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Segregation of the future germ line defines a crucial cell fate decision
during animal development. In Xenopus, germ cells are specified by
inheritance of vegetally localized maternal determinants, including
a group of specific mRNAs. Here, we show that the vegetal localiza-
tion elements (LE) of Xenopus Dead end (XDE) and of several other
germ-line-specific, vegetally localized transcripts mediate germ cell-
specific stabilization and somatic clearance ofmicroinjected reporter
mRNA in Xenopus embryos. The part of XDE-LE critical for somatic
RNA clearance exhibits homology to zebrafish nanos1 and appears
to be targeted byXenopusmiR-18 for somaticmRNA clearance.Xen-
opus Elr-type proteins of the vegetal localization complex can allevi-
ate somatic RNA clearance of microinjected XDE-LE and endogenous
XDE mRNA. ElrB1 synergizes with Xenopus Dead end protein in the
stabilization of XDE-LE mRNA. Taken together, our findings unveil
a functional link of vegetal mRNA localization and the protection of
germ-line mRNAs from somatic clearance.
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The Xenopus germ line is established during oogenesis by for-
mation of a specialized region within the vegetal cytoplasm

referred to as the germ plasm (1, 2). Maternal determinants de-
posited in the germ plasm include specific mRNAs; vegetal RNA
localization is achieved via two major pathways named according
to their temporal activity during oogenesis as the early and the late
transport pathway, respectively. Vegetal transport is driven by cis-
acting elements termed localization elements (LEs), mostly re-
siding within the 3′UTR and recognized by specific trans-acting
proteins (3, 4). SeveralmRNAs localized by the early pathway, e.g.,
Xdazl and Xpat, remain associated with the germ line throughout
development and exert important functions during germ cell de-
velopment (2, 5–7). Xenopus Dead end (XDE) was identified as
a late localizing mRNA encoding an RNA binding protein critical
for the maintenance of primordial germ cells (PGCs) (8). Despite
its late RNA sorting characteristics in the oocyte, XDE mRNA
becomes selectively restricted to the germ plasm and thus specifi-
cally expressed in thePGCs during embryogenesis. In zebrafish and
mice, Dead end (Dnd1) proteins are as well required for germ cell
survival (9, 10).
ThemicroRNA-430 family had previously been implicated in the

clearance of multiple maternal mRNAs during the phase of ma-
ternal-to-zygotic transition of gene expression in early zebrafish
development (11). In germ cells, however, certain germ-line-
specificmRNAs, such as nanos-1, appear to beprotected frommiR-
430-mediated RNA clearance by an unknown mechanism (12). It
was proposed that the Dnd1 protein might mediate the protection
of germ-line mRNAs from miR-mediated RNA clearance (13).
On the basis of primary sequence conservation, it has been

proposed that XenopusmiR-427 is the ortholog of zebrafish miR-
430 (14, 15). Though it was shown thatXenopusmiR-427 is indeed
involved in the deadenylation of selected maternal mRNAs in
early Xenopus embryogenesis, thereby down-regulating their ex-
pression (14), it was also revealed that Xenopus miR-427 pro-
motes mesendoderm formation via specifically targeting elements
of the nodal signaling pathway (15). It therefore appears that
a given miRNA species may have gained diverse activities in dif-
ferent species. In further support of the same notion, it was shown
that somatic clearance of maternal mRNAs in Drosophila at the

onset of zygotic gene expression is mediated by yet a different
species of microRNAs (16).
Here, we report that the XDE mRNA is subject to miR-18–

mediated RNA clearance in the soma and specifically protected
fromdegradation in the germ line ofXenopus embryos. The critical
regulatory sequence element for this phenomenon is identical to its
vegetal LE located within the 3′UTR. Likewise, germ-line re-
striction activity is exhibited by LEs of several other vegetally lo-
calized, germ cell-associated transcripts. In addition, we provide
evidence implying that Elr/HuR proteins and thus components of
the vegetal RNA transport machinery function in the suppression
of miRNA-mediated mRNA clearance. Supporting the idea of
a germ cell-specific protective activity of Elr proteins, we find
ElrB1 to synergize with Xenopus Dead end protein in mRNA
stabilization. In essence, our findings suggest that Elr-type pro-
teins, which have previously been found to be involved in vegetal
mRNA transport during oogenesis, can also mediate a different
process—namely, protection from miRNA-mediated RNA clear-
ance by binding to one and the same RNA target sequence.

Results
Vegetal Localization Element of Xenopus Dead end Mediates Germ
Cell-Specific Protection from Reporter RNA Clearance. To address the
temporal regulation of XDE expression during development, we
designed a reporter construct composed of the GFP ORF fused to
the XDE 3′UTR. Two-cell-stage Xenopus embryos were injected
with synthetic GFP-XDE 3′UTR mRNA into the vegetal side of
both blastomeres and monitored for GFP expression at tailbud
stage, at which PGCs become detectable at the surface of the
embryo. Resembling the endogenous expression pattern of XDE,
reporter mRNA-injected embryos exhibited specific GFP expres-
sion in the presumptive PGCs (Fig. 1A). To determine if this effect
represented a consequence of local translational activation in the
germ cells and/or repression elsewhere, we analyzed the distribu-
tion of the injected mRNA by GFP whole-mount in situ hybrid-
ization. Remarkably, GFP reporter RNA was selectively detected
in putative PGCs but absent from somatic cells (Fig. 1A), indicating
efficient somatic RNA clearance and/or RNA stabilization in
the germ line.
To identify the part of the XDE 3′UTR mediating germ-line

restriction, we generated a series of truncated XDE 3′UTR frag-
ments, which were fused to the GFP coding sequence (Fig. 1).
Interestingly, we found that the 251-nucleotide mRNA segment
responsible for germ cell-specific GFP expression and somatic
reporterRNA clearance corresponded to the region of theXDE 3′
UTR we had previously determined as sufficient to drive vegetal
RNA localization in Xenopus oocytes (Fig. 1B) (8). In addition,
a 173-nucleotide fragment [LE redefined (LE-R)] central to the
previously definedLE also proved to be sufficient for vegetal RNA
localization and to specifically restrict GFP reporter mRNA dis-
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tribution and GFP expression to putative PGCs (Fig. 1C). Upon
double whole-mount in situ hybridization, GFP-mRNA positive
cells were found to colocalize with the established PGC marker
Xpat (6), confirming their identity as PGCs (Fig. 1F).
To determine, if the region of the XDE 3′UTR with vegetal

localization activity would also be required for germ cell-specific
reporter RNA distribution, we internally deleted the XDE locali-
zation element and its redefined form, LE-R, from the full-length
XDE 3′UTR GFP reporter. RNAs injected into the vegetal
hemisphere of fertilized eggs will be enriched in the endoderm at
later stages of development, because the endodermal germ layer
forms from the vegetal hemisphere; as to be expected, microin-
jection of ΔLE as well as ΔLE-R reporter RNAs results in ubiq-
uitous endodermal localization (Fig. 1 D and E). Thus, it is the
soma-specific destabilizing activity of the LE that is responsible for
the PGC-specific localization of the corresponding microinjected
RNA reporter constructs in vivo. Supporting the idea that the
absence of reporter RNA in somatic cells involves its clearance, as
opposed to its mere spatial redistribution, injection of GFP XDE-

LE reporter RNA into the animal pole of Xenopus embryos
resulted in the loss of traceable GFP transcripts in the whole em-
bryo (Fig. S1). Thus, protection of the GFP XDE-LE reporter
RNA from mRNA clearance might rely on vegetally localized,
germ plasm-specific factors.
In summary, these data show that apart from its function in

vegetal RNA transport, the XDE-LE is sufficient and required for
mRNA clearance in somatic cells and its stabilization in PGCs.

Localization Elements of Other Germ Line-Specific, Vegetally Localizing
Transcripts Equally Mediate Somatic Reporter mRNA Destabilization.
The unexpected interdigitation of vegetal localization and so-
matic destabilization activities exhibited by the XDE-LE suggests
a mechanistic link between both processes. We thus asked if the
capacity to mediate somatic destabilization would be a more gen-
eral property inferred by vegetal localization elements. For this
purpose, a set of vegetal localization elements (Fig. 2G) was ana-
lyzed by embryonic injection. Not all LEs analyzed appeared ca-
pable of targeting lacZ or GFP reporter RNAs to the germ line,
notably those derived from the late-localizing, well-studied tran-
scripts Vg1 and VegT (17, 18), which were detected ubiquitously in
the endoderm (Fig. 2 E and F). Nevertheless, other LEs exhibited
similar characteristics to those observed for the XDE-LE, such as
the LEs of Xdazl (5), Xcat2 (19), Xpat (20), and an isoform of
XDeadSouth (Fig. 2 A–D); the corresponding endogenous tran-
scripts exhibit germ-line-specific expression. Because both early
and late localizing transcripts are represented among those LEs
with somatic destabilization activity (Fig. 2G), this activity is not
coupled to one particular localization pathway.

Conserved RNA Element Is Critical for the Somatic Destabilization
Activity of the XDE-LE. In zebrafish, somatic destabilization of zf-
nos1 involvesmiR-430–mediated deadenylation (12). Interestingly,
the zf-nos1 3′UTRandXDE-LE share significant sequence identity
in a ∼36-nt stretch of the XDE-LE and the portion of the zebrafish
nos1 3′UTR defined as critical for miR-430–mediated dead-
enylation (12), including a perfect match with the miR-430 target
motif (Fig. 3A).
To assess the functional significance of this element and other

parts of the XDE-LE-R for somatic destabilization, we designed
a series of antisense morpholino oligonucleotides almost entirely
covering XDE-LE-R (Fig. 3A). In addition, one MO (MO7) was
generated as complement to 25 central nucleotides of the zf-nos1
homology region. We reasoned that MO binding to the reporter
mRNA target could prevent its accessibility for miRNAs and
consequently its somatic clearance. Though MO3 and MO4
exhibited no clear effect, the other antisense MOs were capable of
interfering at least to some extent with somatic clearance of the
XDE-LE-R reporter mRNA. As visualized by hybridization with
a GFP riboprobe, followed by quantification of signal intensities
(Fig. 3 B and C), the inhibitory activities differed, ranging from
2- to 4-fold (MO1, 2, 5, 6) to ∼7-fold (MO7; Fig. 3C). Therefore,
the XDE-RNA element homologous to zf-nos1 seems to be of
critical importance for the somatic clearance of the microinjected
reporter RNA. Taken together, these observations suggest that the
differential regulation of germ-line-associated RNAs observed for
zebrafish nos1 and Xenopus DE could rely on a conserved mech-
anism involving microRNA-mediated RNA degradation via
a conserved cis-acting 3′UTR RNA element.

MicroRNA-18 Is Involved in Somatic RNA Clearance of the XDE-LE-R
Reporter. To more directly address the question if miRNAs are
involved in somatic mRNA clearance, theXDE-LE-R was scanned
for predicted miRNA target sites with the program miRanda (21)
using all known,matureXenopus tropicalismiRNA sequences (22).
Various different miRNAs were predicted to bind to the zf-nos1
homology region (Fig. S2) via the target motif GCACUU(U),
previously also characterized as miR-430 target sequence in the
zebrafish (23). Notably, Xenopus miR-427, proposed to constitute
theXenopus ortholog of zebrafishmiR-430 (14), was not among the
top predicted miRNAs, even though perfectly matching within the
seed sequence. Upon injection of a XDE-LE reporter containing

Fig. 1. The vegetal localization element of XDE mediates germ-line GFP
expression by somatic mRNA clearance and PGC-specific RNA accumulation.
(A–E) Two-cell-stage embryos were injected either vegetally with reporter
mRNAs, cultivated to stage 30–34 and monitored for GFP protein expression
(Left), or fixed and analyzed for GFP reporter RNA distribution (Right). PGC-
specific GFP protein expression (magnified views in insets) was observed
upon injection of 1.2–1.8 ng GFP-XDE 3′UTR (A, 69%, n = 52, N = 2), 1.2 ng
GFP-XDE-LE (B, 73%, n = 74, N = 2), and 1.1 ng GFP-XDE-LE-R (C, 71%, n = 28,
N = 1). In contrast, ubiquitous GFP protein expression was exhibited by 100%
of embryos injected with 1.5 ng GFP-XDEΔLE (D, n = 28, N = 1) or 93% of
embryos injected with 1.6 ng GFP-XDEΔLE-R (E, n = 14, N = 1). GFP RNA was
specifically detected in PGCs in 72% (A, n = 44, N = 1) for XDE 3′UTR-injected
embryos, in 78% (B, n = 82, N = 2) for XDE-LE-injected embryos and 82% (C,
n = 74, N = 1) for XDE-LE-R-injected embryos. (D and E) High endodermal
levels of GFP RNA were detected in embryos injected with XDEΔLE (D, 97%,
n = 113, N = 3) and XDEΔLE-R (E, 100%, n = 69, N = 3). (F) Aspect of a single
embryo injected with GFP-XDE-LE and double-stained for GFP (red) and the
PGC marker Xpat (purple), photographed after the first (Left) and the sec-
ond (Right) staining reaction. Although the time for the Xpat staining re-
action was reduced, the majority of mGFP5-positive cells also exhibit Xpat
signals. n, no. of injected embryos; N, no. of experiments.
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a mutated target motif, elevated levels of reporter mRNA were
detected in the endoderm (Fig. 4 A, B, and E). However, PGC
restriction of the reporter RNA was not fully inhibited, suggesting
that additional elements potentially targeted by miRNAs might
contribute to somatic clearance. In another approach to define the
importance of the nos1homology region for germ-line restriction of
the reporter RNA, we internally deleted this element from XDE-
LE-R. Further underscoring its requirement for somatic de-
stabilization, reporter RNA lacking the part of the nos1 homology
region containing the predicted miRNA target motif was detected
in the soma at markedly increased levels, whereas PGC restriction
was almost fully abolished (Fig. 4 A, C, and E).
To analyze the involvement of specificmiRNAs in somatic RNA

clearance, antisense inhibition of miRNAs was performed using
antisense 2′O-methyl oligoribonucleotides (2′OMeOs). Because
several of themiRNAs predicted to bind within the nos1 homology
element are closely related in sequence, some of the 2′OMeOs
raised were degenerated at several positions, thus targeting more
than one miR family member at a time. Coinjection of 2′OMeOs
designed to target miR-130b or miR-301 only mildly affected so-

matic clearance of XDE-LE-R reporter RNA (Fig. 4 D and E).
However, coinjection of 2′OMeOs raised against miR-18a and
miR-18b clearly alleviated somatic clearance upon coinjectionwith
the XDE-LE-R reporter (Fig. 4 D and E). Thus, a miR-18 family
member appears to be involved in the somatic clearance of XDE-
LE-R reporter RNA in Xenopus.

Elr Proteins Can Mediate Protection of XDE-LE-R from Somatic RNA
Clearance. Though miR-18 seemed to mediate the somatic clear-
ance of XDE-LE-R reporter RNA, the mechanism of germ-line-
specific protection from RNA clearance still remained unclear.
Recently, we could identify Xenopus Elr-type proteins of the Elr/
HuR family as components of the vegetal localization complex

Fig. 2. Somatic RNA clearance is mediated by LEs of other vegetally local-
ized mRNAs expressed in the germ line. (A–F) GFP-tagged LE reporter
mRNAs of Xcat2 (A, 800 pg), XDazl (B, 800 pg), Xpat (C, 800 pg), VegT (1.2
ng), Vg1 (1.2 ng), Dead end (XDE-LE, 1.2 ng), or lacZ-tagged LE mRNAs (2 ng
each) of the DeadSouth isoform (D) Velo76, XNIF, Velo 40, and Velo7 were
injected vegetally into both blastomeres of two-cell-stage embryos. Embryos
(stage 30–32) were analyzed for reporter RNA distribution by in situ hy-
bridization using antisense GFP or lacZ probes. (G) LEs of the majority of
vegetally localized mRNAs expressed in the germ line were found to mediate
germ-line restriction of reporter RNAs irrespective of their transport path-
way. Values for PGC stabilization indicate the percentage of embryos exhib-
iting PGC-specific reporter RNA staining (Fig. S5). Asterisk indicates that for
Vg1 (E), VegT (F), and Velo7, PGC staining was detectable in <10% of
injected embryos and accompanied by high somatic levels or reporter RNA
(100%, 98.6%, and 46.7% of injected embryos, respectively).

Fig. 3. Antisense morpholino oligonucleotide-mediated protection of the
nanos1 homology element strongly inhibits somatic clearance of XDE-LE. (A)
Partial alignment of XDE-LE-R with the zebrafish nanos1 3′UTR reveals
a homologous sequence element (XDE nucleotide positions indicated) cov-
ering the dre-miR-430b target site (orange box). Identical nucleotides of XDE-
LE-R are highlighted in black. The XDE-LE-R is represented by a red rectangle;
the position of the nos1 homology domain is marked by a blue box. (B and C)
Vegetal coinjection of antisense MOs (1.5 pmol each) with GFP-XDE-LE-R
reporter mRNA (1.1 ng) led to inhibition of somatic reporter RNA clearance to
variable extent; the strongest effect was achieved byMO7 targeting the nos1
homology region (Table S1). (B) Lateral view of representative embryos
stained with a GFP antisense probe. (C) Diagram representing average pixel
quantification results of in situ hybridization signals from embryos analyzed
on both sides. The statistical significance of the obtained series of values
was verified by one-tailed Student’s t-test (type 3, P < 0.01; P values: LE-R/
MO1: 2.695E-50, LE-R/MO2: 1.299E-14, LE-R/MO3: 0.004, LE-R/MO4: 7.53E-06,
LE-R/MO5: 1.133E-47, LE-R/MO6: 3.216E-45, LE-R/MO7: 3.949E-57). Values
were adjusted to the score of GFP-XDE-LE alone, which was set to 1.
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forming with the XDE-LE (24). The Elr/HuR family of RNA
binding proteins has been implicated in various aspects of RNA
regulation—e.g., the stabilization of target mRNAs (25) or trans-
lational regulation (26). The region within the XDE-LE that is
critical for Elr protein binding is located 5′ to and only partially
overlapping with the nos1 homology region (Fig. S3). To establish
the relationship between Elr protein binding and germ cell-specific
suppression of RNA clearance, we took advantage of the same set
of MOs described previously (Fig. 3A). UV cross-linking of XDE-
LE was performed in the presence or absence of these MOs using
a partially purified oocyte RNP fraction enriched in proteins of the
vegetal localization complex (24). Similar to our previous obser-
vations with coimmunoprecipitation of Elr proteins translated in
vitro and fluorescently labeled RNA (24), MOs interfered with
XDE-LE cross-linking of Elr proteins to a variable extent, with the
strongest inhibitory activities observed for MO1, MO2, and MO7;
weak but significant ones forMO3andMO5; and veryweakonesor
none forMO6 orMO4, respectively (Fig. 5A). Taken together, the
MO effects on Elr binding as measured by UV cross-linking par-
tially overlap with those on somatic RNA clearance (see also Fig.
3C), indicating that Elr proteins might be involved in germ cell-
specific RNA protection. However, it seems noteworthy that sev-
eral MOs, such as MO2 and MO3, clearly affect Elr protein bind-
ing, while having no or only moderate effects on RNA clearance.
To more directly assess the relevance of Elr protein binding for

the stabilization ofXDE-LE reportermRNA in PGCs, we used two
mutant forms of XDE-LE containing different combinations of
point mutations within A/U-rich elements, known to be important
for Elr binding. In UV cross-link competition experiments and
electrophoretic mobility shift assays, these mutations had been
previously shown to interfere moderately or strongly with ElrA/B
binding, respectively [XDE-LE mut1 and XDE-LE mut2 (ref. 24
and Fig. S3)]. Upon injection of these mutant mRNAs, PGC sta-
bilization of the reporter mRNAwas almost completely lost (Fig. 5
C, C′, D, D′). Thus, ElrA/B binding ability correlates with PGC-
specific protection from reporter mRNA clearance.
To address the question of whether Elr proteins would be suffi-

cient to counteract somatic destabilization, tagged forms of Xen-
opus ElrB1 and ElrA were overexpressed in Xenopus embryos in
the presence of the XDE-LE-R reporter RNA. Ectopic expression
ofElrB1 andElrA resulted in strong andmild endodermal reporter
RNA stabilization, respectively (Fig. 5 E and F). Thus, over-

expression of Elr proteins, in particular of ElrB1, is sufficient to
protect XDE-LE reporter RNA from somatic clearance.
To analyze whether the mechanisms we found to be involved in

somatic clearance of XDE-LE reporter RNA would also apply to
endogenous XDE mRNA, whole-mount in situ hybridization
analysis on MO7-injected embryos was performed. Elevated so-
matic levels ofXDEmRNAwere indeedobserved in the endoderm
upon masking of the nos1 homology region by injection of MO7
(Fig. S4A). We further determined the levels of XDE mRNA at
different stages of embryogenesis by quantitative RT-PCR; similar
to the time course we had determined for XDE-LE reporter
mRNA clearance on the basis of whole-mount in situ hybridization
experiments (Fig. S1), the quantity of XDE transcripts strongly
decreased after gastrula stages (Fig. S4B). Interestingly, XDE
mRNA clearance could be inhibited by the different procedures
that we had found to similarly inhibit clearance of the micro-
injected reporter RNA constructs—by injection of either MO7,
anti-miR-18a/b antisense 2′OMeOs, or synthetic ElrB1 mRNA
(Fig. S4C). The intensities of the inhibitory effects observed at
stage 30 appear to correlate with those for microinjected XDE-LE
reporter mRNA constructs (Figs. 3B, 4D, and 5E), with the
strongest increase in stability obtained forMO7, and significant but
weaker effects for anti-miR-18a/b and ElrB1. Thus, endogenous
XDE mRNA clearance appears to be regulated by mechanisms
similar to those that we had described for somatic clearance of
microinjected XDE-LE reporter mRNA constructs.
In summary, these findings provide strong indications for the

involvement ofElr protein binding in germ-line protection ofXDE-
LE reporter mRNA from miRNA-mediated mRNA clearance.

ElrB1 Synergizes with XDE Protein in XDE-LE Reporter mRNA
Stabilization. Because Elr proteins are also expressed outside of
the germ plasm during embryogenesis (27), the mechanistic basis
of their potential germ-line-specific activity is unclear. In the
zebrafish system, it was suggested that the Dnd protein itself is
involved in germ-line-specific protection of germ-line messenger
RNAs from miR-430-mediated RNA clearance (13). To analyze
whether Xenopus Dead end could exert a similar effect in the so-
matic stabilization ofXDE-LE, we coexpressedXenopusDead end
protein together with XDE-LE reporter mRNA. Upon coex-
pression of moderate amounts of XenopusDead end protein (200
pg injected XDE-ORF mRNA), no somatic stabilization of XDE-

Fig. 4. Somatic clearance of XDE-LE-R reporter RNA is
achieved by a microRNA-mediated mechanism. (A) Sche-
matic overviewofmutated or deleted reporter constructs.
A blue rectangle marks the nos1 homology region; al-
tered positions are marked by asterisks; mutations within
the miR target motif are represented in red letters. (B)
Mutation of the miR-430 target motif resulted in de-
creased somatic clearance of the XDE-LE reporter. Upon
vegetal injection (2/2 cells) of 1.2 ngXDE-LEmRNAorXDE-
LE-seedmut mRNA, somatic levels of reporter mRNAs
were rankedvisually into four classes: 0 (not detectable, as
exemplified in D, Upper Left), 1 (weak; example in D,
Lower Right), 2 (medium; example in C, Right), and 3 (very
high; example inD, Lower Left). (C) Embryos injectedwith
1.1 ng XDE-LE-R mRNA or XDE-LE-RΔ-1352–81 mRNA
were scored similarly. Partial deletion of the nos1 ho-
mology domain also resulted in decreased somatic clear-
ance. (D) Vegetal coinjection of antisense 2′OMeOs amiR-
130b (α130b) or amiR-301 (α301) (6.4 pmol each) with 1.1
ng of XDE-LE-R reporter RNA resulted only in slight ele-
vationof somatic reporter RNA levels,whereas coinjection
of a mixture of the antisense 2′OMeOs amiR-18a and
amiR-18b (α18a/b) (3.2 pmol each) led to strong somatic
stabilization of coinjected reporter RNA (Table S1). (E)
Comparative diagram of somatic reporter RNA levels (%)
scored in the injected embryos; in all cases, embryos
compared were stained in parallel for the same time.
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LE reporter mRNA was observed (Fig. 6B). When we decreased
the dosage of MT-ElrB1 injected together with the XDE-LE re-
porter, we also observed a gradual reduction of the stabilizing
activity (Fig. 6 C and E). However, if low doses of both ElrB1 and
XDE were combined, XDE-LE stabilization was enhanced in
a synergistic manner (Fig. 6 D and E). Thus, the cooperative ac-
tivities of ElrB1 and XDE proteins might account for germ cell-
specific protection of germ-line mRNAs from miR-mediated
RNA clearance.

Discussion
In this study, we identified a regulatory RNA sequence within the
3′UTR of the late-localizing, PGC-specific mRNA XDE, which
exhibits dual activities: it is not only instrumental in directing
vegetal localization of XDE mRNA, but it is also critical for so-
matic RNA clearance, as well as for germ-line-specific protection
of the same RNA. LEs of several other germ-line-associated,
vegetally localizedmRNAs share these same activities.MiRNAsof
the miR-18 family participate in somatic RNA clearance, whereas
Elr protein binding to the LEs in cooperation with XDE protein
mediate RNA stabilization.
Remarkably, the RNA element most critical for germ-line re-

striction of XDE contains a sequence similar to the one implicated
in somatic deadenylation of zebrafish nanos-1 (12), suggesting at
least some degree of conservation. However, in contrast to the
zebrafish, wheremiR-430 family members have been implicated in
the somatic deadenylation of nanos-1, our findings suggest the
involvement of a member of the miR-18 family in Xenopus, acting
via the common target motif GCACUU(U). Target sites of xla-
miR-427, the predicted miR-430 homolog (14, 15), were not
detected within the XDE-LE in this analysis. Interestingly, and in
accordance with the findings described here, a function in RNA
stability and translational control was previously reported for a
3′UTR region ofXenopusDeadSouth, also representing a vegetally
localizing, germ-line-specific mRNA (28). However, apart from
the XDeadSouth-LE also exhibiting similarities within the nos-1
homology domain, LEs of the other germ cell-associated mRNAs
analyzed here do not reveal any sequence conservation allowing
for the derivation of a simple consensus motif. The mere presence
of predicted xtr-miR-18a/b target sites does also not define a dis-
tinguishing property, because they occur in most LEs analyzed,
including those not targeted for somatic clearance, such asVg1 and
VegT. Thus, the determinants for germ-line restriction are likely to
involve additional molecular features such as RNA secondary
structure and/or the differential recruitment of trans-acting factors.
The onset of xla-miR-18 expression detected at gastrula stage

(29) is well compatible with the time course we determined for
XDE-LE reporter RNA clearance (Fig. S1) and the clearance of
endogenous XDE mRNA (Fig. S4). The relatively weak effect of
either mutating the conserved miR-18 target motif or blocking
endogenous miR-18 by antisense oligonucleotides could result
from redundancy ofmiR-18 target sites or, alternatively, additional
miRNAs binding outside of the nos1 homology region might
contribute to the process.
At low levels,Xenopus Dead endmRNA can be detected outside

of the germ plasm up to the gastrula stage, but it becomes pro-
gressively restricted to PGCs during development (8, 30). Clear-
ance of XDEmRNA from somatic cells is therefore likely to occur
and might also account for the observed overall reduction of en-
dogenous XDE mRNA levels taking place during embryogenesis,
thus preventing XDE protein expression in the soma. Recently, it
has been suggested that in the zebrafish, Dnd1 protein itself is re-
sponsible for inhibiting miR-mediated RNA clearance in PGCs by
preventing access of miR-430 to its target site (13). In addition,
zebrafishDazlwas found to relievemiR-430-mediated translational
repression of tdrd7 mRNA by inducing its polyadenylation (31).
Findings reported here provide strong evidence that Elr proteins,
which we also identified as components of the vegetal RNA local-
ization complex (24), are critical for PGC-specific XDE-LE stabi-
lization. Mutant forms of the XDE-LE reporter RNA deficient in
Elr binding are not protected in PGCs. In addition, increased Elr
protein levels in the embryo are sufficient for the protection of
XDE-LE reporter RNA frommiR-mediated clearance. This effect
wasmuchmorepronounced forElrB1 than forElrA; thismight rely
on the capability of ElrB1 to oligomerize, which is not the case for
ElrA (30). However, because Elr expression is also detected in
somatic cells (27), the specificity of the protective effect observed
in Xenopus embryos is likely to involve additional activities. Our
finding that Elr and Dead end proteins can synergize in the stabi-
lization of XDE-LE suggests that both proteins might effectively
mediate the protection mechanism at physiological levels. To fully
understand the process of germ-line-specific RNP assembly, the

Fig. 5. Elr protein binding protects XDE-LE reporter RNA from somatic clear-
ance. (A) UV cross-linking assay using radiolabeled XDE-LE-MO hybrids. 32P-la-
beled XDE-LE RNA was prehybridized with the antisense MOs indicated and
incubated with fractionated oocyte extract before UV irradiation. Cross-linked
proteins were separated by SDS/PAGE; the positions of molecular weight
markers are indicated. (B–D′) Embryos were injected vegetally (2/2) with 800 pg
of wild-type XDE-LE (B and B′, n = 78; N = 1) or mutant reporter mRNAs XDE-LE
mut1 (CandC′,n=71;N=1)andXDEmut2 (DandD′,n=88;N=1). (B′,C′, andD′)
Magnified aspects of single embryos marked in B, C, and D. Injection of mutant
XDE-LE reporter mRNAs deficient for Elr binding resulted in decreased in-
tensities (B′,C′, andD′) and frequencies ofPGC staining (11.3%forXDE-LEmut1,
12.5%forXDEmut2) comparedwiththewild-typeXDE-LE (83.3%PGCstaining).
(E) Both blastomeres of two-cell-stage embryos were injected vegetally with
1.1 ng of XDE-LE-R reporter mRNA alone or together with 200 pg of MT-ElrB1
mRNAor 400pgofMT-ElrAmRNAand scored for somatic reporter RNA levels as
described (Fig. 4). Coexpression of ElrB1 led to strong somatic stabilization of
XDE-LE-R, whereas only slightly elevated levels of somatic reporter levels were
detected upon coinjection of ElrA. (F) Diagram of somatic reporter RNA levels
(%) scored in ElrB1/ElrA-coninjected embryos. n, no. of injected embryos;N, no.
of experiments.
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profile of translational regulation of XDE needs to be elucidated
further. Supporting a general role for Elr proteins in counteracting
miRNA-mediated activities, it has been shown previously that the
human ELAV-like protein HuR is essential for stress-induced re-
lease of target mRNAs from miRNA-mediated translational re-
pression (32). In the future, it will be critical to define the
interaction conditions of Elr and XDE proteins with XDE-LE and
other vegetally localized mRNAs of the germ line in more detail.

Materials and Methods
Embryo Manipulations. Embryos fromXenopus laevis adult albino femaleswere
obtained by standard procedures. Capped mRNAs synthesized with the
mMESSAGE mMACHINE Kit (Ambion) were injected vegetally or animally in
a volume of 4 nL into both blastomeres of two-cell-stage embryos. Injected
embryos were cultivated at 12.5 °C overnight and at 14 °C for 3 d and fixed at
stage 30–34. Uponfixation, embryos were processed for in situ hybridization as

described previously (33) using digoxigenin-labeled probes for mGFP5 RNA or
lacZ. Alternatively, embryos were anaesthetized in a 0.01% solution of tricaine
(MS-222) and microscopically analyzed for GFP expression (SZX12; Olympus).
Double whole-mount in situ hybridization was performed with a mixture of
a fluorescein-labeled mGFP5 ORF probe and a digoxigenin-labeled Xpat probe
(6) detected with Fast Red and NBT/BCIP substrates (Roche), respectively.

Plasmid constructions are described in SI Text, and cloning oligonucleo-
tides are listed in Table S2.
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Fig. 6. ElrB1 andXenopusDead end proteins act synergistically
in the somatic stabilization of XDE-LE reporter mRNA. (A–E)
Whereas vegetal coinjection of FL-XDE mRNA (100 pg, B) or low
levels of MT-ElrB1 mRNA (50 pg, C) with GFP-XDE-LE-R reporter
mRNA (1.1 ng) led to no traceable or moderate somatic pro-
tection of XDE-LE-R, respectively, coexpression of both proteins
(same amounts of injected mRNAs) strongly enhanced the sta-
bilizing effect (D and E). (E) Comparisonof somatic reporter RNA
levels (%) scored in the injected embryos.
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