovery of antibodies to 
germ granules in Caenorhabditis elegans and Drosophila 
melanogaster paved the way for analysis of germ-granule 
behaviour, composition and function4,5. In both organ-
isms, germ granules are maternally loaded into embryos 
and segregated to the PGCs (BOX 1). In D. melanogaster, 
segregation occurs during oogenesis, positioning germ 
granules at the end of the oocyte where PGCs will bud off 
during embryogenesis5–7. In C. elegans, segregation occurs 
progressively during the four asymmetric embryonic divi-
sions that ultimately generate a germline blastomere and 
several somatic founder cells4. Segregation of maternally 
loaded germ granules to the PGCs has also been docu-
mented in Xenopus laevis and zebrafish (BOX 1). In these 
vertebrates, the transmission of maternal germ granules 
evolved independently from the ancestral condition of 
absence of maternal germ granules in early embryos, as 
displayed by mammals8. In mammals, PGCs are induced 
at the post-implantation epiblast stage of embryogenesis. 
After they migrate to the genital ridge, mammalian PGCs 

synthesize new germ-granule components and assemble 
them into diverse granule types as development pro-
ceeds9–11. Thus, germline-specific granules are observed 
in diverse animals, but segregation of maternally supplied 
germ granules to PGCs is not a universal rule.

Conflicting evidence that germ granules are determinants. 
The notion that germ granules have a role in germline 
specification was initially suggested by cytoplasm-leak 
and cytoplasm-transfer experiments in early beetle, 
amphibian and fruitfly embryos2,12,13 (FIG. 1). Illmensee 
and Mahowald’s classic cytoplasm-transplantation experi-
ments in D. melanogaster showed that the cytoplasm that 
contains germ granules, when transferred to an ectopic 
location, is sufficient to induce the formation of PGCs in 
that new location14. Similarly, transplantation of germ-
granule-containing cytoplasm to ectopic sites in X. laevis 
embryos leads to the formation of ectopic PGCs15. In both 
systems, the ectopic PGCs were shown to be functional, 
as evidenced by their ability to generate progeny after the 
PGCs were transferred to positions that allowed them to 
migrate to the gonad. Those experiments have been highly 
influential but do not directly demonstrate that germ 

Box 1 | Formation of PGCs in diverse animal embryos

Common animal models used to investigate germ cell specification and 
maintenance include the nematode Caenorhabditis elegans, the fruitfly 
Drosophila melanogaster, the zebrafish (Danio rerio), the frog Xenopus 
laevis, the cricket Gryllus bimaculatus and the mouse Mus musculus. 

In C. elegans, D. melanogaster, zebrafish and X. laevis, germ cell 
specification occurs by preformation: germline identity is continuous and 
is passed via the oocyte to the primordial germ cells (PGCs) formed during 
early embryogenesis. 

In crickets and mice, specification of germ cell fate occurs by induction: 
the germline is discontinuous, as PGCs must be newly induced from a 

subset of embryonic cells later in development (see the figure).
Embryogenesis starts at the one-cell zygote stage, followed by cleavage 

and the initiation of gastrulation, then by organogenesis (see the figure; 
top row, middle two rows and bottom row, respectively). In preformation 
embryos, such as those of C. elegans, D. melanogaster, zebrafish and 
X. laevis, the germline is present at all stages (see the figure; germline cells 
are outlined in pink), and the PGCs inherit maternally supplied germ plasm 
(see the figure; shown in blue). In induction embryos, such as those of 
crickets and mice, the PGCs do not inherit germ plasm and instead are 
induced by cell signalling. 
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Tudor-domain proteins
Proteins containing a 
conserved structural motif 
that binds symmetrically 
dimethylated Arg. This domain 
was originally characterized in 
the Drosophila melanogaster 
protein Tudor.

Argonaute proteins
Proteins that contain a PAZ 
and a PIWI domain and that 
bind different classes of small 
RNAs (for example, small 
interfering RNAs, micro RNAs 
and PIWI-interacting RNAs), 
which guide the Argonaute 
proteins to their specific 
target mRNAs.

granules are crucial germline determinants. The isolation 
of D. melanogaster mutants defective in the assembly of 
germ granules, and the molecular identification of germ-
granule components, enabled more refined analyses. 
Notably, mutants that fail to assemble germ granules fail 
to form PGCs and as a result develop into sterile adults16,17; 
additionally, mislocalization or overexpression of Oskar, 
a key component for germ-granule assembly, leads to the 
formation of ectopic PGCs18,19. These findings led to the 
view that germ granules are necessary and sufficient to 
specify germline fate, apparently validating the textbook 
claims that germ granules are germline determinants.

Findings from diverse organisms have challenged 
the view that germ granules are germline determinants. 
When X. laevis PGCs were transplanted to ectopic sites, 
they were observed to differentiate into diverse somatic 
cell types and join the somatic tissues surrounding them20. 
This revealed that germ-granule-containing frog PGCs 
are not irreversibly determined to follow a germline fate 
and that PGCs require protection from somatic influ-
ences. C. elegans maternal effect sterile 1 (mes‑1)-mutant 
embryos fail to segregate germ granules to the final germ
line blastomere P4 cell and instead deliver granules to both 
P4 and its sister cell, D, which in normal embryos gener-
ates muscle (FIG. 1). The observation that mis-segregated 
granules do not drive the D cell towards a germline fate 
suggests that germ granules are not sufficient for germ
line fate in worms21. An alternative interpretation is that, 
in mes‑1‑mutant embryos, neither the P4 nor the D cell 
inherits a sufficient amount of germ-granule material to 
specify germline fate. Indeed, in D. melanogaster embryos, 
cells with reduced levels of germ-granule material do not 
form PGCs22.

Evidence that segregation of maternal germ granules 
may not be necessary for specification of germline fate 
in worms comes from analysis of C. elegans protein phos‑
phatase 2A regulatory subunit 1 (pptr‑1) and maternal 
effect germ-cell defective (meg) mutants. These mutants fail 
to partition germ granules to the germ lineage during the 
asymmetric divisions of the early embryo but neverthe-
less develop into fertile adults23,24. It should be noted that 
pptr‑1‑ and meg-mutant animals are not devoid of germ 
granules; the PGCs in mutant embryos inherit a reduced 
level of maternally provided germ-granule factors, per-
haps in the form of small granules, but then synthesize 
and assemble new germ granules as they develop, so that 
larval and adult animals may have a full complement of 
germ granules.

Taken together, the above findings challenge the sim-
ple view that segregated germ granules are necessary and 
sufficient to instruct cells to develop as germ cells, 
and they raise important questions about the roles of indi-
vidual germ-granule components and of the cytoplasm in 
which germ granules reside.

RNA-binding and other properties of germ plasm and 
granules. Germ granules reside in specialized cytoplasm 
called germ plasm. The relationship between and the rela-
tive functions of germ granules and germ plasm are not 
well understood. In D. melanogaster and X. laevis, germ 
plasm appears as a zone of cytoplasm in which distinct 

germ granules can only be observed by high-resolution 
immunofluorescence imaging or electron microscopy25,26. 
In C. elegans, germ granules are readily seen even by low-
resolution immunofluorescence imaging, and some germ-
granule proteins (for example, the P‑granule abnormality 
(PGL) proteins) seem to be almost quantitatively associ-
ated with granules27. Fluorescence recovery after photo
bleaching (FRAP) experiments revealed that PGL‑1 
dynamically associates with granules, so there is a dynamic 
equilibrium between PGL‑1 in granules and PGL‑1 dif-
fuse in the cytoplasm28,29. In fact, C. elegans germ granules 
are thought to be segregated to the germline cytoplasm by 
condensation of granules in germline-destined cytoplasm 
and dissolution of granules in non-germline-destined 
cytoplasm29. C. elegans pharynx intestine in excess 1 
(PIE‑1) exemplifies a different pattern. Some PIE‑1 
associates with germ granules, but much of it is diffusely 
distributed in the germ plasm. Importantly, the granule 
association of PIE‑1 is not necessary for its segregation to 
the germline blastomeres during the embryonic divisions, 
and PIE‑1 is still segregated to the PGCs in pptr‑1‑mutant 
embryos that fail to segregate large germ granules23. The 
latter finding underscores the importance of germ plasm 
and the dynamic relationship between germ granules and 
the cytoplasm in which they reside.

The vast majority of germ-granule and germ-plasm 
components are known or suspected to bind RNA. 
Among the components conserved across species are the 
VASA-related RNA helicases, the Tudor-domain proteins, 
NANOS, the Arg methyltransferase PRMT5 and certain 
Argonaute proteins30–32. These conserved RNA-binding 
proteins are each essential for determining and maintain-
ing germ cell fate, which may or may not be dependent 
on their association with germ granules or germ plasm. 
Teasing apart the specific functions of individual germ-
granule components from their roles in germ-granule 
assembly is challenging, as mutations in these conserved 
components also compromise germ-granule assembly. 
Interestingly, Arg methylation of germline Argonaute 
proteins by PRMT5 facilitates interactions with proteins 
containing multiple Tudor domains, which in turn may 
nucleate germ-granule aggregate formation33,34. Some 
components that seem to be species-specific are the PGL 
proteins in C. elegans, Oskar in D. melanogaster and bucky 
ball in zebrafish6,27,35,36.

The RNA-binding theme suggests that, across species, 
germ granules and germ plasm regulate RNA stability and 
translation in germ cells, and/or that RNAs have structural 
roles. Interestingly, germ granules may be the germline 
version of the RNA–protein hydrogels that were recently 
shown to result from the aggregation of low-complexity, 
or intrinsically disordered, sequence domains of some 
RNA-binding proteins, which can recruit other RNA-
binding proteins via RNA linkages37–41. As an example, 
C. elegans PGL‑1 and PGL‑3 are both capable of aggre-
gating into granules when expressed in non-germline cells 
(such as the worm intestine or mammalian tissue culture 
cells)42,43. Most other germ-granule proteins tested did not 
aggregate into granules on their own but were recruited 
to PGL granules, perhaps via RNA. Movies of the behav-
iour of C. elegans germ granules in vivo revealed them 
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to have properties of liquid droplets29. Analysis of CAR‑1 
(cytokinesis, apoptosis, RNA-associated 1) granules in the 
C. elegans germline exemplifies how RNA granules can 
undergo ‘phase transitions’ from diffuse to liquid granules 
to crystals and how such transitions may be regulated44. 
Such phase transitions may contribute to a dynamic 
equilibrium between important germline components 
diffusely residing in germ plasm and being concentrated 
in liquid-droplet-like germ granules.

In summary, although germ granules are obvious and 
unique occupants of germline cytoplasm, the assembly of 
large granules and their segregation to the PGCs seems 
not to be required for germ cell specification. Other com-
ponents of germ plasm probably have key roles; in fact, 
the distinction between germ granules and germ plasm 

is not well understood and may be artificial. It remains 
to be tested whether the phase transition of germ-plasm 
components into large aggregates is crucial for their func-
tion. Moreover, certain species specify their germ cells in 
the absence of maternally provided germ plasm and germ 
granules, as discussed in the next section.

De novo induction of PGCs. Mammalian embryos do 
not transmit distinctive germ plasm to a subset of early 
embryonic cells and do not set PGCs apart during the 
early embryonic divisions. Instead, PGCs are induced 
in post-implantation epiblasts. In mouse embryos at 
embryonic day 5.75 (E5.75), WNT3‑expressing cells in 
the posterior corner of the proximal epiblast are subject 
to bone morphogenetic protein 4 (BMP4) signalling from 

Figure 1 | Findings that support or challenge the notion that germ granules are ‘determinants’ of PGC fate.   
Germline cells are outlined in red. Support: cytoplasm-transfer experiments in Xenopus laevis and Drosophila melanogaster 
demonstrated that the cytoplasm containing germ granules (germ plasm; shown in blue) can cause formation of 
primordial gem cells (PGCs) at ectopic sites. Those ectopic PGCs were functional and able to generate a fertile germline 
after they were transferred to the normal PGC location in embryos. Mislocalization of the germ-granule component Oskar 
to the wrong (anterior) end of D. melanogaster embryos caused induction of anterior PGCs that, after transfer to the 
normal PGC location, were functional and capable of generating a fertile germline. Challenges: in Caenorhabditis elegans 
maternal effect sterile 1 (mes‑1)-mutant embryos, germ granules (shown in blue) are mis-segregated to both the PGC (P4) 
and its somatic sister cell (D). Despite containing germ granules, both cells develop as muscle (the normal fate of D) 
instead of germline (the normal fate of the PGC). In C. elegans protein phosphatase 2A regulatory subunit 1 (pptr‑1)-mutant 
embryos, maternal germ granules do not become enriched in embryonic PGCs. The PGCs nevertheless turn on a germline 
programme, including zygotic synthesis of germ granules, and can develop into a fertile germline.
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neighbouring extra-embryonic tissue (FIG. 2). WNT3 sig-
nalling induces expression of the mesodermal transcrip-
tion factor T (also known as BRACHYURY), but BMP4 
signalling blocks T from binding the promoters of meso-
dermal genes, allowing T to instead turn on expression 
of transcription factors needed for germ cell develop-
ment45,46. Recent reviews nicely present the details of PGC 
specification in mice47–51. Here we summarize a few of the 
key concepts.

Expression of three transcription factors, BLIMP1 
(also known as PRDM1), PR  domain zinc‑finger 
protein 14 (PRDM14) and activating enhancer-binding 
protein 2γ (AP2γ), induced by WNT3 and BMP4 signal-
ling in a small set of cells in post-implantation epiblasts, is 
necessary to specify PGC fate. Interestingly, it is thought 
that all epiblast cells are competent to be induced to PGCs. 
These three transcription factors, with PRDM14 playing a 
central part, can even programme cells in vitro to become 
PGC-like cells, which can produce gametes and offspring 
in vivo, revealing that the transcription factor trio is suf-
ficient for PGC fate45,52,53. Among the gene-expression 
changes that the transcription factor trio causes are repres-
sion of somatic genes and activation of germ cell genes, 
including pluripotency genes. At least part of the mode 
of action of BLIMP1, PRDM14 and AP2γ is resetting the 
‘epigenetic landscape’ in post-implantation epiblasts to 
germline (reviewed in REF. 51). In culture, epiblast-like 
cells seem to be poised for expression of somatic genes and 
for somatic differentiation, as those cells contain ‘bivalent’ 
chromatin marks (a mixture of activating and repressive 

histone modifications) on a large number of develop-
mental regulatory genes54. On PGC induction, bivalent 
chromatin marks are lost from many regions, global DNA 
demethylation proceeds to what is considered a ground 
state, and the repressive chromatin mark of dimethyla-
tion of Lys9 on histone H3 (H3K9me2) is replaced by 
that of trimethylation of Lys 27 on H3 (H3K27me3) 
(FIG. 2). H3K9me2 is associated with heterochromatin and 
H3K27me3 with more dynamically regulated repressed 
chromatin. Loss of any of the three key transcription fac-
tors from mice causes the mutant PGCs to be lost or to 
develop more like their somatic neighbours45,55,56.

PGC induction in mice illustrates an alternative mode 
of specification to the segregation of germ plasm used 
in the preformation organisms discussed in the previ-
ous section. Although germ plasm is not segregated 
to mouse PGCs, components of germ plasm, includ-
ing the mouse VASA homologue, MVH (also known 
as DDX4), are expressed after PGCs are specified10. 
Eventually, these components can be observed to assem-
ble into distinct granules (reviewed in REF. 57). In embryos 
and during gametogenesis, germ granules include VASA, 
Argonaute proteins, PRDM5 and Tudor-domain proteins. 
Although germ granules and germ plasm do not have a 
specification role in mouse, they are a feature of mouse 
germ cells at various stages of development.

A recent hallmark paper investigated PGC specifica-
tion in human embryos58. Human embryonic stem cells 
were induced by BMP4 and other factors to develop into 
human PGC-like cells (PGCLCs). Unexpectedly, SOX17, 
a transcription factor needed for endoderm, was identi-
fied as being expressed early in human PGCLC derivation 
and shown to be essential for germ cell fate. BLIMP1 was 
shown to act downstream of SOX17 to repress endoderm 
and other somatic genes. This study highlights important 
similarities and differences between human and mouse 
PGC specification. Both require BLIMP1 and a tran-
scription factor that functions in somatic differentiation. 
In mouse embryos, the mesodermal transcription factor T 
is diverted to a germ cell-promoting function by BMP4 
signalling, whereas in humans the endodermal tran-
scription factor SOX17 promotes germ cell development 
through collaboration with BLIMP1. Other differences 
underscore that mammalian embryos do not necessar-
ily use the same set of factors and mechanisms to drive 
critical developmental events such as PGC specification.

Along the same lines, recent studies of diverse insects 
have revealed that segregation of maternally provided 
germ plasm is not shared by all insects and that several 
use the mammalian mode of PGC induction. The cricket 
Gryllus bimaculatus has been particularly illustrative. 
First, it was discovered that G. bimaculatus has an oskar 
homologue and that, in contrast to D. melanogaster Oskar, 
G. bimaculatus OSKAR is not required for PGC specifica-
tion59. Instead, G. bimaculatus OSKAR functions in neural 
development. The ancestral role of OSKAR is thought to be 
neural development, with a co‑opted role in PGC specifi-
cation in higher insects like D. melanogaster. Subsequently, 
analysis of G. bimaculatus VASA and PIWI demonstrated 
that G. bimaculatus lacks maternally inherited germ 
plasm60. How does G. bimaculatus specify its PGCs?  

Figure 2 | Chromatin regulation in the PGCs of mice and C. elegans.  In mice, bone 
morphogenetic protein 4 (BMP4) signalling from extra-embryonic tissue causes a small 
cluster of WNT3‑primed post-implantation epiblast cells to express the transcription 
factors BLIMP1 (also known as PRDM1), PR domain zinc‑finger protein 14 (PRDM14)
and activating enhancer-binding protein 2γ (AP2γ). This set of three transcription 
factors is necessary and sufficient to cause the indicated chromatin changes, turn on 
germline genes and repress somatic genes in the newly induced primordial germ cells 
(PGCs). In Caenorhabditis elegans, the memories of germline gene expression and 
repression are transmitted from parent germ cells to progeny germ cells by maternal 
effect sterile 4 (MES‑4) and by MES‑2–MES‑3–MES‑6, the worm version of polycomb 
repressive complex 2 (PRC2), respectively. MES‑4 achieves this via methylation of Lys36 
on histone H3 (H3K36), and MES‑2–MES‑3–MES‑6 operates via methylation of H3K27 
PGCs are kept in a relatively quiescent chromatin state, lacking H3K4 methylation, 
until after the embryo hatches and starts feeding. Chromatin marks associated with 
gene expression are in green, and those associated with repression are in red.
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Open chromatin
Non-compacted euchromatin 
that is accessible to 
transcriptional machinery 
and for gene expression.

Similarly to mouse PGCs, G. bimaculatus PGCs are 
induced later in development60 (BOX 1). G. bimaculatus 
PGCs arise from abdominal mesoderm; notably, embryos 
that lack mesoderm fail to form PGCs. The important 
implications of these findings are that the ancestral 
mechanism of PGC specification in insects is induction in 
later-stage embryos, and that reliance on inherited germ 
plasm by D. melanogaster and other higher insects is a 
derived mechanism.

Transmission of an ‘epigenetic memory of germline’. The 
epigenetic landscape plays a key part in PGC specifica-
tion (as described above for mice), even in preformation 
embryos, which inherit and transmit germ plasm. 
Studies in C. elegans illustrate how a ‘memory of germ
line’ is passed from the parental germline to the PGCs 
and is critical for PGCs to correctly launch their germ
line developmental programme. The major players in 
this transmission of germline memory are the MES 
histone modifiers (FIG. 2) (reviewed in REF. 61). MES‑2, 
MES‑3 and MES‑6 form the worm version of polycomb 
repressive complex 2 (PRC2) and generate the repressive 
modification H3K27me3. MES‑4 generates modifica-
tions associated with active gene expression: H3K36me2 
and H3K36me3. Loss of any of the MES proteins from 
the mother worm’s germline causes her progeny to be 
sterile, as a result of death of the PGCs after a few divi-
sions. Thus, maternal MES product is needed to ensure 
survival and proper development of PGCs in her prog-
eny. Immunostaining, chromatin immunoprecipitation 
(ChIP) experiments and transcript profiling have led 
to the following model of MES regulation62–64. The 
MES‑2–MES‑3–MES‑6 complex concentrates repressive 
H3K27me3 on the X chromosomes and on somatic genes 
located on the autosomes; both categories of genes need 
to be kept repressed in germ cells. MES‑4 concentrates 
H3K36 methylation on germline-expressed genes, to 
maintain them in an open chromatin state. H3K36 meth-
ylation prevents H3K27 methylation on the same histone 
tails65,66, providing a mechanism for MES‑4 to keep germ
line genes open, by preventing H3K27 methylation of  
those genes by MES‑2–MES‑3–MES‑6. An attractive 
scenario is that MES‑4‑catalysed H3K36 methylation 
of germline-expressed genes in the parental germline 
and during early embryo development protects those 
genes from being shut down by H3K27 methylation dur-
ing the window between fertilization and formation of  
PGCs, thus poising those genes for expression when  
the PGCs initiate their gene expression programme.

Any transgenerational epigenetic memory model, 
like that described above, must address several key ques-
tions, including: are epigenetic marks transmitted from 
the parental germline to the embryo? If so, by the oocyte, 
the sperm or both, and in what form? How are epigenetic 
marks transmitted through embryonic cell divisions? 
Recent analysis of H3K27me3 transmission provides 
answers to these questions67. H3K27me3 is transmitted 
to the one‑cell embryo on the chromosomes from both 
the sperm and the oocyte. The MES‑2–MES‑3–MES‑6 
enzyme complex is supplied to the one‑cell embryo via 
the oocyte, not the sperm. Strategic crosses were used to 

generate two informative types of embryos. Embryos that 
lacked MES‑2–MES‑3–MES‑6 and had H3K27me3 on 
the sperm chromosomes but not the oocyte chromosomes 
revealed that the H3K27me3 mark is passed through at 
least four rounds of DNA replication and cell division. 
Remarkably, H3K27me3 remained restricted to sperm-
derived chromosomes. Thus, histone marks themselves 
can provide short-term memory. Embryos that possessed 
MES‑2–MES‑3–MES‑6 and had H3K27me3 on the 
oocyte chromosomes but not the sperm chromosomes 
revealed that H3K27me3 is passed through many divi-
sions, in this case remaining restricted to oocyte-derived 
chromosomes. Thus, the histone-modifying enzyme can 
provide long-term memory. These findings illustrate how 
epigenetic memory can be passed from parents to prog-
eny to influence developmental decisions, in this case how 
PGCs initiate their developmental programme.

Protecting germ cell fate
Germ cell fate is labile and can be lost when germ cells 
experience inappropriate conditions or signals. This was 
elegantly demonstrated by transplanting X. laevis PGCs 
from their normal migratory route (towards the gonadal 
ridge) to an ectopic site (the blastocoel cavity) of host 
embryos and observing that the transplanted PGCs con-
tributed to somatic tissues in all three germ layers20, as 
mentioned in an earlier section. Germ cell fate is protected 
by separating PGCs from their somatic neighbours and 
then by protective mechanisms that operate in both the 
nucleus and cytoplasm of germ cells.

Protection by transcriptional silencing in PGCs. Newly 
formed PGCs are protected from somatic differentia-
tion by inhibition of transcription. In both C. elegans and 
D. melanogaster, transcription is blocked via inhibition 
of positive transcription elongation factor b (P‑TEFb)68. 
P‑TEFb is a cyclin-dependent kinase that phosphoryl-
ates the carboxy‑terminal domain (CTD) of RNA Pol II 
to activate transcription elongation69. Although both 
C. elegans and D. melanogaster silence transcription by 
inhibiting P‑TEFb, they use different proteins and mecha-
nisms to accomplish this inhibition (FIG. 3). In C. elegans, 
the germline protein PIE‑1 contains CTD-like domains 
that bind and sequester P‑TEFb and prevent it from inter-
acting with Pol II70. PIE‑1 has also been shown to block 
Pol II transcription initiation in a P‑TEFb-independent 
manner71. When PIE‑1 is absent, germline blastomeres 
adopt somatic cell fates72. D. melanogaster PGCs express 
a protein called polar granule component, which physi-
cally interacts with P‑TEFb and inhibits the recruitment 
of this complex to chromatin73. In the absence of polar 
granule component function, somatic transcripts are 
expressed and nascent germ cells degenerate74,75. Later 
in D. melanogaster development, during PGC migration 
to the embryonic gonads, the inhibition of CTD phos-
phorylation is maintained independently of P‑TEFb, 
requiring the germ-granule component Nanos76. 
nanos‑mutant PGCs express numerous somatic tran-
scripts77,78. NANOS is also required to repress CTD phos-
phorylation and somatic gene expression in the germline 
blastomeres and PGCs of X. laevis and the sea urchin 
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Strongylocentrotus purpuratus79–81. Because NANOS is a 
cytoplasmic RNA-binding protein, its effect on transcrip-
tion is likely to be indirect1,80,82. The sea squirt Ciona intes‑
tinalis represses CTD phosphorylation and zygotic gene 
expression in germline blastomeres through an unknown 
mechanism involving the ascidian-specific protein poste-
rior end mark 1 (PEM1)83. A variation on the transcription 
repression theme is found in mouse embryos, in which 
PGCs become specified from proximal post-implanta-
tion epiblast cells by expression of BLIMP1. During early 
PGC specification in mice (E6.25–E8), transcription 
is not globally repressed. Instead, BLIMP1 specifically 
represses transcription of genes required for mesodermal 
development84–86. In blimp1 mutants, a small cluster of 
aberrant PGCs continue to express somatic markers and 

are eventually lost55,87. However, after PGC specification 
(E8–E9), the Pol II CTD becomes dephosphorylated, sug-
gesting that transcription is globally repressed as PGCs 
migrate to the somatic gonad86. Thus, blocking transcrip-
tion in PGCs, primarily by targeting the CTD of Pol II, 
is a conserved mechanism to maintain germ cell fate in 
early development.

Later in development, PGCs switch from Pol II CTD-
based transcriptional repression to chromatin-based 
repression. In C. elegans embryos, the disappearance of 
PIE‑1 from PGCs at the ~100‑cell stage is coincident 
with loss of H3K4 methylation and H4K8 acetylation88,89, 
marks of transcriptionally competent or active chromatin. 
This suggests that, when PIE‑1 repression of Pol II is lifted, 
chromatin regulation maintains a degree of transcrip-
tional repression in PGCs. In D. melanogaster embryos, 
transcription and H3K4 methylation are upregulated in 
somatic nuclei at the syncytial blastoderm stage but are 
not upregulated in the PGCs until after their migration 
through the midgut during gastrulation75. In both D. mel‑
anogaster and C. elegans, NANOS participates, probably 
indirectly, in clearing or repressing H3K4 methylation, 
and nanos mutations result in loss of PGCs. The loss of 
H3K4 methylation is thought to be due to histone replace-
ment instead of demethylase activity90. D. melanogaster 
PGCs increase transcription as they migrate to the gonad. 
C. elegans PGCs transition from limited transcription 
during late embryogenesis to robust transcription after 
embryos hatch and begin to feed88,91. In mice, repressive 
H3K27 methylation is acquired after PGC specification, 
but as PGCs enter the genital ridge, this repressive histone 
mark is lost and H3K4 methylation is acquired92,93. These 
observations suggest that, in addition to the conservation 
of Pol II CTD-based transcriptional repression, a transi-
tion to chromatin-based repression is conserved across 
species.

Protection by the chromatin state of germ cells. Even 
after germ cells initiate transcription, their chromatin 
state continues to have a protective role: it inhibits their 
reprogramming towards somatic fates. In the soma, 
master regulatory proteins promote differentiation into 
specific cell types. For example, in C. elegans, abnormal 
chemotaxis 1 (CHE‑1) specifies neural fate and helix–
loop–helix 1 (HLH‑1), the worm homologue of myoblast 
determination 1 (MYOD), specifies muscle fate. Forced 
expression of those somatic master regulators in the 
germ cells of C. elegans larvae and adults does not drive 
germ cells towards somatic fates, revealing that germ cells 
are protected against reprogramming94. This protection 
is conferred by a repressed chromatin state mediated by 
MES‑2–MES‑3–MES‑6 (worm PRC2), which generates 
repressive H3K27me3, as described above. A histone 
chaperone called abnormal cell lineage 53 (LIN‑53) prob-
ably functions with MES‑2–MES‑3–MES‑6, and the dis-
tribution of MES‑2–MES‑3–MES‑6 activity is influenced 
by the H3K36 methyltransferase MES‑4. Loss of any of 
these components renders germ cells reprogrammable 
by experimentally driven expression of somatic master 
regulatory proteins94,95. For example, in germ cells lack-
ing MES‑2–MES‑3–MES‑6, expression of CHE‑1 causes 

Figure 3 | Diverse factors and mechanisms that repress expression of somatic genes 
and protect germ cells from reprogramming towards somatic cells.  In embryos, a 
common target of regulation in the primordial germ cells (PGCs) is the carboxy‑terminal 
domain (CTD) of RNA Polymerase II (Pol II). Phosphorylation of the Pol II CTD is required 
for transcription elongation, and organisms use diverse methods to prevent CTD 
phosphorylation in PGCs. Inhibition of Pol II keeps early PGCs transcriptionally silent. 
At later stages, repression is more selective, to keep somatic genes switched off while 
germline genes are being expressed. In adults, this selective repression is achieved at 
the level of chromatin regulation by histone modifiers and remodellers (for example, 
polycomb repressive complex 2 (PRC2) promotes methylation of Lys27 on histone H3 
(H3K27) and gene repression, and suppressor of presenilin defect 5 (SPR‑5) and lethal 418 
(LET‑418) remove H3K4 methylation, which is associated with gene activation), as well as 
at the level of translational regulation by germ granules, translational regulators (for 
example, muscle excess 3 (MEX‑3), defective in germline development 1 (GLD‑1) and 
abnormal cell lineage 41 (LIN‑41)) and proteins that stabilize germline-specific RNA 
(such as dead end). C. elegans, Caenorhabditis elegans; D. melanogaster, Drosophila 
melanogaster; PEM1, posterior end mark 1; PIE‑1, pharynx intestine in excess 1; 
PRDM14, PR domain zinc‑finger protein 14; X. laevis, Xenopus laevis.
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germ cells to express neuronal markers and to extend 
neurite-like projections, and expression of HLH‑1 causes 
germ cells to express muscle markers (FIG. 4). Therefore, 
the MES‑2–MES‑3–MES‑6 complex creates a chroma-
tin state that can buffer germ cells against the effects of 
forced expression or stochastic mis-expression of somatic 
cell fate factors. A recent study in D. melanogaster suggests 
that, in flies, germ cell pluripotency is also maintained by 
PRC2 but in a non-cell autonomous and probably indirect 
manner: compromising PRC2 in the somatic gonad is suf-
ficient to induce the expression of somatic cell markers in 
germ cells96. Whether MES‑2–MES‑3–MES‑6‑mediated 
repression of somatic fates in the C. elegans germline 
is cell-autonomous (that is, in germ cells) or non-cell-
autonomous (that is, in the surrounding somatic gonad) 
remains to be tested.

Several important new studies provide further evi-
dence that the chromatin state of germ cells protects their 
germline fate. Even without driving the expression of 
somatic master regulators in germ cells, simultaneous loss 
of two chromatin factors, suppressor of presenilin defect 5 
(SPR‑5) and lethal 418 (LET‑418), the worm homologues 
of LSD1 (also known as KDM1A) and Mi2, respectively, 
causes C. elegans germ cells to express neuronal mark-
ers and extend neurite-like processes or to express mus-
cle markers97 (FIG. 4). SPR‑5 is an H3K4 demethylase that 
interacts with LET‑418 within two complexes, the nucleo-
some remodelling and deacetylase (NuRD) complex and 
the MEC complex. Compromising the H3K4 methyl-
transferase SET domain-containing 2 (SET‑2) or its cofac-
tor, WD‑repeat 5.1 (WDR‑5.1), also leads to expression 
of somatic markers in the germline and causes soma-like 
differentiation of germ cells98. Thus, compromising the 
ability to either methylate or demethylate H3K4 causes 
germ–soma reprogramming. This suggests that H3K4 
methylation levels must be carefully regulated. One crucial 
question is whether germ cells that express somatic mark-
ers are germ cells ‘gone wrong’ (in other words, rerouted 
to express an inappropriate fate) or instead are germ cells 
undergoing ‘precocious differentiation’ (in other words, 
expressing some of the somatic markers they will later 
express after fertilization and during early embryo
genesis). Notably, in mice, PGCs must first dedifferen-
tiate before developing into somatic cell types99,100. Loss 
of the NuRD complex component methyl-CpG-binding 
domain 3 (MBD3) promotes dedifferentiation of PGCs 
into pluripotent embryonic germ cells, which can then 
respond to somatic differentiation cues101. Perhaps alter-
ing the chromatin state in C. elegans germ cells promotes 
their dedifferentiation, after which they can respond to 
somatic cues and initiate somatic development.

Protection by cytoplasmic factors in germ  cells. 
Chromatin-level repression is not the only mechanism 
used by germ cells to prevent somatic reprogramming. 
Germ cells also rely on translational regulation. For 
example, two cytoplasmic RNA-binding translational 
regulators, muscle excess 3 (MEX‑3) and defective in 
germline development 1 (GLD‑1), function redun-
dantly in C. elegans to prevent somatic reprogramming 
and maintain germ cell totipotency. The germlines of 

worms with mutations in both mex‑3 and gld‑1 are 
tumorous and contain differentiated somatic cell types 
from all three germ layers102 (FIG. 4). Interestingly, somatic 
reprogramming in mex‑3 gld‑1 mutants does not occur 
until after germ cells have entered meiosis, and requires 
overexpression of the GLD‑1 target cyclin E, a factor 
that promotes mitosis and somatic gene expression in 
fertilized embryos103. Similarly, precocious activation 
of cyclin A in D. melanogaster oocytes causes them 
to re‑enter mitosis and produce a tumorous germline 
phenotype104. The tripartite motif (TRIM)-NHL pro-
tein LIN‑41 is another cytoplasmic component that is 
required in C. elegans oocytes to prevent them from 
re‑entering mitosis and expressing somatic genes105 
(FIG. 4). In D. melanogaster, TRIM-NHL functions simi-
larly to prevent mitosis in neuroblasts and ovarian stem 
cells106–108. In humans, LIN‑41 inhibits the translation 
of prodifferentiation genes, and elevated LIN‑41 can 
promote the reprogramming of differentiated cells into 
induced pluripotent stem cells109. The appearance of dif-
ferentiated somatic cell types from all three germ layers 
in lin‑41 and mex‑3 gld‑1 C. elegans mutants is reminis-
cent of human germ cell teratomas (GCTs). As the name 
suggests, GCTs are derived from germ cells, and they 
are the most common cancer in men between the ages 
of 20 and 39 (REF. 110). The high rate of occurrence of 
GCTs suggests that the phenotype can be caused by the 
loss of any of several genes111. Indeed, studies in mice 
have identified numerous factors whose loss increases 
the incidence of GCTs, the most heavily studied being a 
germ-granule component called dead end, which post-
transcriptionally regulates the accumulation and trans-
lation of several mRNA targets in the germline112,113. 
By determining how germ cells maintain pluripotent 
potential at the level of translation, we will gain a bet-
ter understanding of what is required to repress the 
formation of GCTs.

A common theme in the C. elegans germ–soma 
reprogramming events discussed above is the disappear-
ance of germ granules from reprogrammed germ cells. 
To examine whether the loss of germ granules is a 
cause or a consequence of germ cell reprogramming,  
a recent study tested whether depletion of germ-granule 
components by RNAi can cause germ cell reprogram-
ming. Germ cells depleted of germ-granule factors were 
observed to express muscle and pan-neuronal mark-
ers and to send out neurite-like projections114 (FIG. 4). 
Reprogrammed germ cells did not seem to terminally 
differentiate, but they could be induced to do so by 
forced expression of a master regulatory protein, such 
as CHE‑1. Taken together, these findings support a 
model in which germ granules selectively destabilize 
and/or impair the translation of mRNAs encoding 
proteins that promote somatic differentiation. Germ 
granules may buffer germ cells from the effects of sto-
chastic mis-transcription of inappropriate mRNAs, 
thereby maintaining pluripotent potential by preventing 
the reprogramming of germ cells towards somatic cell 
types. Whether this role of germ granules is conserved 
in other species has yet to be examined. Interestingly, the 
converse scenario is frequently observed: germ-granule 
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components expressed in somatic cancers may promote 
cell proliferation, pluripotency and tumorigenesis115–117.

How might germ granules antagonize somatic fate? 
In C. elegans, germ granules overlie the cytoplasmic 
face of nuclear pores during most stages of germline 
development, and several tests suggest that worm germ 
granules extend the nuclear pore complex environ-
ment28,42,118. First, the association of germ granules with 
the nuclear periphery requires intact nuclear pores. 
Second, germ granules exhibit size-exclusion proper-
ties similar to those of nuclear pores. Third, chemicals 
that disrupt the integrity of nuclear pores also disrupt 
the integrity of germ granules. In adult germ cells, it is 
estimated that 75% of nuclear pores are covered by germ 
granules119. Perinuclear granules may serve as a germ
line-specific compartment through which proteins 
and RNAs pass on their way into or out of germ nuclei. 
In that location, germ granules could survey and silence 
transcripts not appropriate for germline development. 
This possibility raises the question of how germ gran-
ules could selectively silence the translation of somatic 
transcripts while allowing the translation of germline-
appropriate transcripts. Several recent studies suggest a 
possible mechanism involving the Argonaute proteins 
chromosome-segregation and RNAi-deficient 1 (CSR‑1) 
and PIWI‑related gene 1 (PRG‑1) functioning together 
in C. elegans germ granules to distinguish between 
self (that is, germline) transcripts and non-self (that is, 
transposon, foreign transgene and perhaps somatic) tran-
scripts120,121. PRG‑1 is the C. elegans PIWI orthologue, 
and it binds over 30,000 different piRNAs produced from 
the genome122,123. If mismatches are allowed, piRNAs 
can target almost all mRNA substrates to inhibit their 
translation124. CSR‑1 binds to over 4,000 specific small 
RNAs, which collectively are complementary to nearly 
all germline transcripts. The current model is that these 
small RNAs guide CSR‑1 to its mRNA targets, protect-
ing them from PRG‑1 silencing and effectively licensing 
their germline expression125. It remains to be determined 
whether piRNA-mediated repression of non-self targets 
extends to somatic transcripts produced in the germline, 
whether loss or impairment of CSR‑1 and PRG‑1 func-
tion underlies the somatic reprogramming of germ cells 
when C. elegans germ granules are depleted, and whether 
other organisms use germ-granule-associated Argonaute 
proteins to prevent germ–soma reprogramming.

Concluding remarks
Early in development, multicellular animals must 
specify which of their cells will serve as the seeds, or 
‘germs’ to produce gametes and subsequent generations, 
and throughout development the immortal and totipo-
tent potential of those germ cells must be protected by 
repressing somatic differentiation. This Review focuses 
on the diverse mechanisms used to specify and protect 
germline fate.

Both specification and protection are critical to 
ensure reproductive capacity, and often the two pro-
cesses are interwoven. For example, C. elegans and 
D. melanogaster embryos exemplify physical separa-
tion of PGCs from developing somatic cells early in 

Figure 4 | Conditions that cause adult germ cells to 
reprogramme towards somatic cells in C. elegans.  
a | Wild-type Caenorhabditis elegans germlines contain a 
progression of mitotic stem cells, meiotic cells, oocytes 
and sperm. b | Somatic cell types most commonly 
observed after germ–soma reprogramming are neuronal 
(shown in green) and muscle (shown in red). Loss of the 
complex of maternal effect sterile 2 (MES‑2), MES‑3 and 
MES‑6 (the worm version of polycomb repressive 
complex 2 (PRC2)), mis-regulation of methylation of Lys4 
on histone H3 (H3K4), and depletion of germ granules 
cause mitotic stem cells to reprogramme towards somatic 
lineages. c | Loss of defective in germline development 1 
(GLD‑1) and muscle excess 3 (MEX‑3) causes meiotic cells 
to reprogramme towards soma. d | Loss of abnormal cell 
lineage 41 (LIN‑41) causes oocytes to reprogramme 
towards somatic cells, owing to the embryonic 
programme being turned on prematurely.
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CRISPR-based genome 
editing
A gene-editing technique that 
is derived from the bacterial 
immune system and is widely 
used to create deletions, 
insertions and modifications of 
targeted genome sequences. 
Since 2013, this technique has 
been used for genome editing 
in a wide range of different 
organisms.

development, with segregation of germ plasm con-
taining germline determinants to the PGCs, and with 
maintenance in PGCs of transcriptional repression to 
prevent expression of somatic genes. Later in develop-
ment, chromatin barriers and germ granules prevent 
the expression of somatic genes in germ cells. Mouse 
embryos do not set germ cells apart early on. Instead, 
they exemplify a different and probably ancestral mode 
of germ cell specification, signalling a small set of WNT-
primed post-implantation epiblast cells to express a trio 
of transcription factors that specify PGCs. As in worms 
and flies, protection of germline fate is likely to involve 
chromatin regulation and RNA granules.

Transmission of an epigenetic memory of the germ
line programme from parent to progeny germ cells is a 
newly recognized contributor in worms and a new fron-
tier for exploration in other systems. Although the broad 
themes and some of the important players are known in 
a few organisms, much remains to be elucidated. Recent 
advances in technology, such as high-throughput genome 
sequencing and protein analysis and CRISPR-based genome 
editing, are expanding our understanding of germ cell 
specification and protection. Soon, this understanding 
will extend to more than just a handful of well-defined 
model organisms, providing a broader picture of how this 
process has evolved and diversified life.
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