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ABSTRACT

In the developing embryo, primordial germ cells (PGCs) represent
the exclusive progenitors of the gametes, and their loss results in
adult infertility. During early development, PGCs are exposed to
numerous signals that specify somatic cell fates. To prevent somatic
differentiation, PGCs must transiently silence their genome, an early
developmental process that requires Nanos activity. However, it is
unclear how Nanos translation is regulated in developing embryos.
We report here that translation of nanos1 after fertilization requires
Dead-end 1 (Dnd1), a vertebrate-specific germline RNA-binding
protein. We provide evidence that Dnd1 protein, expression of which
is low in oocytes, but increases dramatically after fertilization, directly
interacts with, and relieves the inhibitory function of eukaryotic
initiation factor 3f, a repressive component in the 43S preinitiation
complex. This work uncovers a novel translational regulatory
mechanism that is fundamentally important for germline development.

KEY WORDS: Germline development, Translation regulation, Dnd1,
Nanos, Xenopus

INTRODUCTION

Primordial germ cells (PGCs), considered the ‘stem cells of the
species’ (Wylie, 1999), can be specified through inheritance of
germ plasm or embryonic induction (Extavour and Akam, 2003;
Saitou, 2009; Strome and Lehmann, 2007). Despite the differences
in how PGCs are specified, after specification, many aspects of PGC
development are highly conserved. In all species, the totipotent
potential of the newly specified PGCs is protected by multiple
mechanisms, including global transcriptional repression, DNA
methylation, chromatin alteration and germline-specific translational
regulation. Interfering with these regulatory mechanisms in PGCs
often results in reduction or elimination of germ cells, ultimately
causing infertility (Strome and Updike, 2015).

Nanos is an evolutionarily conserved germline zinc-finger
protein that plays important roles in protecting germ cell fate
during early stages of PGC development (Curtis et al., 1997). In
Drosophila, C. elegans and Xenopus, loss of Nanos results in
premature zygotic transcription, misexpression of somatic genes
in the germline, and apoptosis of PGCs (Deshpande et al., 1999; Lai
et al., 2012; Sato et al., 2007; Schaner et al., 2003). Nanos acts
together with the RNA-binding protein Pumilio (Jaruzelska et al.,
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2003; Nakahata et al., 2001; Sonoda and Wharton, 1999, 2001) to
repress translation of its target mRNAs. These include cyclin Bl in
Drosophila and Xenopus (Asaoka-Taguchi et al., 1999; Dalby and
Glover, 1993; Kadyrova et al., 2007; Lai et al., 2011), hunchback
(Murata and Wharton, 1995; Wreden et al., 1997) and bicoid
(Wharton and Struhl, 1991) in Drosophila, fem-3 in C. elegans
(Ahringer and Kimble, 1991; Zhang et al., 1997) and vegT in
Xenopus (Lai et al., 2012). Proper regulation of Nanos expression is
crucially important for normal germline development.

In Xenopus, maternal nanos! mRNA is sequestered in an
untranslated state during oogenesis (Mosquera et al., 1993; Zhou
and King, 1996). Misexpression of Nanos in oocytes results in
abnormal embryonic development (Luo et al., 2011). Repression of
nanos translation in oocytes is mediated by a translational control
element (TCE) located downstream of the first AUG in nanosl
mRNA. After fertilization (Lai et al., 2011; Luo et al., 2011),
repression is released, leading to accumulation of Nanos1 protein,
which prevents premature zygotic transcription in the germline (Lai
et al., 2012). Currently, it is unclear how nanos! translation, or any
other germline RNA, is activated after fertilization.

dead-end 1 (dndl) is a germ plasm-specific maternal RNA that
was originally discovered in zebrafish, and then in other vertebrates
including Xenopus, chick, mouse and human (Weidinger et al.,
2003). The exclusive germline expression pattern of dndl suggests
that it has a conserved role in germline development. Dnd family
members are RNA-binding proteins bearing two RNA recognition
motifs (RRMs) in their N terminus. In zebrafish, morpholino
knockdown of Dndl1 results in abnormal migration of PGCs and
eventual elimination of germ cells (Weidinger et al., 2003). Similar
phenomena are also observed in Xenopus when Dndl is knocked
down (Horvay et al., 2006). Some published reports suggest a link
between Dndl and the miRNA pathway. Kedde and colleagues
reported that Dndl promotes nanos expression in the zebrafish
germline by masking the miRNA-binding site within the nanos 3’
UTR. Although no direct evidence is currently available, it is
proposed that zebrafish Dnd1 binds to a stretch of U-rich sequences
around the miR430-binding sites and prevents access of the
microRNAs and subsequent degradation of Dndl target RNAs
(Kedde et al., 2007). Therefore, zebrafish Dnd1 is considered a
protector of RNAs targeted for degradation. Intriguingly, recent
studies in the mouse male germ line reveal that Dnd1 also interacts
with the CNOT deadenylase complex to mediate mRNA decay
(Suzuki et al., 2016; Yamaji et al., 2017). It appears that Dnd1 plays
a multifaceted role in the vertebrate germline.

Here, we report a novel function of Dnd1 in activating germline-
specific translation. Depletion of maternal dnd! attenuated Nanosl
expression after fertilization, even though normal levels of nanos!
mRNA were present. Overexpression of Dndl in Xenopus oocytes
resulted in premature translation of nanos!. Furthermore, we show
that Dnd1 binds nanos! mRNA and promotes initiation through its
direct interaction with elF3f. We provide evidence that, in the

3755

DEVELOPMENT


mailto:MKing@med.miami.edu
mailto:yangj@illinois.edu
http://orcid.org/0000-0002-1923-4283
http://orcid.org/0000-0002-4983-1660

RESEARCH ARTICLE

Development (2017) 144, 3755-3765 doi:10.1242/dev.152611

absence of Dndl, elF3f suppresses nanosl translation. Dndl
overcomes the repressive activity of elF3f and activates nanosl
translation. Our findings thus uncover a novel function of Dndl in
translation initiation acting through the eIF3 complex within the
germline.

RESULTS

Dnd1 is necessary and sufficient for nanos1 translation

We have previously reported that translation of nanos! mRNA is
blocked during Xenopus oogenesis and activated after fertilization.
Mechanistically, the TCE, a secondary RNA structure, sterically
prevents ribosome scanning and translation initiation (Luo et al.,
2011). After fertilization, we hypothesize that one or more activator(s)
is present within the germ plasm that is capable of altering the
secondary structure, thus allowing translational initiation events to
proceed. Because helicases function to resolve RNA secondary
structures, we hypothesized that germline-specific helicases would be

good candidates for potential activator(s). The RNA helicases Vasa
(also known as Ddx4) (Liang et al., 1994), Centroid (Ddx59) (Kloc
and Chan, 2007), DeadSouth (Ddx25) (MacArthur et al., 2000) and
elF4a (Rogers et al., 2002) were selected as well as the translation
activator Dazl (Takeda et al., 2009) and the putative helicase Dnd1
(Liu and Collodi, 2010). Transcripts of these candidates were
individually co-injected into stage VI oocytes with nanos! mRNA
and the presence of Nanosl protein was subsequently detected by
western blot analysis after immunoprecipitation (IP) with an anti-
Nanos! antibody (Luo et al., 2011). A modified nanos! RNA that
was depleted of the TCE, nanosIATCE, served as a positive control
for nanosl translation. As expected, nanos! ATCE RNA promoted
the highest level of translation in our assay. dndl activated nanosl
translation to levels comparable to ATCE (88%; n=3), whereas vasa
and deadsouth promoted translation poorly (16% and 5% of ATCE,
respectively; n=3) and centroid and dazl did not cause nanosl
translation (Fig. 1A,B).
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Fig. 1. Dnd1 is necessary and sufficient for nanos1 translation. (A) nanos1 (4 or 5 ng) was injected into oocytes with or without RNAs encoding Dnd1, Vasa,
DeadSouth, Centroid and Dazl, each at 2 ng. Nanos1 protein was immunoprecipitated and analyzed by western blot. nanos TATCE served as a positive control for
nanos1 translation. The size difference between Nanos1ATCE and the wild-type Nanos1 is due to the deletion of the TCE, which is located immediately
downstream of the translation initiation site. Experiments were repeated five times. (B) Quantification of band intensity of the western blot shown in A using
ImageJ. (C) nanos1 RNA was added to wheat germ extracts with or without purified Dnd1 protein. Samples were analyzed for Nanos1 protein expression by
western blot. nanos1ATCE served as a positive control. Experiments were repeated twice. (D) gPCR shows the levels of dnd7 and nanos1 in control and dnd1-
depleted embryos (AS-oligo) at the 8-cell stage. Data are shown as meanzs.d. **P<0.01. Experiments were repeated three times. (E) Representative IF images
show attenuation of endogenous Nanos1 protein expression by antisense depletion of maternal dnd7 (AS-oligo). Embryos were co-stained for Xiwi (green) and

Nanos1 (red) at the 8- to 16-cell stage. Experiments were repeated twice.
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Previous studies have revealed a role for Dndl in preserving
germline RNAs by blocking their miRNA-associated degradation,
but not in actively promoting germline RNA translation (Kedde
etal., 2007). To determine if Dnd1 can act as a translation activator
through a miRNA-independent mechanism, we tested its activity in
wheat germ extracts. We reasoned that although a plant-based in
vitro translation system would contain all the general factors
required for translation, it would not include miRNAs or translation
regulators specific to vertebrate PGCs. As in oocytes, nanos! RNA
failed to translate in wheat germ extracts, consistent with our steric
hindrance model for nanos! (Luo et al., 2011). However, similar to
what we observed in oocytes, addition of purified Dndl protein
promoted nanosl translation (Fig. 1C). From this result, we
concluded that Dndl activation of nanosl translation does not
require additional germline specific factors, but works through a
generic mechanism common to both plants and animals.

To address whether Dnd1 is required for nanos! translation during
Xenopus germline development, we depleted maternal dnd/ RNA
from oocytes using thioate-modified antisense oligonucleotides. The
dndI-depleted oocytes were used to generate embryos by host transfer
procedures (Mei etal., 2013; Mirand Heasman, 2008). The efficiency
of dndl RNA depletion was confirmed by quantitative PCR (qPCR)
(Fig. 1D). Embryos were collected at the 8- to 16-cell stage and
endogenous Nanosl protein was detected by immunofluorescence
(IF) and confocal analysis (Lai et al., 2012; Luo et al., 2011). Xiwi
protein was used as a marker for germ plasm (Lau et al., 2009;
Wilczynska et al., 2009). As shown in Fig. 1E, 83% (n=18) of the
uninjected controls showed co-staining of Xiwi (Piwill) and Nanos1
proteins. Of the embryos depleted of dnd 1, only 13% had detectable
Nanosl staining (n=15). Importantly, nanos! translation was rescued
by re-introducing Xenopus tropicalis dndl RNA, with 78% showing
Nanosl staining within the germ plasm (#=9). qRT-PCR analysis
confirmed that nanosl RNA was not degraded in dndI-depleted
embryos (Fig. 1D), providing strong evidence in support of a new
function for Dndl in promoting nanos! translation rather than
instability. Collectively, these results demonstrated that Dndl is
necessary and sufficient for nanosl translation. In the absence of
Dndl, other germ plasm-specific factors, such as Vasa and
DeadSouth, could not activate nanosl! translation.

Dnd1 binds nanos1 mRNA in vivo and in vitro

If Dnd1 activates nanosl translation in vivo, we would expect it to
be present in germ plasm well before the 8-cell stage when Nanos1
is detected there by IF (Laietal., 2012). qPCR revealed that the level
of dndl mRNA remained consistent prior to gastrulation (Fig. 2A).
The expression of Dnd1 protein, however, is dynamically regulated.
In stark contrast to Vasa, Pumilio2 and Xiwi proteins, which are
expressed at relatively constant levels during the oocyte-to-embryo
transition, Dnd1 is present at low levels in stage VI oocytes and
ovulated eggs, but is strongly expressed in fertilized eggs (Fig. 2B).
In fact, detection of Dndl in oocytes and ovulated eggs required
enrichment by IP. Dnd1 protein was barely detected in oocytes at the
vegetal cortex and found only within the germ plasm of embryos by
IF (Fig. 2C). Therefore, Dndl1 is present at the right time and place to
regulate nanosl translation.

To determine whether Dndl is capable of binding nanosl
RNA, we used purified recombinant Dndl protein (Fig. S1) and
32p_labeled nanos! RNA and performed a quantitative double filter-
binding assay. The binding curve showed that Dnd1 interacted with
the nanos I RNA with a dissociation constant of ~140 nM (Fig. 3A).
Thus, Dndl protein, without additional components, was able to
bind nanos! RNA directly.
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Fig. 2. Dnd1 expression pattern. (A) RT-PCR shows the expression of dnd1
RNA during early development. The experiment was performed twice.

(B) Western blot showing expression of germline proteins during development.
B-Tubulin was used as a loading control. Dnd1 was enriched by IP from 50
oocytes or embryos before western blotting. All other proteins were detected
using protein extracts from the equivalent of one-eighth of an oocyte orembryo.
The experiment was repeated three times. (C) Representative IF images show
localization of endogenous Dnd1 protein (red) in an oocyte (top, n=7) and an 8-
cell-stage embryo (bottom, n=7). A dnd? knockdown oocyte (AS-oligo
injected) served as a negative control for the specificity of Dnd1 staining
(middle, n=10). Oocytes and embryos were hemi-sectioned. Images show the
vegetal pole of oocytes or embryo. Asterisk marks the cleavage furrow of the
embryo. Arrowhead indicates the germ plasm. Ov, ovulated; St, stage.

To determine whether Dnd1 binds nanos! mRNA in vivo, we
performed ribonucleoprotein immunoprecipitation (RIP) assays on
stage 7 embryos. RNAs associated with Dndl protein were
extracted for RT-PCR. Consistent with the filter-binding assay,
nanosl RNA and Dndl co-precipitated from embryo extracts. In
addition, Dndl associated with a subset of germline-specific
mRNAs that included #im36, deadsouth, germes, grip2 and
syntabulin (Fig. 3B). Germline-specific RNAs not recognized by
Dndl included dazl, xpat (pgat), vasa and dndl itself. Three
somatic determinants were also tested [vg/ (also known as gdf1),
vegT, wntl1]. Only vegT associated with Dnd1 in the assay.

In zebrafish PGCs, Dndl antagonizes miRNA through an action
that requires a poly-U rich region within the nanos 3'UTR (Kedde
et al., 2007). Although not directly shown, presumably Dnd1 binds
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to this region, which is in close proximity to the miRNA recognition
site, thereby blocking miRNA accessibility and allowing nanos
expression. In contrast, previous work in Xenopus shows that the 3’
UTR is dispensable for repressing nanos! translation (Luo et al.,
2011). Based on these observations, we investigated whether the
nanosl 3'UTR was dispensable for Dndl binding and Dndl-
induced nanosl translation. To address any requirement of the 3’
UTR for Dndl binding, the full-length nanos! RNA (nanosI-
nanosl 3'UTR), nanos| lacking its own 3'UTR (nanos1-p-globin 3’
UTR; Luo et al., 2011), and GFP RNA, used as a negative control,
were incubated with glutathione S-transferase (GST)-Dnd1 protein.
Bound RNAs were pulled down with GST-Dnd1 then analyzed by
qPCR. We found that GST-Dndl effectively bound both the
nanosi-p-globin 3'UTR and nanosl-nanosl > UTR, but not GFP
(Fig. 3C). In parallel with the RNA-binding assay, we also
investigated the requirement of the nanos! 3'UTR on Dndl-
induced nanosl translation in stage VI oocytes. Translation of
nanos1-f-globin 3'UTR, like nanosl-nanosl 3'UTR, was barely
detected in oocytes. However, in the presence of Dnd1 protein, both
transcripts were now translated (Fig. 3D). Thus, the 3'UTR of nanos1
is not required for Dndl to promote nanosl translation. Taken
together, we concluded that Dndl promotes nanos! translation
through binding the open reading frame (ORF) of nanos! mRNA.

Dnd1 physically interacts with elF3f

Based on our finding that Dnd1 could activate nanos! translation in
wheat germ extracts, we hypothesized that Dnd1 might interact with
a general translation factor to regulate nanos! translation. To
identify Dnd1-interacting partners and gain mechanistic insight, we
screened a yeast-2-hybrid library containing cDNAs from 7-day
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mouse embryos using X. tropicalis Dnd1 as bait. We identified the
eukaryotic initiation factor 3 subunit f (eIF3f) as a Dnd1-interacting
protein (data not shown). The interaction was confirmed by co-IP
with FLAG-elF3fand myc-Dndl in HEK293T cells (Fig. 4A, lanes
6, 11, 12). To extend and confirm these findings, we generated
various Dnd1 deletion constructs and identified two elF3f-binding
domains in Dndl protein. These domains are located between
residues 96-127 and 305-C-terminus (Fig. S2). The binding
between Dndl and eIF3f was not affected by RNase A treatment,
suggesting that the formation of the Dnd1-eIF3f complex did not
require RNA to be present (Fig. 4A, compare lanes 11, 12). In
addition, myc-Dndl bound endogenous elF3f in HEK293T cells
(Fig. 4B). Taken together, these results showed that endogenous
elF3f can interact with Dnd1 protein.

elF3f is one of 13 subunits within the elF3 complex, a protein
complex associated with the 40S ribosomal subunit in the 43S pre-
initiation complex (PIC) that binds to the 5" proximal region of
mRNAs. The finding that Dndl interacts with elF3f immediately
raised the possibility that Dnd1 interacts with the elF3 complex
through this subunit to promote nanos! translation. To begin testing
this hypothesis, we investigated whether Dndl could pull down
other core components of elF3, namely elF3m and elF3h (reviewed
by Marchione et al., 2013). We transfected HEK293T cells with
either FLAG-elF3m or FLAG-elF3h with or without myc-Dnd1
then performed co-IP by immunoprecipitation with myc. Myc-
Dndl did bring down FLAG-eIF3m and elF3h, suggesting that
Dndl1 interacts with the elF3 complex (Fig. 4C, lanes 2, 4).

To further test whether there is an association between Xenopus
endogenous Dndl and the elF3 complex, we carried out sucrose-
gradient analyses at two different developmental time points: (1) in
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Fig. 4. Dnd1 physically interacts with elF3f. (A) Anti-FLAG (lanes 4-6) or
anti-Myc (lanes 10-12) antibodies were used to IP elF3f or Dnd1 from cell
lysates (lanes 9,12). Addition of RNaseA to lysates did not disrupt the Dnd1-
elF3f complex (lane 12). (B) Co-IP shows the interaction between myc-Dnd1
and endogenous elF3f in HEK293T cells. IgG served as negative control.
(C) Co-IP shows that myc-Dnd1 formed complexes with FLAG-elF3 h and
FLAG-elF3m in HEK293T cells. Experiments were repeated three times.

ovulated eggs, when Dndl1 is expressed at extremely low levels, and
(2) in early cleavage stage embryos (32-cell), when Dndl
expression is high (Fig. 2B). The presence of Dndl, elF3f and
elF3c was determined for each gradient fraction by western blot.
The large scaffold subunit elF3c is integral to the e[F3 complex and
therefore served as the marker for the complex. As expected, elF3c
was only found in the two highest density fractions (Fig. 5A). The
expression of Dndl was very low in ovulated eggs and was not
detected with elF3c in fractions 1 and 2, even after IP with Dnd1

antibody (data not shown). In embryos, however, a fraction of Dnd1
and elF3f co-migrated in the two highest density fractions with elF3c.
In addition to Dnd1 co-migrating with large protein complexes in the
highest density fractions, we detected a portion of the Dnd1 within
the medium to low density fractions of the gradient (Fig. 5A;
fractions 8-11). To determine whether Dnd1 and eIF3f were directly
interacting in the eIF3 complex, the heaviest sucrose fractions 1 and 2
from embryo extracts were combined and endogenous Dndl was
immunoprecipitated. In parallel, we combined fractions 8, 9 and 10
and immunoprecipitated endogenous Dnd1. Precipitates were tested
for the presence of elF3f by western blot. We found that eIF3f was
co-immunoprecipitated with Dnd1 in fractions 1 and 2, but not in
fraction 8, 9 and 10 (Fig. 5B). Collectively, the above results suggest
that endogenous Dnd1, through binding eIF3f, interacts with the elF3
complex in early embryos, exactly at the time when nanos! is
translated.

Dnd1 functionally interacts with elF3f
If eIF3f and Dndl interact functionally within the germline, we
should be able to detect an effect on PGCs if such an interaction is
disrupted. The maternal supply of eIF3f protein and RNA present in
the egg and embryo makes a traditional knockdown approach
impractical. Furthermore, depletion of elF3f is likely to affect the
stability and function of the eIF3 complex and subsequently the 43S
PIC, causing non-specific effects (Hinnebusch, 2006; Lomakin and
Steitz, 2013; Pestova et al., 2001; Sun et al., 2011). To circumvent
these problems, we set out to map the minimal Dndl-binding
domain of elF3f. We hypothesized that overexpression of the
minimal Dndl-binding domain of eIF3f would sequester
endogenous Dnd1 and disrupt the Dnd1-eIF3f complex in vivo.
As shown in Fig. 6A,B, the minimal Dnd1-binding domain in
elF3fwas mapped to residues 92-200. The eIF31°2-2% fragment was
tested for its ability to compete with endogenous elF3f for Dnd1
binding. Myc-Dndl and FLAG-elF3f were transfected into
HEK293T cells together with an increasing amount of elF3{2-2%0,
Co-IP with myc antibody revealed a decline in elF3f binding to
Dndl as levels of eIF3t°22% increased (Fig. 6C). Thus,
overexpression of elF3f2-2%0 disrupted the Dnd1-eIF3f complex
in a dose-dependent fashion. It is important to note that
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Fig. 5. Interaction between endogenous Dnd1 and elF3f in Xenopus embryos. (A) Egg or embryo extracts were fractionated on 7-20% sucrose gradients.
Gradient fractions were blotted with antibodies for Dnd1, elF3f and elF3c proteins. Experiments were repeated four times. (B) Fractions 1+2 and fractions 8+9+10
of embryo extracts from the sucrose gradients were pooled and immunoprecipitated with an anti-Dnd1 antibody. Endogenous elF3f and Dnd1 proteins were

monitored by western blot. Experiments were repeated three times.
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Fig. 6. Interaction between Dnd1 and elF3f is essential for nanos1 translation. (A) FLAG-tagged elF 3f deletions were transfected into HEK293T cells along
with myc-Dnd1. Lysates were immunoprecipitated with anti-FLAG antibody and analyzed by western blot. The minimal Dnd1-binding domain was mapped to
residues 92-200 of elF3f, which is indicated by the red asterisk. (B) Schematic summarizing experiments shown in A. +, Dnd1 binding; —, lack of Dnd1 binding.
(C) Myc-Dnd1 and FLAG-elF3f were transfected into HEK293T cells with increasing amounts of elF3f°2-2%0, Cell lysates were immunoprecipitated with an
anti-myc antibody and analyzed by western blot. (D) Myc-Dnd1 and FLAG-elF3h were transfected into HEK293T cells in the presence or absence of elF3{92200,
Cell lysates were immunoprecipitated with an anti-myc antibody and analyzed by western blot. Experiments were repeated three times. (E) nanos1 RNA was
injected into fertilized eggs alone or with e/F3f9%-2%0, or with elF3f°?-2°° and myc-dnd1 RNAs. At stage 11, Nanos1 protein was immunoprecipitated and analyzed
by western blot. Non-specific band served as a loading control. The experiment was performed twice.

overexpression of eIF3f, Dndl and eIF3f°>2%0 did not affect
the growth and viability of HEK293T cells (data not shown).
Importantly, overexpression of eIF3°2-2%0 disrupted the interaction
between Dnd1 and elF3h as well (Fig. 6D), providing strong support
for our conclusion that Dnd1, through binding eIF3f, interacts with
elF3. These results demonstrate that elF3f7>2%° can be used as a
dominant-negative form of eIF3f to disrupt the interaction between
elF3f and Dnd1 specifically.

We next investigated whether interfering with the elF3f-Dnd1
complex would affect nanosl! translation and PGC development.
The expression of endogenous Nanos| is below the level of detection
by western blot. Therefore, to assess the effect of elF3f°2-2%° on
nanosl translation, we injected nanos! RNA alone or together
with elF3/°22% into fertilized eggs. Uninjected fertilized eggs
served as controls. We immunoprecipitated Nanosl in stage 11
embryos, allowing sufficient time for translation to have occurred.
As shown in Fig. 6E, indeed, overexpression of elF3f72-2%° reduced
the expression of Nanos1 protein. This inhibition was relieved by
co-expression of elF3f*22% with myc-Dnd1, which can titrate out
overexpressed elF3f72200. To assess the effect of elF3t°22%° on
PGC development, we injected e/F3f°>-?%’ into the vegetal pole of
fertilized eggs and collected embryos at late tailbud (stage 33), and
performed in situ hybridization with Xpat probe to detect PGCs
(Hudson and Woodland, 1998). As shown in Fig. 7A-D, embryos
injected with elF3£9?-2% appeared normal morphologically, but
showed reduced numbers of PGCs. Importantly, this effect of
elF3£9%2% was rescued by overexpression of Dndl. Taken
together, these results indicate that the biochemical interaction
between Dndl and elF3f is important for nanos! translation and
PGC development in vivo.

elF3f functions as a repressor of translation

The function of elF3f within the multi-subunit e[F3 complex is
commonly described in the literature as a translational repressor
(Marchione et al., 2013). Indeed, we found that overexpression of
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elF3finhibited nanos! translation in wheat germ extracts (Fig. 8A).
This inhibition was alleviated by addition of purified GST-Dnd1
protein in a dose-dependent manner (Fig. 8A). Overexpression of
elF3fin Xenopus embryos also consistently reduced the expression
level of Nanosl protein (Fig. 8B), without affecting the levels of
endogenous or overexpressed nanos! mRNAs (Fig. S3). Because
overexpression of elF3freduced Nanos1 expression, and Nanos]1 is
essential for PGC survival (Lai et al., 2012), we hypothesized that
elF3f overexpression would also effect PGC development. In
agreement with this hypothesis, elF3f-overexpressing embryos
showed reduced numbers of Xpar-positive PGCs compared with
uninjected controls (Fig. 8C,D,F). Co-expression of Dndl with
elF3f partially rescued the number of Xpat-positive PGCs,
confirming the specificity of the effect (Fig. 8E,F). These data
further support that Dnd1 functions to relieve the repressive activity
of the elF3 subunit, 3f, on nanosI translation within the germline.

DISCUSSION

A fairly detailed understanding of translational control mechanisms
that operate in the oocyte has been documented. The role of the cap-
binding complex elF4e and its association with elF4g to promote
polyadenylation and translation has been intensely investigated
(Richter and Lasko, 2011). In contrast, very little is known about
how maternal RNAs, sequestered in the germ plasm, are
translationally activated after fertilization. During Xenopus
oogenesis, nanos! and other maternal RNAs are sequestered
within the germ plasm and are translationally activated only after
fertilization (Lai et al., 2011; Luo et al., 2011). There is no evidence
that the polyA tail of nanosl changes significantly during early
stages of germline development, suggesting that control of nanosi
translation is unlikely to be at the level of elF4. We previously
reported that nanosl is repressed prior to fertilization through a
TCE, which structurally blocks scanning of mRNA by the 43S PIC
(Luo etal., 2011). The mechanism that relieves nanos1 translational
repression has not been characterized.
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per embryo

Fig. 7. Interfering with the interaction
between Dnd1 and elF3f disrupts

PGC development. (A-C) In situ
hybridization of stage 33 embryos showing
Xpat-expressing PGCs in uninjected
control (A), elF3f92-2%-injected (B) and
elF3f%%-2%0+dnd1-injected (C) embryos.
Experiments were repeated three times.
(D) Quantification of results shown in A-C.
Two-tailed t-tests were performed.
*P<0.05; n.s., non-significant.

elF392-2004+Dnd1

Here, we show that Dndl, a vertebrate-specific germline RNA-
binding protein essential for germ cell development (Horvay
etal., 2006; Weidinger et al., 2003), is both required and sufficient
to activate nanos! translation in the early embryo. The expression
of Dndl protein is entirely consistent with its role in nanosl
activation: it increases markedly within the germ plasm after
fertilization just prior to the detection of Nanosl protein (Fig. 2)
(Mei et al., 2013). Misexpression of Dnd1 triggers premature nanos 1
translation in the oocyte, resulting in abnormal development
(Fig. 1A) (Luo et al., 2011). Conversely, oocytes depleted of
Dndl gave rise to embryos that lack Nanos1 protein even though
normal levels of nanos! RNA were present (Fig. 1D,E). No other
germline components could compensate for Dndl in activating
nanosl translation.

How does Dndl promote nanosl translation? Our previous
studies reveal that Dnd1 anchors tim36 RNA to the vegetal cortex
in Xenopus oocytes and regulates polymerization of cortical
microtubule arrays after egg activation (Mei et al., 2013). Much
later in development, during gastrulation, zebrafish Dnd1 has been
proposed to block microRNA binding to the 3’'UTR of nanos and
other germline RNAs and thus protect them from miRNA-mediated
degradation (Kedde et al., 2007; Slanchev et al., 2009). Our results
presented here show that Dnd1 promotes nanos! translation during
early cleavage, at least 6-7 h before gastrulation when miRNA-
mediated degradation of germline-specific RNAs occurs.
Furthermore, the 3'UTR of nanos! is not required for Dndl to
activate nanos! translation. These observations point directly at yet
another novel germline function of Dndl, i.e. promoting translation
distinct from miRNA-mediated degradation. Indeed, we found that
Dndl activates nanos! translation by directly binding both nanosi
RNA and the repressive subunit of the elF3 complex, elF3f.
Interfering with this novel function of Dndl impairs nanosl
translation and PGC development, without affecting formation of
cortical microtubule arrays after egg activation or the stability of

Control elF3f92200 g|F3f92-200

i
Dnd1

germline-specific RNAs in embryos (Fig. S4). Thus, our data have
defined a previously uncharacterized function for Dnd1 and have
revealed a novel translational control mechanism operating in the
germline unique to vertebrates.

Based on our results and the literature, we propose that Dnd1
plays two important roles during nanos translation. Dnd1 contains
ATPase activity (Liu and Collodi, 2010). It is likely that once
binding nanos! mRNA, Dndl functions as a helicase to melt the
TCE, or acts as a chaperone recruiting a helicase, which ultimately
melts the nanos! TCE. Meanwhile, Dndl relieves the inhibitory
effect of elF3f in the 43S PIC through its direct interaction with
elF3f, thus promoting initiation. In support of this view, we found
that Dnd1 interacted directly with elF3fand co-immunoprecipitated
with overexpressed elF3m or 3h, two other subunits of the elF3
complex (Fig. 4C). We were able to show that endogenous Dnd1 co-
migrated with e[F3fand the elF3c core subunit on sucrose gradients
(Fig. 5A), demonstrating that Dnd1 associates with elF3f as part of
the elF3 preinitiation complex (Fig. 5B). It appears that Dndl
promotes nanos! translation through a novel regulatory mechanism
occurring at the level of elF3.

elF3fis a repressive component of the elF3 complex (Marchione
et al., 2013). Its activity can be regulated through phosphorylation;
the phosphorylated form represses translation (Shi et al., 2009).
Interestingly, Thr119, one of the two phosphorylation sites of elF3f,
lies within the Dnd1-binding domain of elF3f (residues 92-200)
(Fig. 6). It has been reported that Mss4 binds directly to elF3f and
suppresses the repressive activity of elF3f by blocking elF3f
phosphorylation (Walter et al., 2012). Future experiments will
determine whether Dndl activates nanos! translation through a
similar mechanism, i.e. acting as the ‘neutralizing agent’ of elF3f.
Indeed, we found that overexpression of elF3f suppresses nanosl
translation and PGC development. Dnd1 relieves the inhibitory
effects of elF3f both in vivo and in vitro. Our findings are consistent
with a model in which Dnd1 binds to both eIF3f and nanosl RNA,
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Fig. 8. Dnd1 relieves the inhibitory effect of elF3f on nanos1 translation and PGC development. (A) nanos? (4 ng) was translated alone or with FLAG-elF3f
(2 ng) in wheat germ extracts with enhanced translational efficiency (Promega WG+). Nanos1 protein was detected by western blot. elF3f inhibited nanos1
translation. Addition of recombinant Dnd1 protein relieved the repressive activity of elF3fin a dose-dependent manner. The experiment was repeated three times.
(B) elF3f represses nanos1 translation in vivo. nanos1 RNA was injected into fertilized eggs alone, or together with e/F3f or dnd1 RNA. At stage 11, Nanos1
protein was immunoprecipitated and analyzed by western blot. Experiments were performed twice. (C-E) In situ hybridization of stage 33 embryos showing PGCs
by Xpat staining in uninjected control (C), elF3f-injected (D) and elF3f+dnd1-injected (E) embryos. Experiments were repeated three times. (F) Quantification of
results shown in C-E. Two-tailed t-tests were performed. *P<0.05, **P<0.01. (G) Working model of Dnd1 function in regulating nanos1 translation. Before
fertilization, very little Dnd1 protein is present. Translation of nanos? RNA is blocked by TCE, a secondary structure within the ORF that prevents the preinitiation
complex (PIC) from scanning and initiating translation. After fertilization, Dnd1 protein accumulates within the germ plasm and there binds to nanos1 RNA, altering
the TCE structure. The PIC can now scan the nanos1 RNA. Meanwhile, Dnd1 binds with the elF3 complex through the interaction with subunit elF3f. This

interaction blocks the repressive activity of elF3f and promotes the translation of nanos7 RNA. The elF3-Dnd1 complex is released from the 40S ribosomal subunit
as translation proceeds.

altering the TCE and promoting subsequent scanning of the 43S
PIC (Fig. 8G).

nanosl RNA is repressed through a steric hindrance mechanism
designed for fail-safe long-term sequestration. In addition to nanos|1,
we found that Dndl also binds other germline RNAs, including
trim36 (Mei et al., 2013), deadsouth (MacArthur et al., 2000), germes
(Berekelya et al., 2003), grip2 (Tarbashevich et al., 2007) and
syntabulin (Colozza and De Robertis, 2014). Intriguingly, we found
that overexpression of elF3f inhibited deadsouth translation in wheat
germ extracts and addition of GST-Dndl protein alleviated this
inhibitory effect of eIF3f (T.A. and M.L.K., unpublished data).
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It seems likely that after fertilization, eIF3f-mediated translational
repression is relieved by an abrupt increase in the expression of
Dnd1 protein. This allows efficient translation of nanos! and some
other germline RNAs, initiating the PGC development program. We
suggest that Dnd1, by bridging the earliest acting initiation factors
and the RNAs, serves to efficiently alter secondary structures of the
mRNA and promote translation. Given that Nanos plays crucial
roles in protecting germ cell fate during early stages of PGC
development, we speculate that Dnd1, by regulating translation of
nanosl and other germline RNAs, prevents PGCs from
reprogramming into other cell types and maintains PGC identity.
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In the future, it will be important to determine whether Dndl
functions as a general activator of translation to control a subset of
germline RNAs.

Taken together, our evidence strongly supports an essential role
for Dnd1 in facilitating the translation activation of germline nanos!
RNA in the embryo. The transition between germline RNA
quiescence in the oocyte and activation after fertilization is
regulated in part by the balance between Dndl and elF3f
activities. Our data support a novel level of translational control
within PGCs, at the level of the elF3 complex.

MATERIALS AND METHODS

Oocyte and embryo micro-injection and host transfer

Oocytes and embryos were obtained as described (Sive et al., 2000). For
injection, RNAs were synthesized from linearized plasmids using the
mMESSAGE mMACHINE Kit (Ambion). The protocol for Xenopus
studies (#14249) has been approved by University of Illinois Institutional
Animal Care and Use Committee.

Maternal depletion of dndl was performed as described (Mei et al.,
2013). Briefly, manually de-foliculated oocytes were injected with 7.5 ng of
a phosphorothioate-modified antisense oligonucleotide (AS-oligo) (5'-
C*C*C*TCGATTCAGGCCA*C*T-3’, Integrated DNA Technologies)
alone or together with 100 pg of Xenopus tropicalis dndl, which lacks
the AS-oligo-binding sequence. Control and injected oocytes were cultured
for 24 h before being matured by treatment with 2.0 uM progesterone.
Matured oocytes were colored with vital dyes, transferred to egg-laying host
females, recovered and fertilized essentially as described (Mir and Heasman,
2008).

Immunofluorescence and confocal imaging

Immunofluorescence and confocal imaging were performed as described
(Mei et al., 2013; Venkatarama et al., 2010). Briefly, embryos were fixed in
Dent’s fixative (80% methanol and 20% DMSO) for 2 h and stored in
methanol overnight at 4°C. Rehydrated embryos were incubated in blocking
buffer (0.2% bovine serum albumin, 0.1% Triton X-100 in 1xPBS) with
10% donkey serum for 1 h at room temperature, and then stained with anti-
Dndl (1:100) (Mei et al., 2013), anti-Nanos1 (1:50) (Luo et al., 2011) and
anti-Xiwi (1:100) (Lau et al., 2009; Wilczynska et al., 2009) antibodies
overnight. Embryos were washed with blocking buffer three times and
stained with anti-goat Alexa Fluor 555- and anti-rabbit Alexa Fluor 488-
conjugated fluorescent secondary antibodies (Invitrogen) for 1 h. Samples
were washed again with blocking buffer three times before mounting for
fluorescence confocal microscopy.

Purification of GST-Dnd1 protein and in vitro RNA pull down assay
Bacteria (BL21) were transformed with pGEX6p-Dnd1 (Mei et al., 2013)
and cultured in LB with isopropyl B-D-1-thiogalactopyranoside (100 pM) at
30°C for 3 h before harvesting. Recombinant GST-Dndl protein was
purified from the lysate using glutathione-agarose beads. Removal of GST
was performed on the column with PreScission Protease (80 units/ml)
according to manufacturer’s instructions (GE Healthcare).

For the in vitro RNA pull down assay, GST-Dnd1-bound glutathione
beads were incubated with 10 pg yeast tRNA in 1 ml RIP buffer [S0 mM
Tris pH 7.6, 125 mM NaCl, 1 mM EDTA, 0.25% NP-40, 0.2% glycerol,
0.1 mM dithiothreitol (DTT) and 100 U/ml RNasin] at 4°C for 1 h for pre-
absorption. Synthesized mRNAs (100 ng) were added to 1 ml RIP buffer
containing pre-absorbed beads and incubated for an additional 4 h at 4°C.
The mixture was then centrifuged at 300 g for 5 min and 50 pl supernatants
were set aside as ‘5% of mRNA input’. Beads were washed five times with
RIP buffer and once with RIP buffer without NP-40 and DTT (50 mM Tris
pH 7.6, 125 mM NaCl, 1 mM EDTA, 0.2% glycerol and 100 U/ml RNasin).
mRNAs were recovered from beads using Trizol reagent for cDNA
synthesis and subsequent qPCR. The ratio between pulled down mRNA and
5% of mRNA input was used to determine binding of mRNAs by GST-
Dndl. GST served as the negative control. Primers for nanos! were 5'-
gggaggcegctgtctctatac-3’ and 5'-ctetggggatctctgaggag-3’. Primers for GFP
were 5'-ctgaagttcatctgeaccac-3" and 5'-gtccttgaagaagatggtgc-3'.

Filter-binding assay

The double filter-binding assay was performed as described (Vincent and
Deutscher, 2006). Briefly, the nitrocellulose membrane was soaked in 0.5 M
KOH for 10 min followed by a H,O rinse. The nylon membrane was then
sequentially soaked in 0.1 M EDTA (pH 8.8) for 10 min, I M KCl three times
(10 min each), 0.5 M KOH for 1 min followed by H,O rinse. Both membranes
were then equilibrated in the binding buffer (20 mM Tris-HCI pH 8.0, 100 mM
KCl, 1 mM DTT, 10 mM EDTA, 10% glycerol) forat least 1 h before use. The
binding reaction was set up with 20 pmol 3?P-labeled RNA substrate and
varying amounts of Dndl protein in binding buffer and incubated on ice for
30 min. No Dnd1 protein added served as the negative control. The membranes
were assembled onto a 96-well dot-blot apparatus (Bio-Rad) so that the
reaction solutions went through the nitrocellulose and nylon sequentially by
vacuum force. The membranes were allowed to air dry and visualized by
PhosphoImager (Molecular Dynamics). Quantification of the 2P signal was
carried out with ImageQuant. Recombinant Dnd1 used in this assay lacks the
first 51 amino acids residues (Horvay et al., 2006; Koebernick et al., 2010).

Ribonucleoprotein immunoprecipitation (RIP) assay

Xenopus embryos were collected at stage 7 (50 embryos per tube, 8 tubes in
total), washed twice with cold wash buffer (S0 mM Tris pH 7.6, 125 mM
NaCl, 1 mM EDTA), and lysed in 0.5 ml of lysis buffer (50 mM Tris pH 7.6,
1 25mM NaCl, 1 mM EDTA, 0.75% NP-40, 0.3 mM DTT, 100 U/ml
RNasin) by pipetting. One milliliter of cold wash buffer with 1 U/ml RNasin
and 0.6% glycerol was added into each tube. This brought the final
concentration to 50 mM Tris pH 7.6, 125 mM NaCl, | mM EDTA, 0.25%
NP-40, 0.2% glycerol, 0.1 mM DTT and 100 U/ml RNasin, which is
essentially the same as the RIP buffer. After centrifugation (20,817 g for 10
min), cleared lysates were combined into 15 ml tubes (total two tubes, each
containing 6 ml lysate made from 200 embryos) and mixed gently. Sixty
microliters of the lysate was set aside as ‘1% RNA input’. Dnd1 antibody or
normal rabbit IgG, and 6 pl of TURBO DNase (AM2238, Ambion) was
added into each tube followed by gentle rotation in the cold room for 4 h. In
parallel, 200 ul Dynabeads Protein G (Life Technologies) was washed with
1 ml cold RIP buffer (50 mM Tris pH 7.6, 125 mM NaCl, 1 mM EDTA,
0.25% NP-40, 0.2% glycerol, 0.1 mM DTT and 100 U/ml RNasin) three
times. After washing, 1 ml RIP buffer was added to the beads. RIP and
negative control samples were centrifuged twice at the maximal speed
(20,817 g) at 4°C for 10 min. The supernatants were transferred into clean
tubes. Dynabeads (450 ul) were added into each tube and rotated gently in
the cold room for 1 h. Samples were then transferred into 1.5 ml tubes and
washed with RIP buffer four times. Beads were then washed with 1 ml RIP
buffer without NP-40 and DTT (50 mM Tris pH 7.6, 125 mM NaCl, | mM
EDTA, 0.2% glycerol and 100 U/ml RNasin). RNAs associated with beads
were extracted using Trizol reagent and re-suspended in 20 pul water. cDNAs
were synthesized using 5 pl of RNA solution. PCR primers were:
trim36, 5'-aagtcctctcatgttgeagg-3’ and 5’-aacctcctccagatgtatgg-3'; dead-
south, 5'-ttctcaaaagctgtcggatgac-3’ and 5’-ctactgagccatcaacatttactgg-3';
germes, 5'-ttctgtgeattggcageaagactg-3’ and 5'-tcttctgtatgtectggttetgeag-3';
grip2, 5'-gaccttgaaacatgtggacagtcag-3’ and 5'-tgttgctgctgatgtgatggcttee-3;
syntabulin, 5'-tacttgaggaccaagcaacggag-3’ and 5'-cttgttccatccagtgtgaa-
ctttgg-3'; dazl, 5’'-gttcaggcttgeecatatccaag-3’ and 5'-ttggatccatatcacagcag-
tgg-3'; vasa, 5'-catcaacaagcattcacggtg-3’ and 5’'-ccaattctatggacgtactcatc-3';
vegT, 5'-caagtaaatgtgagaaaccg-3' and 5’-caaatacacacacatttcce-3'; vgl,
S5’-atgcctattgcttetatttge-3” and 5'-ggtttacgatggtttcactca-3'; dndl, 5'-tggtaatg-
ctecagtcagtg-3’ and 5'-taagcgaaccctegattcag-3'; Xpat, 5'-tctgaagttetgtgga-
getge-3' and 5'-ttageccacagttggaagagg-3'; nanosl, 5'-tgagtctgtgggacacaaa-
gg-3’ and 5'-actctggggatctctgaggag-3'; wntl 1, 5'-gaagtcaagcaagtctgetgg-3’
and 5’-gcagtagtcaggggaactaaccag-3'.

Quantitative RT-PCR

RNA was extracted from samples using Trizol reagent (Life Technologies).
PCR was performed using Power SYBR Green Master Mix (Life
Technologies) on an Applied Biosystems 7500 real-time PCR system.
Values were normalized to ornithine decarboxylase (odc; odcl). Statistical
significance was determined by Student’s t-test. Results are presented as
mean#s.d. PCR primers were as listed for RIP; odc, 5'-cagctagcetgtggtgtgg-
3’ and 5’-caacatggaaactcacacc-3’.
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In vitro translation

In vitro translation was carried out using wheat germ extracts according to
the manufacturer’s instructions (Promega). For each reaction, 0.5 pg
capped-mRNA and GST-Dndl protein were used.

Yeast two-hybrid screen

A mouse 7-day embryo cDNA library (Clontech) was screened using full-
length Xenopus Dndl (pGBKT7-xDndl) as bait, according to standard
protocols (Yeast Protocols Handbook, Clontech).

Plasmids

ORFs of mouse elF3f, eIF3h and eIF3m were cloned by RT-PCR from
mouse embryonic fibroblasts. Xenopus elF3f ORF was cloned by RT-PCR
from Xenopus laevis stage VI oocytes. All full-length and deletion
constructs were generated by PCR and cloned into pCS2+ and sequenced.

Cell culture, transfection, co-IP and western blot

HEK293T cells, which were authenticated and tested for contamination,
were cultured and transfected as described (Jin et al., 2009). Protocols for Co-
IP and western blot have been described (Jin et al., 2009). Antibodies were:
anti-myc (#5546, Sigma-Aldrich, 1:1000), anti-FLAG (#F1804, Sigma-
Aldrich, 1:1000), anti-B-tubulin (#T5293, Sigma-Aldrich, 1:2500), anti-Dnd1
(Mei et al., 2013; 1:500), anti-Nanos1 (Luo et al., 2011; 1:500), anti-Vasa
(H80, sc-67185, Santa Cruz, 1:500), anti-Xiwi (Lau et al., 2009; 1:1000),
anti-Pumilio2 (A300-202A, Bethyl Labs, 1:1000), anti-mouse elF3f
(#390413, Santa Cruz, 1:500) and anti-elF3c (sc-74507, Santa Cruz, 1:500).

Sucrose gradient analysis

The sedimentation properties of Dndl, elF3f and elF3c from total ovulated
egg (OE) and 32-cell-stage embryo extracts were analyzed in sucrose
gradients essentially as follows: 350 OE or 32-cell-stage embryos were
collected from four different frogs and lysed in lysis buffer containing
50 mM Tris-HC1 pH 7.5, 150 mM NaCl, 1% NP40 and 4x Roche protease
inhibitor cocktail. After centrifugation [twice at 14,000 rpm (18,000 g)
forl5 min at 4°C], approximately 500 pl of extract was collected from each
sample. Internal standards lactate dehydrogenase (LDH, 130 kDa) (Sigma)
and hemoglobin (67 kDa) were dissolved in 40 pl lysis buffer and mixed
with 450 pl of each sample. Samples (~500 ul) were applied to 5 ml of a
linear 7-20% sucrose gradient made in lysis buffer. Centrifugation was for
13.5 h at 45,500 rpm (197,000 g) with slow acceleration and brake off using
Beckman SW55 Ti rotors. Gradients were collected in 14 equal fractions of
approximately 350 ul each. Twenty-five microliters from each fraction was
used to detect endogenous Dnd1, elF3f and elF3c proteins by western blot.
For IP, fractions 1+2 and 8+9+10 were combined (~300 pul total) and
incubated with anti-Dnd1 antibody for 3 h, followed by incubation with
protein G-beads overnight at 4°C. All of the gradients were performed in
biological quadruplicates. Fractions containing hemoglobin were detected at
410 nm absorbance. LDH was measured at 340 nm in the presence of
NADH and pyruvate using a microplate reader (Promega).
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