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Maternal Dead-End1 is required for vegetal cortical
microtubule assembly during Xenopus axis specification

Wenyan Mei', Zhigang Jin', Fangfang Lai?, Tyler Schwend', Douglas W. Houston?, Mary Lou King? and
Jing Yang'*

SUMMARY

Vertebrate axis specification is an evolutionarily conserved developmental process that relies on asymmetric activation of Wnt signaling
and subsequent organizer formation on the future dorsal side of the embryo. Although roles of Wnt signaling during organizer
formation have been studied extensively, it is unclear how the Wnt pathway is asymmetrically activated. In Xenopus and zebrafish,
the Wnt pathway is triggered by dorsal determinants, which are translocated from the vegetal pole to the future dorsal side of the
embryo shortly after fertilization. The transport of dorsal determinants requires a unique microtubule network formed in the vegetal
cortex shortly after fertilization. However, molecular mechanisms governing the formation of vegetal cortical microtubule arrays are
not fully understood. Here we report that Dead-End 1 (Dnd1), an RNA-binding protein required for primordial germ cell development
during later stages of embryogenesis, is essential for Xenopus axis specification. We show that knockdown of maternal Dnd1
specifically interferes with the formation of vegetal cortical microtubules. This, in turn, impairs translocation of dorsal determinants,
the initiation of Wnt signaling, organizer formation, and ultimately results in ventralized embryos. Furthermore, we found that Dnd1
binds to a uridine-rich sequence in the 3’-UTR of trim36, a vegetally localized maternal RNA essential for vegetal cortical microtubule
assembly. Dnd1 anchors trim36 to the vegetal cortex in the egg, promoting high concentrations of Trim36 protein there. Our work
thus demonstrates a novel and surprising function for Dnd1 during early development and provides an important link between

Dnd1, mRNA localization, the microtubule cytoskeleton and axis specification.
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INTRODUCTION

Cell-fate determinants are often asymmetrically localized to specific
subcellular compartments. After cell division, daughter cells may
acquire distinct fates depending upon the inheritance of these cell-
fate determinants. Asymmetric inheritance of determinants is a
mechanism widely used during embryonic development and in adult
tissue homeostasis (Gonczy, 2008; Knoblich, 2008; Knoblich,
2010). In many cases, however, the molecular mechanisms
governing asymmetric localization of cell-fate determinants are
poorly understood.

During vertebrate axis specification, organizer formation in
embryos requires the asymmetric activation of Wnt signaling. As
predicted, inactivation of Wnt signaling results in ventralized
embryos (for reviews, see Harland and Gerhart, 1997; Heasman,
1997; Sokol, 1999; Weaver and Kimelman, 2004; Schier and Talbot,
2005; Heasman, 2006; Tam et al., 2006; Rivera-Perez, 2007; White
and Heasman, 2008; Langdon and Mullins, 2011; Houston, 2012).
In Xenopus and zebrafish, the Wnt pathway is triggered by dorsal
determinants localized to the vegetal pole of the egg (Fujisue et al.,
1993; Holowacz and Elinson, 1995; Kikkawa et al., 1996; Kageura,
1997) and are probably positive components of the Wnt pathway
(Larabell et al., 1996; Darras et al., 1997; Marikawa et al., 1997,
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Rowning et al., 1997; Marikawa and Elinson, 1999; Miller et al.,
1999; Weaver et al., 2003; Tao et al., 2005; Cha et al., 2008). In
response to sperm entry, these dorsal determinants are translocated
from the vegetal pole to the future dorsal side of the embryo.
Transport of dorsal determinants after egg activation relies on the
formation of a unique vegetal cortical microtubule network.
Initially, a poorly ordered meshwork of microtubules forms in the
vegetal cortex. These disordered vegetal cortical microtubules soon
become organized into numerous wavy parallel bundles (Elinson
and Rowning, 1988; Houliston and Elinson, 1991b; Schroeder and
Gard, 1992). Vesicle-like organelles, with which dorsal
determinants are likely to be associated, are directionally transported
along these microtubule arrays to the future dorsal side of the
embryo (Larabell et al., 1997; Rowning et al., 1997; Miller et al.,
1999; Weaver et al., 2003). In Xenopus embryos, vegetal cortical
microtubules also serve as tracks to drive the rotation of the vegetal
cortex (Houliston and Elinson, 1991a; Houliston, 1994; Houliston
et al., 1994; Larabell et al., 1996). As a result, the cortex rotates 30
degrees relative to the inner yolky cytoplasm. Assembly of vegetal
cortical arrays of microtubules and subsequent translocation of
dorsal determinants occur before the beginning of first cleavage.
Physical or chemical treatments that interfere with vegetal cortical
microtubule assembly impair transport of dorsal determinants and
result in ventralized embryos (Gerhart et al., 1989; Darras et al.,
1997; Medina et al., 1997, Weaver and Kimelman, 2004; Gerhart,
2010).

The vegetal cortex lacks a conventional microtubule-organizing
center. Vegetal cortical microtubules extend from the animal
hemisphere, where microtubules are nucleated by the sperm
centrosome and egg pronuclear associated components (Houliston
and Elinson, 1991b; Schroeder and Gard, 1992). Strikingly,
polymerization of microtubules into the vegetal subcortex appears
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to be regulated by vegetally localized maternal factors through an
unknown mechanism. It has been reported that knockdown of
maternal Trim36, a vegetally localized E3-ubiquitin ligase, impairs
the formation of vegetal cortical microtubules and results in
ventralized embryos (Cuykendall and Houston, 2009). Here, we
report that Xenopus Dndl, a vegetally localized RNA-binding
protein (Horvay et al., 2006) previously found to function
exclusively in the germline (Weidinger et al., 2003; Youngren et al.,
2005; Horvay et al., 2006; Aramaki et al., 2007; Kedde et al., 2007,
Lam et al., 2007; Zhu et al., 2007; Cook et al., 2009; Koebernick et
al., 2010; Cook et al., 2011), binds ¢rim36 directly and anchors it to
the vegetal cortex. Knockdown of maternal Dnd1 disrupts vegetal
cortical microtubule assembly, which is necessary for the
translocation of determinants such as wnt/1 to the dorsal side. As a
result, maternal Wnt signaling is not initiated, leading to impaired
organizer formation and ventralized embryos. We show, however,
that the dorsal determinants remain functional as dorsal
development can be restored by replacing the function of
microtubules in moving dorsal determinants by the action of
gravity: tipping Dnd1-depleted embryos 90 degrees relative to the
animal-vegetal axis during the first embryonic cell cycle. Our work
thus demonstrates a novel and surprising function for Dnd1 during
early development and provides an important link between Dnd1,
mRNA localization, microtubule formation, and axis specification.

MATERIALS AND METHODS

Oocyte and embryo manipulations

Xenopus oocyte and embryos were obtained and injected as described (Sive
et al., 2000). Host transfer experiments were performed as described
(Heasman et al., 1991). Briefly, manually defolliculated oocytes were
injected with oligonucleotides and/or mRNA as detailed in the text. Injected
oocytes were cultured for 24 hours and then treated with 2 nM progesterone.
Matured oocytes were stained with vital dyes and transferred into a host
female frog to complete ovulation. Transferred eggs were recovered and
fertilized.

To knock down dndl, 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).
Residues marked by asterisks were modified. The oligo was HPLC purified,
followed by a Na™ salt exchange to remove TEAA. In rescue experiments,
we co-injected the AS-oligo with Xenopus tropicalis dndl RNA, which
lacks the AS-oligo binding sequence. Tipping experiments were performed
as described (Cuykendall and Houston, 2009). For experiments in which
eggs were activated artificially by needle-pricking, manually defolliculated
oocytes were injected with the AS-oligo, cultured for 24 hours, and then
incubated in progesterone-containing medium for 16 hours at 18°C to
induce maturation. Matured oocytes were pricked in the animal hemisphere
with a fine glass needle to achieve egg activation.

Western blot, luciferase assay, RT-PCR, histological analysis and
whole-mount in situ hybridization

Western blot analysis was performed as described (Jin et al., 2009).
Antibodies employed were anti-p-tubulin (Sigma T5293, 1:1000) and
anti-Trim36 (Cuykendall and Houston, 2009) (1:500). The anti-Dnd1
antibody (1:500) was generated by immunizing rabbits with KLH-coupled
peptide CLGYIPDFSLGDVTARNAL, followed by affinity purification
against the Dnd1 peptide. For western blot analysis of Dnd1 and Trim36,
Dndl or Trim36 proteins were immunoprecipitated from 50 oocytes or
eggs and separated on SDS-PAGE. The TOP-Flash luciferase assay was
performed as described (Yang et al., 2002). Histological analysis, whole-
mount in situ hybridization, RNA extraction and RT-PCR were performed
as described (Sive et al., 2000). RT-PCR primers, including siamois, Xnr3,
noggin, chordin and odc (Yang et al., 2003); alas (Shi et al., 2008);
collagen type II (Sasai et al., 1996); epidermal keratin and Bicaudal-c
(Wessely and De Robertis, 2000); NCAM and muscle actin (Sasai et al.,
1995); a-globin (Steinbeisser et al., 1995); emil (Graindorge et al., 2006);

vgl (Weeks and Melton, 1987); wnt11 (Schroeder et al., 1999) and trim36
(Cuykendall and Houston, 2009) were as reported. dndl primers were:
5'-TGGTAATGCTCCAGTCAGTG-3" and 5'-TAAGCGAACCCTCG-
ATTCAG-3'.

Immunofluorescence

Dnd!1 and Nanos1 double staining were performed as described (Lai et al.,
2011). Images were collected using an inverted Zeiss LSM-510 confocal
laser scanning microscope. Vegetal cortical microtubule formation was
analyzed as described (Schroeder and Gard, 1992). Briefly, eggs were fixed
in fixation buffer (80 mM Pipes pH 6.8, 5 mM EGTA, 1 mM MgCly, 3.7%
formaldehyde, 0.25% glutaraldehyde, 0.2% Triton X-100 and 0.5 uM taxol)
for 4 hours at room temperature, followed by incubation in 100% methanol
overnight. After rehydration, eggs were washed in PBS and incubated
overnight in PBS containing 100 mM NaBH,4 at room temperature. Eggs
were then washed with PBS extensively and bisected using a surgical blade.
The vegetal halves were incubated with an anti-B-tubulin antibody
(Developmental Studies Hybridoma Bank, 1:100) and then an Alexa 564-
conjugated anti-mouse IgG (Molecular Probes). Images were collected
using a Leica DMI3000B inverted microscope.

In vitro RNA pull-down assay

Bacterially expressed GST-Dnd1 protein (50 pg) was incubated with yeast
tRNA (500 pg) in 500 pul RNA-binding buffer (20 mM HEPES pH 7.9, 150
mM NaCl and 0.05% Triton X-100) at 4°C for 4 hours. RNA (1 pg) was
incubated with BSA (1% final concentration) and RNasin (200 U) in 500 pl
binding buffer at 4°C for 4 hours. Pre-absorbed GST-Dnd1 and RNA were
mixed together and incubated at 4°C for 20 minutes. Glutathione-agarose
beads were washed three times with RNA-binding buffer and three times
with RNA-washing buffer (20 mM HEPES pH 7.9, 150 mM NaCl and 1%
Triton X-100). RNAs bound to beads were extracted with Trizol reagent.
Recovered RNAs were used for cDNA synthesis and subsequent real-time
PCR. The ratio between pulled down RNA and 5% of RNA input was used
to determine binding of specific RNAs by GST-Dndl.

RESULTS

Maternal Dnd1 protein is vegetally localized

Dndl is essential for the development of the germline (Weidinger et
al., 2003; Youngren et al., 2005; Horvay et al., 2006; Aramaki et
al., 2007; Kedde et al., 2007; Lam et al., 2007; Zhu et al., 2007;
Cook et al., 2009; Koebernick et al., 2010; Cook et al., 2011).
Interestingly, dndl mRNA is vegetally localized in Xenopus oocytes
(Horvay et al., 2006), suggesting that maternal Dnd1 may be
important for early embryonic development. To investigate the
function of maternal Dnd1, we first determined the subcellular
localization of endogenous Dnd1 protein. We dissected oocytes into
animal and vegetal halves. Endogenous Dndl protein was
immunoprecipitated and analyzed by western blotting. As shown
in Fig. 1A, Dnd1 protein was detected in the vegetal, but not in the
animal, halves. Dnd1 could not be detected by immunofluorescence
in oocytes or eggs (data not shown), most likely because germ plasm
at these stages is finely dispersed at the vegetal pole and Dnd1
expression level is low (supplementary material Fig. S2). At the
eight-cell stage, the germ plasm has coalesced and endogenous
Dnd1 protein was detected concentrated there, and as expected,
colocalized with Nanos1 (Lai et al., 2011; Lai et al., 2012) (Fig. 1B).

Dnd1 is required for dorsal development

We then carried out loss-of-function studies. A phosphorothioate-
modified AS-oligo was selected to knock down maternal dndl
mRNA in Xenopus oocytes (supplementary material Fig. S1). The
level of endogenous Dndl protein was significantly reduced
24 hours after injection of the AS-oligo (7.5 ng) (Fig. 1C). Using
this oligo, we performed host-transfer experiments to generate
Dnd1-depleted embryos.
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Fig. 1. Maternal Dnd1 is vegetally localized and required for axis specification. (A) Western blot showing vegetal localization of endogenous
maternal Dnd1 protein. Manually bisected animal and vegetal halves of cocytes were analyzed by immunoprecipitation/western blotting. Each group
contains 50 animal or vegetal halves. B-tubulin served as the loading control. (B) Immunofluorescence showing colocalization of Dnd1 and Nanos1 in
the germ plasm at the vegetal pole at the eight-cell stage (indicated by arrowheads). (C) Dnd1 knockdown efficiency. Oocytes were injected with the
AS-oligo against dnd1, cultured for 24 hours, and treated with progesterone to induce germinal vesicle breakdown (GVBD). Uninjected controls and
injected oocytes were harvested at 24 hours or 40 hours (after GVBD) after microinjection of the AS-oligo, and analyzed by immunoprecipitation/
western blotting. Each group contains 50 oocytes or eggs. 3-tubulin served as the loading control. (D,E) Morphology of uninjected controls (D; note
rare examples of class Il) and AS-oligo-injected host-transfer embryos (E) at the tadpole stage. (F) Summary of the phenotypes of control and AS-oligo-
injected host-transfer embryos. (G,H) Cross-section of uninjected (G) and AS-oligo-injected (H) host-transfer embryos at the tadpole stage. H represents
the most severe ventralization phenotype. (I) RT-PCR results showing effects of Dnd1 knockdown on the expression of NCAM, type Il collagen (col Il),
muscle actin (m-actin), epidermal keratin (e-keratin), alas and a-globin at stage 20. (J) Real-time RT-PCR showing the expression of Wnt target genes
(Xnr3 and siamois), organizer-specific genes (noggin and chordin), and ventral markers (msx1, sizzled, vent1 and vent2), and dnd1 in control and AS-oligo-
injected host-transfer embryos (stage 10). All samples were normalized to odc levels. (K) Whole-mount in situ hybridization showing the expression of
chordin and vent2 in control and AS-oligo-injected host-transfer embryos at stage 10.5. Arrows point to the dorsalmost region of control embryos, a
region positive for chordin expression, but negative for vent2 expression.

Intriguingly, we observed a strong ventralization phenotype when  (skin), alas and o-globin (ventral blood island), were all upregulated
AS-oligo-injected host transfer embryos reached the tadpole stage  (Fig. 11).
(Fig. 1D,E). To simplify our analysis, we divided embryos into three To better characterize the phenotypes of Dndl knockdown
categories using the standard dorsal-anterior index (DAI) (Kao and  embryos, we analyzed marker gene expression at the beginning of
Elinson, 1988). Embryos falling into category I have head, trunk,  gastrulation (stage 10). Injection of dndl AS-oligo markedly
and tail structures (DAI 4-5). Category II embryos show an  decreased the expression of dorsal-specific genes, including
intermediate ventralization phenotype. These embryos developed a  siamois, Xnr3, chordin and noggin. The expression of ventral
trunk and tail, but lacked a head (DAI 2-3). Category III embryos  markers, including msx/, sizzled, vent] and vent2 were upregulated
are strongly ventralized, with either no distinguishable structures or  (Fig. 1J). Parallel to the RT-PCR experiments, we performed in situ
a tail-like structure only (DAI 0-1). As shown in Fig. 1D,F, the  hybridization analyses. As shown in Fig. 1K, the organizer gene
majority of control embryos (94%) fell into category I. By contrast,  chordin was severely reduced in injected embryos (69%, n=13). The
AS-oligo-injected embryos were clearly ventralized, with 68% and  expression of vent2, a direct target of BMP signaling (Henningfeld
22% of embryos falling into categories II and III, respectively et al., 2000) that is expressed in the ventral and lateral region in
(Fig. 1E,F). We picked 10 injected embryos for histological control embryos, was expanded into the most dorsal territory in
analysis. Most of these embryos exhibited reduced dorsal structures.  injected embryos (50%, n=14). These results indicate that injection
In the most severe cases (n=2), embryos completely lacked aneural ~ of dndl AS-oligo impairs organizer formation and results in
tube, notochord, and somite (Fig. 1H). Injection of AS-oligo  ventralized embryos.
significantly decreased the expression of NCAM (neural), collagen To verify that ventralization caused by injection of dnd1 AS-oligo
11 (notochord) and muscle actin (somite) in tailbud stage embryos.  is due to loss of maternal Dnd1, we performed rescue experiments
By contrast, ventral-specific genes, including epidermal keratin  using Xenopus tropicalis dndl, which lacks the AS-oligo binding
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Fig. 2. Specificity of Dnd1 knockdown. (A) Morphology of
uninjected control (brown), AS-oligo-injected (blue), and AS-oligo-
and tropicalis dndT-injected (red) embryos at stage 25.

(B) Summary of experiments shown in A. (C) RT-PCR results
showing the expression of noggin, chordin, Xnr3, siamois and dnd1
in control, AS-oligo-injected, and AS-oligo- and tropicalis dnd1-
injected (rescued) embryos at stage 10.5.
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sequence. Consistent with the above observations, injection of dnd
AS-oligo resulted in ventralization (Fig. 2A,B). Among 32 injected
embryos, 6% and 84% fell into category II and III, respectively. Co-
injection of dndl AS-oligo with dndl RNA (25 pg) rescued the
ventralization phenotype, with only 38% of embryos now lacking
head structures (category II). The rest (62%) of the embryos
exhibited a relatively normal morphology. We analyzed marker gene
expression at the beginning of gastrulation and found that co-
injection of dndl RNA rescued the expression of siamois, Xnr3,
chordin and noggin in AS-oligo-injected embryos (Fig. 2C). Based
on these results, we conclude that maternal Dnd1 is required for
dorsal development.

Dnd1 is required for the initiation of maternal
Wnt signaling
During axis specification, several dorsal genes are directly regulated
by Wnt signaling. Among these are Xnr3 (McKendry et al., 1997)
and siamois (Brannon et al., 1997; Fan et al., 1998), which were
significantly downregulated in Dnd1-depleted embryos. This raised
the possibility that maternal Wnt signaling is affected by Dndl
knockdown. To test this hypothesis, we measured the Wnt signaling
activity in control and Dnd1 knockdown embryos using TOP-Flash,
an artificial Wnt-responsive luciferase reporter (Molenaar et al.,
1996). A mixture of the TOP-Flash reporter and pRL-SV40 (a
Renilla luciferase control for injection) was injected into control
and Dnd1 knockdown embryos. Embryos were harvested at the late
blastula stage and subjected to a dual-luciferase assay. The TOP-
Flash luciferase activity was detected in control embryos, but not in
the majority of Dnd1-depleted embryos (Fig. 3A). This indicates
that Wnt signaling is indeed affected by maternal depletion of Dnd1.
To determine whether the ventralization phenotype in Dndl-
depleted embryos was caused by defective Wnt signaling, we
performed a rescue experiment using Wnt8, B-catenin, and
constitutively active TCF3 (VP16-TCF3). We found that
overexpression of VP16-TCF3, B-catenin, or Wnt8 rescued the
expression of siamois, Xnr3, chordin and noggin in Dndl
knockdown embryos (Fig. 3B), indicating that the ventralization
phenotype in Dnd1-depleted embryos is indeed caused by defective
Wnt signaling. The observation that Wnt8 rescues dorsal gene

expression in Dnd1 knockdown embryos further suggested that the
Wnt pathway, per se, remained intact in Dnd1 knockdown embryos.
It seemed likely that Dnd1 is required for the initiation of maternal
Whnt signaling.

Elegant studies by Heasman and colleagues have demonstrated
that Wntl1 is the key factor that initiates Wnt signaling during
Xenopus axis specification (Tao et al., 2005; Kofron et al., 2007,
Cha et al., 2008). Shortly after fertilization, maternal wnt// mRNA
is translocated to the future dorsal side (Tao et al., 2005) and
becomes polyadenylated (Schroeder et al., 1999). Polyadenylation
of wntl1 mRNA correlates with the translation of Wntl1 protein
(Schroeder et al., 1999). To understand the mechanism through
which maternal Dnd1 regulates the initiation of Wnt signaling
during axis specification, we harvested control and Dndl
knockdown embryos at the 2-, 8- and 32-cell stages and assessed the
polyadenylation status of wnt// mRNA using random primed and
oligo(dT) primed cDNAs. Oligo(dT) primed RT-PCR analysis
allows preferential detection of polyadenylated mRNA, whereas
random-primed RT-PCR analysis measures the total amount of
mRNA, regardless of the polyadenylation state. As a control, we
also analyzed vg/, a vegetally localized maternal RNA (Weeks and
Melton, 1987), Bicaudal-c, a maternal mRNA that undergoes
polyadenylation after fertilization (Wessely and De Robertis, 2000),
and emil, a maternal mRNA that is not polyadenylated during early
cleavage stages (Graindorge et al., 2006). As shown in Fig. 3C, the
total amount of wnt// mRNA remained unchanged in Dndl
knockdown embryos, whereas the amount of polyadenylated wnt/1
mRNA was reduced. Reduced polyadenylation of wnt/l was not
characteristic of a more general defect of Dnd1 knockdown, as vg1,
Bicaudal-c and emil were unaffected.

Polyadenylation of wnt// mRNA is important for its translation
(Schroeder et al., 1999). Reduced polyadenylation of wn¢17 in Dnd1
knockdown embryos suggested that the ventralization phenotype
might be caused by the defective biosynthesis of Wnt11. To test this
hypothesis, we asked whether overexpression of Wntll could
rescue the ventralization phenotype in Dndl-depleted embryos.
Consistent with previous results, the majority (92%) of Dndl-
depleted embryos was ventralized, falling into Category II and III.
When Wntl1 was overexpressed, only 37% of embryos exhibited
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Fig. 3. Maternal Dnd1 is required for the initiation of maternal Wnt signaling during axis specification. (A) TOP-Flash luciferase assay measuring
maternal Wnt signaling activities in control and Dnd1-depleted embryos (two embryos each group). Host-transfer embryos were injected with a
mixture of TOP-Flash and pRL-SV40 and harvested at stage 9.5. Firefly luciferase activity was normalized to that of Renilla luciferase. (B) RT-PCR showing
that overexpression of VP16-tcf3 (10 pg), B-catenin (100 pg) and wnt8 (5 pg) rescued the expression of noggin, chordin, Xnr3 and siamois in Dnd1-
depleted embryos at stage 10.5. VPT16-tcf3, -catenin and wnt8 were injected at the four-cell stage into the marginal zone of two blastomeres of Dnd1
knockdown embryos. (C) Depletion of maternal Dnd1 impaired polyadenylation of wnt11. Total RNAs were reverse transcribed with oligo dT (left) and
random hexamers (dN6, right). RT-PCR was performed to measure the expression of wnt11, vg1, Bicaudal-c, dnd1 and emil. (D) Morphology of control
(brown, top), AS-oligo-injected (red, lower left), and AS-oligo- and wnt T I-injected (50 pg) (blue, lower right) embryos. (E) Summary of the phenotypes
observed in the Wnt11 rescue experiments. (F) RT-PCR results showing that overexpression of Wnt11 rescued the expression of noggin, chordin, Xnr3

and siamois in Dnd1 knockdown embryos at stage 10.5.

ventralized phenotype (Fig. 3D,E). At the gastrula stage (stage
10.5), the expression of siamois, Xnr3, chordin and noggin was
rescued by Wntl1 overexpression (Fig. 3F). These results indicate
that Dnd1 functions upstream of Wntl1 during axis specification.

Dnd1 is required for vegetal cortical microtubule
assembly
As an RNA-binding protein, Dnd1 may bind wnt// mRNA directly
and regulate its polyadenylation. Alternatively, Dndl may be
involved in early developmental processes that are important for
polyadenylation of wntll. To distinguish between these two
possibilities, we first determined whether Dnd1 protein binds w1/
mRNA using GST-Dndl proteins purified from bacteria. We
obtained negative results from the in vitro binding assay (Fig. 7C).
So we set out to determine whether Dnd1 is involved in early
developmental processes important for polyadenylation of wnt/1.
Polyadenylation of wnt11 normally relies on cortical rotation. It
has been reported that polyadenylation of wntl1 is sensitive to UV
irradiation (Schroeder et al., 1999), a treatment that ventralizes
embryos by blocking cortical rotation (Elinson and Rowning, 1988)
and the translocation of dorsal determinants from the vegetal pole
to the future dorsal side of the embryo (Darras et al., 1997; Medina
et al., 1997). We thus assessed vegetal cortical microtubule
formation in control and Dnd1 knockdown embryos. At 55 minutes
post-fertilization, microtubules were detected in the vegetal cortex
in all control embryos, with 38% of them forming disordered

microtubules and 62% containing wavy parallel microtubule
bundles. The variation in the morphology of vegetal cortical
microtubules is likely to be due to a variable delay in fertilization
caused by the host-transfer procedure. In contrast to control
embryos, most Dnd1 knockdown embryos (73%) completely lacked
vegetal cortical microtubules. Only a small percentage of embryos
(27%; indicated by arrows) had a few detectable microtubules.
Injection of tropicalis dndl RNA rescued microtubule formation in
the majority of AS-oligo-injected embryos (88%). Among 24
embryos analyzed, 54% formed parallel microtubule arrays, 34%
had disordered microtubules, and 12% (not shown) completely
lacked microtubules in their vegetal cortex (Fig. 4A). Parallel to
these analyses in fertilized eggs, we examined the effect of Dnd1
knockdown on vegetal cortical microtubule formation in eggs
artificially activated by needle-pricking. We performed the analysis
at 40 minutes post-pricking, when disordered microtubules just
begin to polymerize into the vegetal cortex (supplementary material
Fig. S4). As shown in Fig. 4B, vegetal cortical microtubules were
detected in 84% of control eggs. By contrast, 70% of AS-oligo-
injected eggs completely lacked cortical microtubules. Vegetal
cortical microtubule formation was rescued by co-injection of
tropicalis dndl with the AS-oligo (92%).

To determine whether Dndl1 is a general regulator of microtubule
assembly or controls microtubule formation locally in the vegetal
pole of the embryo, we assessed microtubule formation throughout
the embryo (40 minutes post-fertilization). We found that
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Fig. 4. Maternal Dnd1 is required for vegetal cortical microtubule
assembly. (A,B) Confocal images showing the formation of vegetal
cortical microtubules in fertilized eggs (A, 55 minutes post-fertilization;
top and bottom figures) and in artificially activated eggs (B, 40 minutes
post-needle pricking). Fixed eggs were bisected and the vegetal halves
were stained with an anti-Tubulin antibody. Formation of vegetal cortical
microtubules was severely disrupted in all Dnd1 knockdown fertilized
eggs. In 27% of Dnd1 knockdown fertilized eggs (A, lower middle), a few
microtubules were detected (indicated by arrows). Also note that at

40 minutes post-needle pricking, disordered microtubules just begin to
polymerize into the vegetal cortex of activated eggs (supplementary
material Fig. S4).

microtubule assembly in the animal hemisphere remained
unaffected (supplementary material Fig. S3). Cortical microtubule
formation was detectably reduced in the marginal zone of Dnd1
knockdown embryos (compare supplementary material Fig. S3C
and S3G). In the vegetal pole, cortical microtubule formation was
severely disrupted by Dnd1 knockdown (compare supplementary
material Fig. S3D and S3H). It appears that Dndl is absolutely
required for cortical microtubule assembly in the vegetal pole, and
to some degree is required for cortical microtubule assembly in the
equator of the embryo.

Dorsal determinants remain intact in Dnd1-
depleted embryos

During axis specification, vegetal cortical microtubules serve as
tracks to transport dorsal determinants from the vegetal pole to the
future dorsal side of the embryo (Gerhart et al., 1989; Weaver and
Kimelman, 2004; Gerhart, 2010; Houston, 2012). Ventralization
caused by defective vegetal cortical microtubule assembly can be
rescued by using gravity to force translocation of dorsal
determinants from the vegetal pole to the equator of the egg. This
can be achieved by centrifuging eggs embedded in gelatin (Black
and Gerhart, 1985; Black and Gerhart, 1986), or by tipping embryos
90 degrees relative to the animal-vegetal axis during the first
embryonic cell cycle (Scharf and Gerhart, 1980; Scharf and Gerhart,
1983; Cuykendall and Houston, 2009). To determine whether
maternal Dnd1 functions in axis specification through controlling

vegetal cortical microtubule assembly, we divided Dnd1-depleted
embryos into two groups. One group was tipped 90 degrees during
the first embryonic cell cycle and the other group was cultured under
normal conditions.

As shown in Fig. 5A,B, the majority of Dnd1-depleted embryos
cultured under normal conditions were ventralized, with 72% of
them falling into category II and III. Tipped embryos, however,
exhibited a much milder ventralization phenotype. Formation of a
head was observed in 65% of tipped embryos (category I). The
remaining 35% of embryos developed trunk structures (category
I1). At the gastrula stage, the expression of siamois, Xnr3, chordin
and noggin, which was reduced in Dnd1-depleted embryos, was
rescued by tipping (Fig. 5C). Based on these observations, we
conclude that dorsal determinants remained intact in Dnd1-depleted
embryos. It appears that maternal Dndl functions in axis
specification by controlling vegetal cortical microtubule assembly,
which in turn supports the translocation of dorsal determinants from
the vegetal pole to the dorsal side.

Dnd1 functions as an RNA-binding protein during
axis specification

Next, we determined whether Dnd1 acted as an RNA-binding
protein to regulate vegetal cortical microtubule assembly and
subsequent axis specification. Several amino acid residues in the
RNA-recognition motif (RRM) of zebrafish Dnd1 are essential for
its function during primordial germ cell (PGC) development.
Among these is Y104, which is involved in RRM-RNA interaction
(Slanchev et al., 2009). Therefore, we generated Y 125C, a mutant
form of Xenopus tropicalis Dnd1 that is analogous to the Y104C of
zebrafish Dnd1 (Slanchev et al., 2009), and tested the activities of
Y125C in rescue experiments.

AS-oligo (7.5 ng) was injected into oocytes, either alone or
together with Y725C (25 pg), or with the wild-type dndl (25 pg).
After oocyte maturation, eggs were activated by needle-pricking.
Activated eggs were harvested at 40 minutes post-pricking and
subjected to microtubule staining. Consistent with the above
observations, vegetal cortical microtubule formation was detected in
all control eggs. Depletion of maternal Dndl severely interfered
with the formation of vegetal cortical microtubules in 86% of eggs.
Overexpression of the wild-type Dndl rescued vegetal cortical
microtubule formation in 88% of eggs. Overexpression of Y125C,
however, failed to restore vegetal cortical microtubule formation,
with the majority of eggs (90%) lacking detectable microtubule
arrays in the vegetal cortex (Fig. 6A).

To determine whether Y125C is capable of rescuing dorsal
development in Dnd1 knockdown embryos, we performed a host-
transfer experiment and analyzed dorsal-specific gene expression
when embryos reached stage 10. As shown in Fig. 6B, the
expression of siamois, Xnr3, chordin and noggin, which was
reduced in Dnd1 knockdown embryos, was rescued by the wild-
type dndl (25 pg), but not by the same amount of Y/25C (25 pg).
These results indicate that maternal Dnd1 acts as an RNA-binding
protein to control vegetal cortical microtubule formation and
subsequent dorsal development.

Dnd1 binds trim36 directly and anchors trim36 to
the vegetal cortex

Maternal Trim36 is essential for polymerization of vegetal cortical
microtubules during cortical rotation (Cuykendall and Houston,
2009). To gain insight into the mechanism by which Dnd1 regulates
vegetal cortical microtubule formation, we performed in vitro RNA
pull-down assays to determine whether Dnd1 binds #im36 RNA
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Control

Fig. 5. Dorsal determinants remain intact in dnd1-depleted
embryos. (A) Morphology of uninjected control embryos (top),
dndi-depleted embryos (AS-oligo, lower left), and dnd1-depleted
embryos that were tipped 90 degrees relative to the animal-
vegetal axis during the first embryonic cell cycle (lower right).

(B) Summary of the phenotypes of the tipping experiment.

(€) RT-PCR showing that tipping dnd1-depleted embryos during
the first embryonic cell cycle rescued the expression of noggin,
chordin, Xnr3 and siamois in Dnd1 knockdown embryos at stage
10.5.
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directly using bacterially expressed GST-Dnd1 protein (Fig. 7B).
As shown in Fig. 7C, trim36 RNA, but not GFP or wntll, was
efficiently pulled down by GST-Dnd1, suggesting that Dnd1 binds
trim36 directly. Dnd1 binds to uridine-rich sequences (URS) (Kedde
et al., 2007). The 3’-UTR of #im36 contains a URS (Fig. 7A). We
generated a trim36; 3543, which lacks the URS and the 3'-end of
trim36. In the pull-down assay, Dnd1 bound to #im36, 3543 less
efficiently (Fig. 7C). We then constructed a trim36AURS, which
lacks the URS (Fig. 7A), and assayed the binding of #7im36AURS
by Dnd1. As expected, mutation of the URS in #7im36 resulted in a
0.4-fold decrease in Dndl binding (Fig. 7D), indicating that the
URS is indeed a Dnd1-binding site. In agreement with this view,
we found that GFP-tUTR, a GFP construct fused with the wild-type
3'-UTR of trim36, was eightfold more accessible to Dnd1 when
compared with GFP with a SV40-polyA signal. By contrast, fusing
the mutant form of #im36 3'-UTR to GFP increased the Dnd1
binding only 3.5-fold (Fig. 7E). Collectively, these results

demonstrate the URS in the 3’-UTR of #im36 is a Dnd1-binding
site. The observation that mutation of the URS only partially
reduces the binding of #7im36 by Dnd1 argues for the existence of
non-uridine-rich Dnd1-binding sites in t7im36 RNA. Nevertheless,
results from the above experiments allow us to conclude that Dnd1
binds trim36 directly.

To investigate how Dndl regulates trim36 in vivo, we first
analyzed the total level of #rim36 RNA in Dnd1-depleted eggs. RT-
PCR analysis revealed that knockdown of Dnd1 had no effect on
the abundance of t7im36 RNA (Fig. 7F). We then performed in situ
hybridization to analyze the localization of t7im36. As expected,
trim36 was localized to the vegetal cortex in control eggs. In Dnd1
knockdown eggs, however, 7im36 was no longer localized to the
vegetal cortex (Fig. 7G). This indicates that Dnd1 anchors trim36
mRNA to the vegetal cortex. We consistently found that Trim36
protein was enriched in the vegetal cortex in control eggs. In Dnd1-
depleted eggs, however, accumulation of Trim36 protein in the

Control
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Fig. 6. The RNA-binding activity of Dnd1 is required for its
function during vegetal cortical microtubule assembly in
activated eggs and dorsal development in fertilized eggs.
(A) Confocal images showing the formation of vegetal cortical

% microtubules in uninjected control (upper/left), AS-oligo-injected
= (upper/right), AS-oligo- and dnd1-injected (lower/left), and AS-

+ oligo- and Y7125C-injected (lower/right) eggs (40 minutes post-
- needle-pricking). Fixed eggs were bisected and the vegetal

o halves were stained with an anti-Tubulin antibody. (B) RT-PCR

showing that overexpression of the wild-type dnd1, but not
Y125C, rescued the expression of noggin, chordin, Xnr3 and
siamois in Dnd1 knockdown embryos (stage 10.5).
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Fig. 7. Dnd1 binds trim36 directly and anchors trim36 to the vegetal cortex. (A) Schematic of trim36 deletion constructs used in the in vitro pull-
down assay. (B) Coomassie Blue staining showing purified GST-Dnd1 protein used in the pull-down assay. (C-E) Real-time RT-PCR showing the ratio
between RNAs associated with GST-Dnd1 protein and 5% of RNA input. (C) GST-Dnd1 efficiently pulled down trim36, but not GFP or wnt11. (D) Mutation
of the URS in trim36 reduced the binding of trim36 by GST-Dnd1. (E) Fusing the 3’-UTR of trim36 to GFP increased the binding of GST-Dnd1 to GFP RNA.
(F) RT-PCR showing that knockdown of Dnd1 had no effect on the level of trim36 mRNA in eggs. (G) In situ hybridization showing that trim36 is no longer
localized to the vegetal cortex in dndi-depleted eggs. (H) Immunohistochemistry showing that knockdown of Dnd1 interfered with the accumulation
of Trim36 protein in the vegetal cortex of eggs. Inserts at lower magnification show whole eggs. () Immunoprecipitation/western blotting showing that
the level of Trim36 protein remained unchanged in Dnd1 depleted eggs. Protein lysates from 50 oocytes or eggs were incubated first with an anti-Trim36
antibody to immunoprecipitate Trim36. Supernatants were then incubated with an anti-Dnd1 antibody to pull down Dnd1. (J) Model of Dnd1 function
at the vegetal pole. Dnd1 anchors trim36 within the vegetal cortex resulting in localized translation and vegetal accumulation of Trim36. Trim36
promotes vegetal microtubular array formation required to move and thus activate the dorsal determinants. Without Dnd1, trim36 localization is
disrupted, Trim36 protein is diluted, microtubular arrays do not form; dorsal determinants remain inactive at the vegetal pole.

vegetal cortex was not observed (Fig. 7H). Depletion of Dnd!1 did
not alter the total level of Trim36 protein (Fig. 7I), ruling out the
possibility that Dnd1 regulates translation of #im36. Thus, Dnd1
anchors frim36 RNA to the vegetal cortex and is required for
accumulation of Trim36 protein in the vegetal cortex.

DISCUSSION

The functions of Dnd1 during PGC development have been studied
extensively. Dnd1 is expressed in PGCs (Weidinger et al., 2003;
Youngren et al., 2005; Horvay et al., 2006; Aramaki et al., 2007)
and is required for their survival and migration (Weidinger et al.,
2003; Youngren et al., 2005; Horvay et al., 2006; Cook et al., 2009).
In mice with the 129/SvJ background, loss of Dnd1 causes testicular
teratomas (Youngren et al., 2005; Lam et al., 2007; Zhu et al., 2007,

Cook et al., 2009; Cook et al., 2011). During PGC development,
Dndl1 protects its target mRNAs by binding to URSs and blocking
microRNAs from their complementary binding sites nearby. In the
absence of Dndl, a subset of PGC-specific mRNAs becomes
downregulated in zebrafish embryos (Kedde et al., 2007). In
Xenopus, Dnd1 functions together with EIrB1 to protect germ-cell-
specific mRNAs from miR-18-mediated degradation during
gastrulation (Koebernick et al., 2010). Here, we report a novel and
essential function of Dnd1 in Xenopus axis specification, an event
that occurs before first cleavage.

Vertebrate axis specification requires asymmetric activation of
Wnt signaling and subsequent organizer formation on the future
dorsal side of the embryo. In Xenopus, egg activation initiates
microtubule dynamics and triggers formation of vegetal cortical
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microtubular arrays, which serve as tracks to transport dorsal
determinants from the vegetal pole to the future dorsal side. As a
result, wnt11, which is responsible for the initiation of maternal Wnt
signaling, is translocated to the future dorsal side (Tao et al., 2005)
and becomes polyadenylated (Schroeder et al., 1999). Dorsally
accumulated Wntll then activates [-catenin-dependent
transcription and ultimately leads to organizer formation. Our
studies indicate that maternal Dnd1, localized to the vegetal pole, is
responsible for regionally anchoring key regulators of vegetal
cortical microtubule formation (see Fig. 7J for our working model).
Knockdown of Dndl interferes with the vegetal localization of
trim36 in oocytes, without affecting other master regulators of early
embryonic patterning, such as VegT and wntll (supplementary
material Fig. S6). After fertilization, the formation of vegetal
cortical microtubules was disrupted within the first embryonic cell
cycle. Later on, polyadenylation of wntl1, which relies on cortical
rotation, was impaired and by the late blastula stage, Wnt signaling
activity declined. At the gastrula and tailbud stages, dorsal-specific
genes were downregulated in Dnd1 knockdown embryos. This was
accompanied by a marked increase in the expression of ventral-
specific genes and resulted in morphologically ventralized embryos.

Remarkably, phenotypes caused by maternal depletion of Dnd1
are similar to those observed in embryos lacking maternal Trim36
(Cuykendall and Houston, 2009). Like dnd1, trim36 is localized to
the vegetal hemisphere in stage VI oocytes. After the first
embryonic cell division, it is restricted to the germ plasm at the
vegetal pole (Horvay et al., 2006; Cuykendall and Houston, 2009).
When maternal trim36 is depleted, microtubular arrays cannot form
in the vegetal cortex and embryos become ventralized (Cuykendall
and Houston, 2009). These similarities suggested a link between
Dndl and Trim36 during the formation of vegetal cortical
microtubules.

Indeed, our results demonstrate that #7im36 is a target of Dndl.
The URS in the 3'-UTR of trim36 is a Dnd1-binding site. Mutation
of this URS reduced the binding of z7im36 by Dnd1. Of note, trim36
lacking the URS can still be pulled down by Dndl protein, albeit
less efficiently. This suggests that in addition to the URS, Dnd1
binds to some non-uridine-rich sequences in frim36. Our analysis
further demonstrates that the binding of #7im36 by Dndl is essential
for anchoring trim36 to the vegetal cortex. In agreement with this
view, knockdown of Dnd1 disrupted the localization of #im36 in
the vegetal cortex, without affecting the overall stability or
translation of #im36. Trim36 protein, which is highly enriched in
the vegetal cortex in wild-type eggs, is no longer localized in Dnd1-
depleted eggs. It seems likely that maternal Dndl regulates
assembly of vegetal cortical microtubules, at least in part, by
anchoring key regulators of vegetal cortical microtubule formation,
such as trim36, to the vegetal cortex. Depletion of maternal Dnd1
disrupted vegetal localization of #7im36 mRNA. As a result, Trim36
protein was not concentrated vegetally, but became regionally
diluted as it dispersed throughout the oocyte and egg. This in turn
impaired the formation of vegetal cortical microtubules after
fertilization. Consequently, dorsal determinants remained inactive at
the vegetal pole (Fig. 7J).

It is worth mentioning that while knockdown of Dnd1 ventralizes
embryos, overexpression of Dnd1 had no effect on axis specification
(supplementary material Fig. S5). Host-transfer embryos in which
Dndl was overexpressed showed normal vegetal cortical
microtubule formation (supplementary material Fig. S5A),
polyadenylation of wnt1I (supplementary material Fig. S5B), and
organizer formation (supplementary material Fig. S5C).
Nevertheless, these embryos exhibited mild defects in blastopore

closure. At the tadpole stage, Dndl-overexpressed embryos
developed normal head and anterior trunk structures, but showed
defects in their posterior structures (supplementary material
Fig. S5D). It is likely that overexpression of Dnd1, a key regulator
of germline development, disrupted endoderm development at the
vegetal pole and indirectly affected posterior development.

Previously, Horvay and co-workers reported that Dnd1-depleted
embryos lost their PGCs, but were otherwise normal (Horvay et al.,
2006). Why do our results differ from what they observed? Dndl
protein is present in the vegetal pole of fully grown oocytes
(Fig. 1A) and anchors trim36 to the vegetal cortex (Fig. 7G). In the
study by Horvay et al. (Horvay et al., 2006), a morpholino was
injected after fertilization to block further translation of Dndl.
Considering that vegetal cortical microtubule assembly occurs 40 to
70 minutes after egg activation (supplementary material Fig. S4), it
is likely that in their experiments, the level of Dnd1 protein was not
significantly reduced during this critical period and vegetal
localization of Trim36 was not affected. In our experiments, we
used an AS-oligo to deplete dndl mRNA in the oocyte, followed
by oocyte maturation, host transfer, and fertilization. This approach
allowed successful knockdown of Dndl protein before oocyte
maturation (Fig. 1C). It seems likely that Horvay et al. (Horvay et
al., 2006) did not observe the early requirement for Dnd1 in cortical
microtubule formation because Dnd1 was depleted too late in their
experiments.

Interestingly, overexpression of Trim36 cannot rescue vegetal
cortical microtubule formation in Dndl-depleted embryos (not
shown). This raises the possibility that in addition to #im36, Dnd1
may regulate other RNAs that are important for vegetal cortical
microtubule formation. In the future, it will be important to identify
additional targets of Dndl and to investigate their roles in
controlling microtubule assembly at the vegetal pole. The molecular
mechanism through which Trim36 regulates vegetal cortical
microtubule formation remains unclear. The vegetal cortex lacks a
conventional microtubule-organizing center (Houliston and Elinson,
1991b; Schroeder and Gard, 1992). It is unlikely that Trim36, which
is localized to the vegetal cortex, is involved in nucleation of
microtubules. However, it has been reported that there is a potent
plus-end-specific inhibitor of microtubule assembly in oocytes and
a plus-end-specific promoter in activated eggs (Gard and Kirschner,
1987). It is possible that maternal Trim36, an E3 ubiquitin ligase, is
involved in the protein degradation step required to remove the
putative plus-end-specific inhibitor. Conversely, Trim36 may
indirectly control the biosynthesis of the plus-end-specific promoter
in the vegetal cortex. Clearly, additional studies will be required to
test these possible models.
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