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Intracellular localizations of the Dead End protein
in Xenopus primordial germ cells
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ABSTRACT We investigated the intracellular localization of Xenopus Dead end protein (Dnd1) in
primordial germ cells during early development by expressing the tagged protein in transgenic
Xenopus embryos, with the germ plasm visualized. Dnd1 initially localized to the germ plasm in
the cortex, moved to the perinuclear region together with the germ plasm after the midblastula
transition, and then entered the nucleus. Using Dnd1 deletion mutants, we identified two distinct
but overlapping regions of Dnd1 that were responsible for localization to either the germ plasm or
nucleus.These Dnd1 regions appeared to function in primordial germ cell- and stage-specific manners.
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The Xenopus germline is specified by inheriting a special cyto-
plasm, germ plasm (GP), associated with the vegetal cortex of
the egg. We demonstrated that the GP was sufficient for germline
specification (Tada et al., 2012). It is divided almost equally into
daughter blastomeres until the 4-cell stage and is then distributed
unequally to one daughter blastomere at each successive cleav-
age until stage 9 (Whitington and Dixon, 1975). Subsequently, it
moves from the cortex to the perinuclear region and is distributed
equally into two daughter primordial germ cells (PGCs). Midblas-
tula transition (MBT), when zygotic genes begin to be expressed
in most blastomeres, is observed around stage 9. However, gene
expression is repressed in PGCs at MBT, so PGC specification
likely occurs later (Venkatarama et al., 2010). Xpat protein, a GP
component, moves from the cortex to the perinuclear region and
then enters the nucleus (Machado et al., 2005). These observa-
tions suggest that some signal from GP to the nucleus is required
for PGC specification.

Dead end (dnd) encoding an RNA-binding protein with an
RNA recognition motif (RRM) has been identified as a germline-
specific gene in vertebrates including zebrafish, Xenopusand mice
(Weidinger et al., 2003). In Xenopus, the dnd1 transcript is a GP
componentandis required for PGC migration (Horvay et al., 2006).
Furthermore, mouse dnd1 is responsible for the Ter mutant, which
causes high frequency teratoma generation in a particular genetic
background (Youngren etal., 2005). Several reports have described
the intracellular localization of Dead end protein; in chicks Dnd
proteinis presentin the nuclei of PGCs and mature male germ cells
(Aramaki et al., 2009). In mice, two isoforms, DND1a. and DND1p,
were identified and localized to the nucleus and cytoplasm when

expressed in HeLa and COS-7 cells, respectively (Bhattacharya
etal., 2007). In zebrafish, Dnd was localized to germ cell granules
(GCGs, probably equivalent to Xenopus GP) in the perinuclear
region of PGCs after MBT. Interestingly, this localization was
dependent upon the RNA recognition motif (RRM) and nuclear
export mechanism via CRM1, suggesting Dnd carried RNA from
the nucleus to GCGs (Slanchev etal., 2009). Moreover, Dnd protein
prevented mRNA from degradation by micro RNAtargeting (Kedde
et al.,, 2007). Thus, although Dnd might have an important role in
RNA metabolism during germline development, how it functions
is unclear. This study investigated the intracellular localization of
Xenopus Dead end protein (Dnd1) in PGCs.

Results and Conclusions

We examined the localization of Xenopus Dnd1 in PGCs by
expressing Dnd1-mCherry fusion protein in transgenic Xenopus
embryos, into which a gene encoding enhanced green fluorescent
protein (EGFP) tagged with a mitochondrial targeting signal had
been introduced (mito-EGFP embryos) (Taguchi et al., 2012).
The GP was visible in the embryos because it is enriched for mi-
tochondria (Venkatarama et al., 2010). The mCherry signal was
detected exclusively in the GP at stage 8 as previously reported
(Mei et al., 2013) (Fig. 1A). In zebrafish, Dnd was localized to
GCGs via the nucleus, because its expression in embryos treated

Abbreviations used in this paper: Dnd, dead end protein; GP, germ plasm; GPS, germ
plasm localization signal; PGC, primordial germ cell.
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Fig. 1. Intracellular localization of
Dnd1-mCherry fusion protein in
primordial germ cells (PGCs). EGFP
(green)and mCherry (red) signals indicate
localization of GPand Dnd1, respectively.
(A) Vegetal views of mito-EGFPXenopus
embryo expressing mCherry or Dnd1-
mCherry at stage 8. White arrowheads
indicate the position of germ plasm. High

magnification images of GP are shown in the insets. Scale bar = 200 um. (B) Isolated PGCs expressing mCherry or Dnd1-mCherry at stage 15. The
nuclei were stained with Hoechst 33242 (blue). Cells were observed under a BZ-8000 light microscope (Keyence). Scale bar, 50 um.

with leptomycin B (nuclear export inhibitor) was lost in GCGs but
accumulated in the nucleus (Slanchev et al., 2009). Although we
alsotreated allembryos with leptomycin B to exclude the possibility
that Dnd1 would be localized via the nucleus, this did not appear to
affect Dnd1 localization (data not shown). Because CRM1 protein
involved in nuclear export is inactive until the neurula stage in
Xenopus (Callanan et al., 2000), we conclude that Dnd1 does not
localize to GP via the nucleus. Dnd1 appears to translocate from
the cortex to the perinuclear region together with GP at the MBT.
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In most embryos at stage 15, mCherry signal was detected in
the nucleus or nucleus and perinuclear GP (Fig. 1B), indicating
Dnd1 moved from GP to the nucleus after perinuclear transloca-
tion. Because Dnd1 is an RNA-binding protein and GP contains
germline determinants (Tada et al., 2012), we speculate some
RNA stored in GP before MBT might be carried to the perinuclear
region and the nucleus with Dnd1, and trigger germline specification
after MBT. Interestingly, Dnd1 and Xpat exhibit similar behavior
(Machado et al., 2005).

To identify the Dnd1 GP lo-
calization signal, we constructed
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Fig. 2. Localization of the various parts of Dnd1 to the germ plasm (GP)
atstage 8. chematic drawing of mCherry fused with various Dnd1 parts
B MCHERRY 8.(A) Sch ic drawi fmCh fused with various Dnd1
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(left) and their localization (right). The structure of Dnd1 is based on Liuet al.,
(2009) (top). N-terminal region, RNA recognition motif, and C-terminal regions
are indicated by NR, RRM, and CR1-4, respectively. Dnd(Y72D) shows the
mutant in which Tyr at the amino acid position 72 is converted into Asp. N
and n indicate the number of experiments and the total number of embryos
examined, respectively. Ten to 20 embryos were examined in each experiment.
Localization activity is shown as the percentage of embryos with mCherry
signals in the GP among all embryos examined in each experiment. All data
are presented as the mean = s.d. of repeated experiments. The probability
value against Dnd1(1-354) (closed diamond) was calculated using two-tailed
Student’s t tests and a significant difference (P < 0.01) is indicated by +.
Note that aa233-312 is necessary and sufficient for GP localization and that
mutants lacking RNA binding activity still localize to GP (B) Vegetal views of
mito-EGFP Xenopus embryos expressing Dnd1(233-312)-mCherry (upper)
and Dnd1(1-232/313-354)-mCherry (lower) at stage 8. Scale bars = 100 um.
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Fig. 3. Localization of the various parts of
Dnd1 to the nucleus in primordial germ
cells (PGCs) at stage 15. (A) Schematic
drawing of mCherry fused with various
Dnd1 parts (left) and their localization (right).
At stage 15, PGCs were isolated from
mito-EGFP embryos injected with various
mRNA constructs. “N” and “n” indicate
the total numbers of experiments (about
10 embryos per experiment) and PGCs

Nuclear

N n localization Probability

Dnd1 (233-312) ) S @ s 7 3% + examined, respectively. Nuclear localiza-
Dnd1 (286-337) gy 3 4 8% tion activity is shown as the percentage
Dnd1 (313-337) P2 B % + of PGCs with a nuc/gar mCherry sgqa/
among all PGCs examined. The probability

Dnd1 (323-337) -G e 125 1% + value against Dnd1(1-354) (closed diamond)
Dnd1 (1-285/338-354) e e O] P 3 0 0% + was calculated using Fisher’s test and a
Dndt (1-60/136-354) I~ N~ 0 ¢ 41 58% statistically significant difference (P < 0.01)

Dnd1 (Y72D)

mCHERRY Hoechst

(286-337)

(1-285/338-354)

thus, this region is necessary and sufficient for GP localization and
is designated the Germ Plasm localization Signal (GPS). The car-
boxyl side of the GPS seemed to be more important than the amino
side, because the C-terminal-deleted mutant of Dnd1(220-312)
showed minimal GP localization activity [3% for Dnd1(220-285)]
compared to the moderate activity inthe N-terminal-deleted mutants
[59% for Dnd1(253-312), 44% for Dnd1(286—312)]. The zebrafish
Dnd mutants such as Y72D which were expected to have no RNA-
binding activity, did not localize to GCGs (Slanchev et al., 2009).
Interestingly, RNA-binding activity of Dnd1 did not seem to be es-
sential for its localization to GP in Xenopus, because RRM mutants
[Dnd1(1-60/136—-354) and Dnd1(Y72D)] had moderate activity.
Next, the localization signal involved in translocation from GP
to the nucleus in PGCs at stage 15 was investigated. PGCs with
nuclear or nuclear/GP mCherry signals were scored as positive (Fig.
3A). Incontrastto Dnd1(1-354) and Dnd1(1-337) (nuclear localiza-
tion activities of 91% and 93%, respectively), Dnd1(1-322) showed
minimal nuclearlocalization (3%). Furthermore, Dnd1(233-337) and
Dnd1(286-337) showed almost full activity, whereas Dnd1(313—
337) and Dnd1(323-337) showed markedly reduced activity (14%
and 11%, respectively). Because Dnd1(1-285/338—-354) did not
show nuclear localization, aa286—337 was identified as the DND
Nuclear Localization Signal (DNLS). RNA-binding activity was not
essential for nuclear localization, because Dnd1(1-60/136—354)
and Dnd1(Y72D) showed high activity (68% and 81%, respectively).
DNLS has no similarity with other nuclear localization signals.

T GeseTen s 2 27 81%

is indicated by +. Note that aa286-337 is
necessary and sufficient for nuclear localiza-
tion and that mutants lacking RNA binding
activity still localize to nucleus. (B) PGCs iso-
lated from mito-EGFP embryos expressing
Dnd1(286-337)-mCherry (upper)and Dnd1(1-285/338-354)-mCherry
lower) at stage 15. The nuclei were stained with Hoechst 33242
(blue). Cells were abserved under a TCS SP8 confocal microscope
(Leica). Scale bars, 50 um.

Interestingly, Dnd1(1-285/338—-337) showed perinuclear GP
localization, but not nuclear localization (Fig. 3B).

GPS (aa233-312) and DNLS (aa286—337) are overlapping
but distinct regions (Fig. 4). Although GPS/DNLS-mCherry
[Dnd1(233-337)] localized to GP at stage 8 and the nucleus
atstage 15, DNLS-mCherry-GPS (DNLS and GPS are located
separately) localized to GP at stages 8/15, but not the nucleus
at stage 15. Unfortunately we do not know the localization of
GPS-mCherry-DNLS, because we failed to construct it. In addi-
tion, we compared DNLS with a nuclear localization signal (NLS)
of simian virus 40 (SV40) (Lanford et al., 1986), in relation to GPS.
mCherry-NLS did not localize to the nucleus or GP at stage 8, but
localized to the nucleus at stage 15. However, GPS-mCherry-
NLS and GPS/DNLS-mCherry localized to GP at stage 8 and
the nucleus at stage 15. Although both DNLS and NLS function
as a nuclear localization signal after MBT, DNLS does not seem
to function alone if it is present in GP at MBT. Together with the
finding that DNLS overlaps with GPS, interaction between GPS
and DNLS might be important for transition of Dnd1 localization
from GP to the nucleus at MBT. Activated GPS (probably bound
to some factors) might be a prerequisite for nuclear localization
via DNLS afterward. Further experiments are needed to know
how they interact. Thus, DNLS as well as NLS does not seem to
function before MBT (Saka et al., 2007).

Finally, to examine whether DNLS was active in a PGC-specific
manner, we injected Dnd1(1-354) or Dnd1(286-337) into the
equatorial region of a fertilized egg (Fig. 5). mCherry signal was
observed throughout embryonic somatic cells at stage 15. In
contrast, NLS-mCherry localized to the nucleus in somatic cells
as previously reported (Saka et al., 2007), indicating that DNLS
functions in a PGC-specific manner.

In zebrafish, Dnd localizes to GCGs via the nucleus after MBT,
but the behavior of Dnd before this stage is unknown (Slanchev et
al., 2009). Here, we demonstrated that Dnd1 initially localized to
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Fig. 4. Relationship of the germ plasm localization signal (GPS) and nuclear localiza-
tion signals. (A) Schematic drawing of mCherry fused with GPS and SVAONLS or DNLS
and summary of the results. Germ plasm and nuclear localization activities are shown
by the same way as Fig. 2 and Fig. 3, respectively. (B) Intracellular localization of various
fusion proteins. Vegetal views of the injected embryos at stage 8 (left). PGCs isolated at
stage 15 were stained with Hoechst 33242 (blue) and observed under a BZ-8000 light
microscope (Keyence) (right). Scale bars, 100 um (stage 8) and 50 um (stage 15). Nuclei
were stained with Hoechst 33242 (blue).
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GP, moved to the perinuclear region and then entered
the nucleus after MBT. Dnd1 might also move outside
the nucleus after that event. Therefore, the Dead end
protein might function as a shuttle protein similar to
other RNA-binding proteins with RRMs including Hu
proteins (Hinman and Lou, 2008). Of note, mouse Dnd1
was localized to GCGs when expressed in zebrafish
PGCs (Slanchev et al., 2009). Surprisingly, zebrafish
Dnd aa322-411 corresponding to around Xenopus
Dnd1 GPS/DNLS localized to GP at stage 8 and the
nucleus at stage 15 when expressed in Xenopus
PGCs (Fig. 6). There is a little similarity in amino acid
sequence between them (Fig. 6A). These suggest
that translocation mechanisms of Dnd are conserved
among vertebrates. The ATPase activity detected in
zebrafish Dnd aa322—411 (Liu and Collodi, 2010) may
be involved in the translocation.

Xenopus GP contains germline determinants (Tada
etal., 2012). Xenopus Dnd1 moves from the cortex to
the perinuclear regiontogether with GP and then enters
the nucleus. Then, germline specification occurs (Lai
et al., 2012). Together with the finding that Dnd1 is an
RNA-binding protein, we speculate that Dnd1 carries
RNAs into the nucleus to trigger germline specifica-
tion. It might also have nuclear functions including
RNA processing. Although the mRNA targets of DND1
have been identified in human embryonic stem cells
(Zhu et al., 2011), it remains to know the localization
and function of the homologues in Xenopus germline
development. To understand germline specification,
it is critical to clarify the functions of Dnd1, including
identification of its target RNA and interacting proteins.

Materials and Methods

Xenopus embryos

Adult wild-type Xenopus laevis toads were purchased
commercially and maintained at 22 °C in circulatory water
tanks. A transgenic mito-EGFP Xenopus line was generated
recently in our laboratory (Taguchi et al., 2012). Eggs from
mito-EGFP female Xenopus were fertilized in vitro with wild-
type spermatozoa, injected with mRNA and then allowed to
developat 16 °C as described (Kataoka etal.,2006). Embryos
were staged according to Nieuwkoop and Faber (1994). For
observation at stage 8, embryos were treated with 200 ng/
mL of leptomycin B (Enzo Life Sciences, Farmingdale, NH,

Hoechst Merge

Fig. 5.The localization signal of
Dnd1 is not active in somatic
cells at stage 15. Left: schematic
drawing of mCherry fused with
Dnd1 (upper), DNLS (middle) or
SV40NLS (lower). Right: intracel-
lular localization of fusion proteins
in somatic cells from dissociated
stage 15 embryos. Nuclei were
stained with Hoechst 33242.
Dissociated cells were observed
under a BZ-8000 light microscope
(Keyence). Scale bars, 50 um.
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USA) continuously. For observation of PGCs at stage 15, embryos were
treated with 200 ng/mL of leptomycin B from stage 10.

Preparation of constructs

An open reading frame of dnd7 cDNAwas amplified by polymerase chain
reaction (PCR) with the following set of primers: 5—~CTTTTTGCAGGATC-
CATGGAGCTGTCAGAC-3’(the sequence corresponding tothe pCS2 vector
isunderlined) and 5-CTTGATGATGGCCATCAGGGCATTCCTTGC-3'(the
sequence corresponding to the N-terminal ofthe mCherry proteinis underlined)
using Xenopus laevis ovarian cDNA as a template, cloned finally into the
pCS2-mCherry-DEADSouth 3’ untranslated region (UTR) vector (Kataoka
et al., 2006) using In-Fusion technology (Clontech, Palo Alto, CA, USA).
This construct pCS2-xDND-mCherry-DS 3’ UTR (xDND1-354) encodes a
fusion protein of Xenopus Dnd1 followed by mCherry. In our cloned Xenopus
dnd1 cDNA, the Asn and Met at aa 150 and 155 were changed to Thr and
Leu, respectively, compared with the Dnd1 sequence registered in DDBJ/
GenBank/EMBL (accession no. AY971581). The differences probably arose
from genetic polymorphism, because the same substitutions were found in
several clones from independent PCR runs. Various mutant and deletion
constructs were made from pCS2-xDND-mCHRY-DS 3’ UTR by PCR and
In-Fusion technology (Clontech). A partial fragment of dnd was amplified
by PCR with total DNA extracted from zebrafish. A conventional NLS (from
SV40) was also amplified by PCR with phGFP105Sse-NLS (Yagisawa et
al., 2002). All constructs were confirmed by sequencing.

Preparation and microinjection of mRNA

The constructs were linearized by digestion with Notl and used as
templates for mRNA synthesis with an mMMESSAGE mMACHINE SP6 kit
(Ambion, Austin, TX, USA). The mRNAs were dissolved in water (0.1 ug/uL)
and 9.2 nL aliquots were microinjected into the cortical region at the vegetal
pole of fertilized eggs using a Nanoject Il microinjector (Drummond Scientific,
Broomall, PA, USA). For expression in other than PGCs, constructs were
injected into the equatorial region of fertilized eggs.

PGC isolation and observation

Embryos at stage 8 were fixed in 2% paraformaldehyde/0.5 M NaCl/0.1
M MOPS buffer (pH 7.5) at 4 °C overnight, settled in Dulbecco’s phosphate-
buffered saline without Ca?* and Mg?* (PBS-) at 4 °C for 2 days and then
observed using an MZ16F fluorescence stereomicroscope (Leica Micro-
systems, Wetzlar, Germany). Embryos at stage 15 were transferred to 70%
PBS- for dissociation. PGCs were collected manually using a micropipette,
fixed and treated in the same way. PGCs were stained for nuclei with 0.3 ug/
mL Hoechst 33242 (Sigma-Aldrich, St Louis, MO, USA), rinsed in PBS—and
mounted in 50% glycerol/PBS—. Cells were observed under an LSM510
confocal laser scanning microscope (Carl Zeiss, Oberkochen, Germany) or
a TCS SP8 (Leica Microsystems), or a BZ-8000 light microscope equipped
with BZ-Il software (Keyence, Osaka, Japan). We judged the GP and nuclear
localization of Dnd1 constructs only by visually comparing with EGFP and
Hoechst signals, respectively.

Merge

345

Fig. 6. Intracellular localization of zebrafish Dnd fragmentin
Xenopusprimordial germ cells (PGCs). (A) Zebrafish (D.r.) Dnd
aal322-411 used in this experiment is compared with Xenopus
(X.I.) Dnd1 aa256-345. Asterisks indicate identical amino acids.
(B) Intracellular localization of zebrafish Dnd aa322-411-mCherry
[Dnd(322-411)] in Xenopus PGCs at stages 8 and 15. Images
at stage 15 were purchased using a BZ-8000 light microscope
(Keyence). Scale bars, 100 um at stages 8and 50 um at stage 15.

Statistical analyses

For localization of Dnd1-derived proteins to the GP in stage 8 embryos,
we calculated the ratio of embryos in which the mCherry signal was localized
to the GP to the total number embryos in each experiment using the same
cohortof embryos. The mean = standard deviation (s.d.) of ratios from several
repeated experiments were subjected to statistical analyses using Student’s
t test. For localization of Dnd1 derivative proteins in PGCs at stage 15,
the ratios of indicated PGCs to total PGCs in several experiments were
calculated and were subjected to statistical analyses using Fisher’s test.
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