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Abstract

In many animals, maternally synthesized mRNAs are critical for primary germ layer formation. In
Xenopus, several maternal mMRNASs are enriched in the animal blastomere progenitors of the
embryonic ectoderm. We previously identified one of these, WW-domain binding protein 2 N-
terminal like (wbp2nl), that others previously characterized as a sperm protein (PAWP) that
promotes meiotic resumption. Herein we demonstrate that it has an additional developmental role
in regionalizing the embryonic ectoderm. Knock-down of Wbp2nl in the dorsal ectoderm reduced
cranial placode and neural crest gene expression domains and expanded neural plate domains;
knock-down in ventral ectoderm reduced epidermal gene expression. Conversely, increasing levels
of Wbp2nl in the neural plate induced ectopic epidermal and neural crest gene expression and
repressed many neural plate and cranial placode genes. The effects in the neural plate appear to be
mediated, at least in part, by down-regulating chd, a BMP antagonist. Because the cellular
function of Whp2nl is not known, we mutated several predicted motifs. Expressing mutated
proteins in embryos showed that a putative phosphorylation site at Thr45 and an a-helix in the
PH-G domain are required to ectopically induce epidermal and neural crest genes in the neural
plate. An intact YAP-binding motif also is required for ectopic epidermal gene expression as well
as for down-regulating chd. This work reveals novel developmental roles for a cytoplasmic protein
that promotes epidermal and neural crest formation at the expense of neural ectoderm.
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Introduction

One of the earliest decisions in embryonic development is the formation of the three primary
germ layers, and in many animals maternally synthesized mRNASs are critical for their
formation. Although the embryonic ectoderm is sometimes considered a “default” germ
layer because in explant culture it will develop in the absence of external signaling factors
(Itoh and Sokol, 2014), it is not simply a passive fate choice in the intact embryo. In
Xenopus, for example, there are maternal factors sequestered in the animal blastomeres that
promote the embryonic ectoderm by repressing mesoderm and endoderm formation (Itoh
and Sokol, 2014; Zhang and Klymkowsky, 2007). In a microarray screen for maternal
MRNAs enriched in animal blastomere progenitors of the ectoderm we identified WIW-
domain binding protein 2 N-terminal like (wbpZnl), which is maternally deposited in all four
animal blastomeres, and is zygotically expressed in the animal cap ectoderm of the blastula,
the embryonic ectoderm and involuting mesoderm of the gastrula, and the neural ectoderm,
border zone, and dorsolateral epidermis in the neural plate stage embryo (Grant et al., 2014).
This expression pattern suggests that Wbp2nl may be involved in specifying the ectoderm
germ layer and/or its three derivatives: non-neural (future epidermis), border zone (future
neural crest and cranial placodes) and neural (future neural plate).

Whbp2nl, also known as Peri-Acrosomal WW-domain binding Protein (PAWP), belongs to a
large family of WW-domain binding proteins (WWhbps) whose members are involved in a
variety of cellular processes crucial for cell fate decisions, including signal transduction,
protein stability, and regulation of RNA polymerase activity (Hofmann and Bucher, 1995;
Sudol et al., 2001). WWhbp’s contain variable length proline-rich regions that bind to the
WW-domains of other proteins, many of which have crucial roles in developmental signaling
pathways (Salah et al, 2012; Sudol, 2012). Previous work showed that Whp2nl is present in
the peri-acrosomal region of the sperm of several vertebrates (bull, mouse, rat, pig, rabbit,
Xenopus), and is required for egg activation by eliciting intracellular calcium release (Aarabi
et al., 2010; Wu et al., 2007). However, the role of egg- and/or zygote-derived Whp2nl in
embryonic development has not been described.

In this study we assessed the developmental role of Wbp2nl using loss- and gain-of-function
analyses. We show that Wbp2nl is involved in establishing the relative sizes of the neural
plate, border zone, and epidermis territories that are derived from the embryonic ectoderm
(Groves and LaBonne, 2014). The effects in the neural plate are mediated, at least in part, by
down-regulating the expression of ¢/1d, a BMP antagonist. Bioinformatics analyses revealed
numerous putative functional sites in the PH-G and WWhbp domains of Wbp2nl. Mutation of
some of these sites show that the putative phosphorylation of Thr45 as well as preservation
of an a-helical structure in the PH-G domain are required for the protein to ectopically
induce K81, foxd3or zic2in the neural plate; a YAP-binding motif in the WWbp-domain is
required for ectopic K81 expression as well as efficient chd repression. This first description
of an embryonic role for Wbp2nl shows that it is required for the division of the ectodermal
germ layer into its functional domains.
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Materials and methods

Obtaining embryos and microinjections

Wild type, outbred Xenogpus laevis embryos were obtained by gonadotropin-induced natural
mating of adult frogs, as previously described (Moody, 2000). Embryos were picked at the
2-cell stage, when the first cleavage furrow bisects the lightly pigmented region of the
animal hemisphere, to facilitate identification of the cardinal axes (Klein, 1987; Miyata et
al., 1987). This ensures accurate identification of the dorsal and ventral animal blastomeres
with predominantly neural versus predominantly epidermal developmental fates (Moody and
Kline, 1990). When selected embryos reached 8-cells, the dorsal-animal (D1) or the ventral-
animal (V1) blastomere was microinjected with mRNA or antisense Morpholino
oligonucleotides (MOs) as described elsewhere (Moody, 2000).

Blastomere explants

Both ventral animal blastomeres were injected with wbp2n/ mRNA, and upon completion of
the next cell cycle, both midline daughters (16-cell V1.1 blastomeres, Moody 1987) were
dissected free and cultured as explants, as previously described (Grant et al., 2013; Gaur et
al., 2016). When sibling controls reached neural plate stages, explants were fixed and
processed for in situ hybridization as described below.

Construction of Wbp2nl constructs

To make a morpholino-sensitive mMRNA, Xenopus laevis whpZnlwas obtained (Open
BioSystems; BC082812.1) and the ORF plus 66 base pairs of its 5 UTR region generated
by PCR using standard procedures and cloned into the Clal/Xhol sites of the pCS2* vector
(0CS2*-wbp2nl). To make a morpholino-resistant mMRNA, the ORF was generated by PCR
and cloned into the EcoRI/Xhol sites of a pCS2* vector containing a 5’ Myc-tag
(0CS2*-5"MT-whp2Znl). Mutations were introduced into the pCS2*-wbp2Zn/ plasmid with the
QuikChange Lighting Site-Directed Mutagenesis kit (Agilent). wbp2nl-T45A was
constructed by a one-nucleotide base change (ACA to GCA) resulting in T45A conversion,
replacing a predicted serine/threonine kinase phosphorylation site. wbp2nl-Y55F was
constructed by a one-nucleotide base change (TAC to TTC) resulting in Y55F conversion,
replacing a predicted site of tyrosine kinase phosphorylation. wbp2nl-Y91G was constructed
by changing two nucleotides (TAC to GGC) resulting in Y91G conversion. This mutation
replaced a predicted site of tyrosine phosphorylation. wbp2n/-F127P was constructed by
changing two nucleotides (TTC to CCC) resulting in F127P conversion predicted to disrupt
the a-helix C-terminal to the PH-G domain. wbp2nl- Y282F was constructed by a one-
nucleotide base change (TAC to TTC) resulting in Y292F conversion in the YAP binding
motif (PPPY to PPPF), eliminating a predicted phosphorylation site. In addition, an HA tag
was added to the 3” end of the whp2n/ open reading frame in pCS2*-wbp2nl using the same
mutagenesis kit. All constructs were fully sequenced in both directions.

In vitro synthesis of mMRNAs and antisense RNA probes

mRNAs were synthesized /n vitro (mMessage mMachine kit; Ambion). They were mixed
with nuclear-localized g-galactosidase (np-gal) mRNA as a lineage tracer (100pg/nl) at the

Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Marchak et al.

Page 4

indicated concentrations: wild type wbp2n/ (200pg/nl; 400pa/nl), wbp2nl-T45A (400pg/nl),
wbp2nl-Y55F (400pg/nl), wbp2nl-Y91G (400pg/nl), wbp2nl-F127P (400pg/nl), and
wbp2Znl-Y282F (400pg/nl). Antisense RNA probes for /n situ hybridization (ISH) were
synthesized /n vitro (MEGAscript kit; Ambion) as previously described (Sullivan et al.,
2001; Yan et al., 2009).

Antisense oligonucleotide morpholino design and validation

To knock-down endogenous levels of Wbp2nl protein in the embryo, two translation-
blocking MOs that target both homeologues were purchased (Gene-Tools, LLC)
(Supplemental Fig. 2). An equimolar mixture of wbp2n/ MOs (9.0ng per blastomere) was
microinjected into one dorsal and one ventral blastomere on one side of the 8-cell embryo.
Both MOs were lissamine labeled so that cells in the embryo in which knock-down was
achieved could be identified. To verify the ability of the MOs to block wbp2n/translation,
Xenopus oocytes were injected with 9ng of the MO cocktail and with either 2ng of
wbp2nl-3’HA mRNA (pCS2*-whbp2nl construct contains 66 bp of whp2n/5’UTR = MO
sensitive) or 2ng of 5°’MT7-wbp2n/ MRNA (rescue mRNA). The latter is MO-resistant
because there is no whp2n/5’ UTR present and 6 copies of the Myc-tag epitope sequence
precede the wbp2n/ ORF (Supplemental Fig. 2). The oocytes were cultured overnight at
18°C, lysates prepared and Western blotting performed with an HA-tag or Myc-tag antibody
as previously described (Neilson et al., 2012) (Supplemental Fig. 3A, B). In addition, the
reversal of the MO knock-down phenotype in whole embryos was demonstrated by injecting
400pg of rescue MRNA (5’MT-wbp2nl) immediately after embryos were injected with
2.25ng of the MO cocktail (Supplemental Fig. 3A, B).

Whole embryo in situ hybridization

Embryos were cultured to gastrula (st. 10.5-11.5), neural ectoderm (st. 12—-14) or neural
plate (st. 16-18) stages (Nieuwkoop and Faber, 1994), fixed in 4% paraformaldehyde (in
0.1M MOPS, 2mM EGTA Magnesium, 1mM MgSOy, pH 7.4), stained for B-Gal
histochemistry if injected with mRNAs, and processed for in situ hybridization (ISH) as
previously described (Yan et al., 2009). Embryos were first scored for presence of lineage
marker (lissamine-labeled MOs or np-Gal for mMRNA) to demonstrate a successful injection.
Then, position, intensity and size of the expression domain were compared on the injected,
lineage-labeled side to the control, uninjected side of the same embryo as a control for inter-
embryo variation. Samples were derived from at least three different clutches of eggs from
three different sets of outbred, wild type parents. Samples were scored independently by two
authors (AM, PG, or SAM). Frequencies of an observed phenotype in two different
experimental groups were compared by Chi-squared statistical analysis. Sizes of gene
expression domains were compared to control sides of the same embryo by the paired t-test.

Immunostaining

Because we could not identify a commercial antibody that recognizes the Xenogpus protein, a
dorsal-animal blastomere was injected with myc-tagged wbp2n/ mRNA (50pg). Embryos
were fixed at stage 14, cryosectioned, and immunostained with an anti-Myc antibody
(#9B11, Cell Signaling) as previously described (Neilson et al., 2012). Images were
collected using a Zeiss LSM 710 confocal system as previously described (Neilson et al.,
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2012; Klein et al., 2013). To assay for BMP signaling, embryos were injected with
cytoplasm-localized B-galactosidase (cB-gal) mRNA (controls) or wbp2nl + cfgal mMRNASs.
When embryos reached stages 11-12, they were fixed and processed for whole mount
immunostaining using an anti-phosphorylated SMAD 1/5/8 antibody (#9511, Cell
Signaling) as previously described (Neilson et al., 2012).

Prediction of identity, structure and potential functional domains/motifs

RESULTS

Alignments of Xenopus and human sequences were done with Clustal Omega (Sievers et al.,
2011) and MUSCLE (Edgar, 2004) and displayed using ESPript (Xavier et al., 2014). Trees
were prepared using MRBAYES (Huelsenbeck and Ronquist, 2001; Dereeper et al., 2008).
Secondary structure was predicted at the Porter (http://distill.ucd.ie/porter/; Pollastri and
McLysaght, 2005), Psipred (http://bioinf.cs.ucl.ac.uk/psipred/; Buchan et al., 2013; Jones,
1999) and nps@ (npsa-pbil.ibcp.fr) websites. Modeling of the tertiary structure was
conducted at the Phyre 2 server (sbg.bio.ic.ac.uk/phyre2; Kelley et al., 2015). Wbp2nl was
analyzed for a nuclear localization signal (NLS) using cNLS (nls-mapper.iab.keio.ac.jp/;
Kosugi et al., 2009) with a cut-off score 2.0-7.0, and with an algorithm based Markov—
hidden model (moseslab.csb.utoronto.ca; Nguyen Ba et al., 2009). Prediction of a
mitochondrial export signal was conducted at (ihg.gsf.de/ihg/mitoprot.html; Claros and
Vincens, 1996). Prediction of subcellular localization was conducted at (wolfpsort.hgc.jp;
Horton et al., 2007). Putative motifs were analyzed at The Eukaryotic Linear Motifs
Resource for Functional Sites in Proteins (elm.eu.org; Dinkel et al., 2016). Annotation of
functional and structural domains was conducted at SMART (smart.embl-heidelberg.de;
Letunic et al., 2015).

Prediction of identity, structure and cellular localization of Wbp2nl

Phylogenetic tree analysis of a collection of vertebrate Whp2 and Wbp2nl proteins separates
each gene into a separate clade (Supplemental Fig. 1), although protein sequences showed
high variability. A pairwise comparison of the amino acid identities across taxa (not shown)
indicates that the mammalian Wbp2nl proteins segregate from the Xengpus (and other non-
mammalian taxa) versions due to several insertions not found in either Xenopus species
(/aevis, tropicalis) Wbp2nl or Wbp2 proteins, suggesting that the human version of this gene
diverged during mammalian evolution. Clustal analysis (Sievers et al., 2011) to determine
the amino acid sequence homology between human and Xengpus Wbp2-related proteins is
consistent with the tree analysis. The sequence of XenopusWhbp2nl (291aa) is more similar
to Homo sapiens WBP2 (261aa; 68% conserved) (Fig. 1A) than to Homo sapiens WBP2NL
(309aa; 52% conserved) (Fig. 1B).

Because the cellular function of Wbp2nl is not known, we undertook a bioinformatics
approach to predict structural characteristics. Prediction of secondary structure with various
algorithms indicates that Whbp2nl contains two highly conserved domains: a highly
structured Pleckstrin Homology-GRAM (PH-G) domain and a highly unstructured WW-
domain binding domain (WWhbp) (Fig. 1A). The PH-G domain of Xenopus laevisis 62%
identical and 78% conserved compared to human WBP2, and the Xenopus laevis WWbp
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domain is 55% identical and 59% conserved compared to human WBP2 (Fig. 1A). Since the
tertiary structure of the PH-G domain has been solved in several PH-G-containing proteins
(Begley et al., 2003), tertiary structure of PH-G in Wbp2nl was modeled as described
(Kelley and Sternberg, 2009; Kelley et al., 2015). The modeled PH-G domain has ~7 p-
strands (the number depending upon the prediction program used) forming two pB-sheets
followed by a characteristic, highly conserved a-helix (Fig. 1A); it is highly similar to that
of the PH-G domains of MTMR2 and pleckstrin (Begley et al., 2003), but is less compact
and has a protruding loop between (B-strands 6and 7. The WWhbp domain contains two
PPXY motifs (219-222aa; 279-282aa) that can bind to other proteins containing a WW
domain.

Although the PAWP protein is reported to be peri-acrosomal (Wu et al., 2007), the
subcellular localization of Wbp2nl in embryonic cells has not been determined. Therefore,
the protein sequence was analyzed for the presence of subcellular localization signatures by
several algorithms. None detected a nuclear localization signal or a mitochondrial export
signal. A method by Horton et al. 2007) predicted predominantly cytoplasm localization and
no trans-membrane allocation (no N-terminal signal peptide). This algorithm and the ELM
predicted an endoplasmic reticulum retention signal (KKXX) at the C-terminus, and two
motifs (YRVI, 55-58 aa; YMPM, 273-276 aa) are predicted to interact with the p-subunit of
heterotetrameric adaptor protein (AP) complexes for clathrin mediated vesicular transport.
Together these analyses indicate that Wbp2nl is likely to be predominantly a cytoplasmic
protein. This was confirmed by immunostaining for an expressed Myc-tagged version of
Whbp2nl (Fig. 1C). Staining was perinuclear as well in cytoplasmic tubular patterns, both of
which are consistent with endoplasmic reticulum.

Decreasing Wbp2nl levels expands the neural plate

Because maternal whp2n/ mRNA is enriched in animal blastomeres (Grant et al., 2014), we
investigated whether loss of the Whbp2nl protein in this region would impact the
development of the embryonic ectoderm and/or its later segregation into neural, neural
border zone and epidermal domains. This was accomplished by microinjecting translation
blocking antisense morpholino oligonucleotides (MOs) complimentary to two 5’ sites in the
wbpZn/ mMRNA (Supplemental Fig. 2) into blastomere progenitors of the ectoderm in the 8-
cell embryo (Fig. 2A). The efficacy and specificity of the wbp2n/ MOs were biochemically
confirmed (Supplemental Fig. 3) in accord with published standards (Blum et al., 2015).

Reducing Wbp2nl levels in the dorsal-animal blastomere (D1; Fig. 2A), which targets
knock-down to the neural ectoderm (Moody and Kline, 1990), decreased the sox2
expression in the neural ectoderm in the majority of embryos; it caused a reduction of other
neural ectodermal genes (foxd4/1, sox11, zicl, zic2) at much lower frequencies (Fig. 2B).
These results suggest that the reduced levels of Wbp2nl achieved in the morphants does not
prevent neural induction, but may delay the formation of sox2-positive neural plate stem
cells. Consistent with this interpretation, by neural plate stages the expression domains of
neural genes were expanded in most embryos (Fig. 2C). Measuring the width of the neural
plate prior to elevation of the neural folds confirmed significant expansion of the domains of
s0x2(21.50 vs. 14.75, p<0.001); sox11 (15.39 vs. 11.14; p<0.001), zic1 (20.07 vs. 14.93;
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p<0.001), and zic2 (17.26 vs. 13.21; p<0.001) compared to the control side of the same
embryo. In spite of the size differences between control and experimental sides of the
morphant embryos, the neural tube successfully closed, indicating that the expanded neural
plate domain was not simply a failure of neural fold elevation.

In contrast, knock-down of Wbp2nl diminished the expression domains of several neural
crest (pax3, tfap2a, foxd3, zicl, zic2) and two cranial placode (sixZ, sox11) genes (Fig. 2C,
D). Interestingly, however, the expression of foxiZ in the PPE was rarely affected (Fig. 2E).
These results indicate that Wbp2nl is necessary for the expression of many border zone
genes. To determine whether Wbp2nl also is necessary for epidermal gene expression, we
targeted knock-down to the ventral-animal blastomere progenitor of the epidermis (V1; Fig.
2A; Moody and Kline, 1990). This caused a loss of #fap2a and epidermal keratin (K82)
expression in the gastrula animal cap ectoderm and later in the ventral epidermis, but the
animal cap expression of foxiZ rarely was affected (Fig. 2E). Although we expected that the
loss of epidermal genes in the ventral ectoderm would result in ectopic neural plate gene
expression, this was never observed (sox2, n=33; foxd4/1, n=78; sox11, n=51; zic2, n=19).
The continued expression of foxi1 after Wbp2nl knock-down (Fig. 2E) might prevent these
cells from converting to neural. Together, these results demonstrate that reducing Wbp2nl in
the dorsal ectoderm expands the neural plate domain at the expense of the border zone, and
reducing Wbp2nl in the ventral ectoderm represses some but not all epidermal genes.

Increasing Wbp2nl levels causes ectopic epidermal and neural crest gene expression

The loss-of-function experiments predict that Wbp2nl preferentially promotes epidermal and
neural crest gene expression. To test this, whp2n/ mRNA was microinjected into the dorsal-
animal blastomere (Fig. 2A) to target gain-of-function (GOF) to the neural ectoderm
(Moody and Kline, 1990). This resulted in ectopic induction of K81 in the neural ectoderm
of the gastrula (Fig. 3A); this response was transient, as it was infrequently observed at
neural plate stages (Fig. 3A). In contrast, foxiI rarely was induced in the gastrula neural
ectoderm (Fig. 3B). Whp2nl GOF also caused ectopic induction of two neural crest genes
(foxD3, zic2) in the majority of the embryos at both gastrula and neural plate stages (Fig.
3C, D). Surprisingly, border zone genes that are required for neural crest formation (pax3,
n=43; tfap2a, n=42; zic1, n=53) were not ectopically induced (Fig. 3E, F). Consistent with
reports that z/ic1 is required for placode gene expression (Hong and Saint-Jeannet, 2007;
Jaurena et al., 2015), in no case was ectopic neural plate expression of sixZ detected (Fig.
3G). In line with the expression of epidermal and neural crest genes in the neural ectoderm,
some neural plate genes (zic1, sox2, sox11, irxI) were down-regulated by Wbp2nl (Fig. 3F,
I, J, K, M). Interestingly, expression of another neural plate gene, foxD4/1 (aka foxD5,
Sullivan et al., 2001), which acts upstream of sox2, sox11and irxZ (Yan et al., 2009; Moody
et al., 2013), was unaffected (Fig. 3H), suggesting that Wbp2nl affects neural plate gene
expression downstream of foxD4/1 activity. Finally, when the Wbp2nl-expressing clone
overlapped with the border of the neural plate, some border zone genes were unaffected
(pax3, n=43; tfapZa, n=42), whereas zicI and cranial placode genes (sixZ, irx1, sox11) were
down-regulated (Fig. 3F, J, K, L, M). Together, these results indicate that increased levels of
Whbp2nl in the dorsal ectoderm promote ectopic epidermal and neural crest gene expression,
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and concomitantly repress neural plate and cranial placode gene expression, consistent with
the results of the loss-of-function experiments (Fig. 2).

Does Wbp2nl affect other germ layers?

Since wbpZn/ mMRNA is maternally expressed, we assessed whether it affects germ layers
other than the ectoderm. We did not detect wbp2n/expression in the embryonic endoderm
(Grant et al., 2014), and altering its levels did not change endoderm gene expression.
Whbp2nl knock-down did not affect the expression domains of soxZ7or edd (Fig. 4A, B).
Likewise, increased levels of Whp2nl neither ectopically induced nor altered their
endogenous domains (Fig. 4A, B). In contrast, wbp2n/ is expressed in the dorsal involuting
mesoderm and later in paraxial mesoderm (Grant et al., 2014). Thus, some of the effects on
ectoderm genes might result from altering dorsal mesoderm gene expression. To test this, we
examined the expression of a pan-mesodermal T-box gene, bra, and a dorsal mesoderm gene
encoding a secreted anti-BMP factor, chd. Loss of Wbp2nl in the dorsal-animal lineage
resulted in reduced expression of both genes in low percentages of embryos at gastrula
stages, whereas by neural plate stages their expression domains were slightly broader in a
low number of embryos (Fig. 4C, D). Increased Wbp2nl levels had no discernable effect on
bra expression, but repressed chd in the majority of embryos (Fig. 4C, D). Thus, with the
exception of the Wbp2nl dorsal GOF repression of ¢/d, the effects on mesoderm are
minimal, suggesting that Wbp2nl does not alter mesoderm germ layer formation per se.

We hypothesized that the reduction in ¢Ad along the dorsal midline, which is predicted to
locally increase BMP4 signaling, might be responsible for the Wbp2nl GOF-induced ectopic
expression of epidermal and neural crest genes within the neural plate. To test this, we co-
injected 400pg wbpZn/ mMRNA with 20pg of ¢hd mRNA in the dorsal-animal blastomere.
The frequency of ectopic induction of K8 was nearly eliminated (from 90.2 to 4.3%, n=23;
p<0.005), and those of foxd3 (from 100 to 55.0%, n=44, p<0.005) and z/c2 (from 86.2 to
60.6%, n=23, p<0.05) were significantly reduced; when induction occurred, it was very
weak (compare Fig. 5A to Fig. 3A, C, D). These results suggest that one developmental
activity of Wbp2nl in the dorsal ectoderm is to increase BMP signaling by down-regulating
chd expression. In support of this, we immunostained embryos for the nuclear localization of
phosphorylated SMAD1/5/8, which indicates a response to BMP signaling. In embryos in
which nuclear staining was detected in the ventrally located BMP signaling center (as a
positive control for the immunolocalization; Fig. 5B-b), embryos injected only with lineage
tracer did not show nuclear staining in the neural plate (Fig. 5B-a). In contrast, more than
half of embryos injected with wbp2n/ mRNA displayed nuclear staining in the neural plate
(Fig. 5B-c).

These results predicted that expressing wbp2n/ mRNA in the ventral-animal blastomere
(Fig. 2A) would locally increase epidermal gene expression, but neither foxiZ (n=25) nor
K81 (n=20) were detectably affected. However, two neural crest genes (foxd3, zic2) were
ectopically induced (Fig. 5C). To test whether Wbp2nl is sufficient to induce neural crest
genes in naive epidermal progenitors, we injected ventral-animal blastomeres with wbp2n/
mMRNA and explanted their 16-cell midline daughters (V1.1; Moody, 1987) into a simple salt
medium. When cultured to neural plate stages, control, uninjected blastomere explants never
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expressed foxd3or zic2, whereas Whp2nl-expressing ventral blastomere explants all
expressed these two genes (Fig. 5D). These results suggest that in the ventral epidermis,
increasing Wbp2nl either sufficiently reduced BMP signaling to allow neural crest gene
expression, or acts via a BMP-independent mechanism.

Which motifs in Wbp2nl are required for its effects on embryonic gene expression?

Our search to identify potential functional domains and motifs in Whp2nl found 28 motifs
that predicted possible interactions with 99% confidence (p <0.01; Supplemental Fig. 4).
The majority of motifs are within the PH-G and WWhbp domains, and can be broadly
categorized into three types: 1) serine/threonine kinase recognition motifs; 2) Scr Homology
(SH)-domain interaction motifs; and 3) WW-domain interaction motifs. To reveal putative
functional motifs that may be relevant to the gene expression phenotypes we observed after
increasing the levels of wild type (wt) protein (Fig. 3), we mutated several sites.

Putative serine/threonine kinase recognition motifs are found at several sites in Whp2nl,
most of which are clustered within the PH-G domain (Supplemental Fig. 4). Since three
putative kinase sites (GSK, NEK, PKA?2) converge on Thr45, which in a 3-D model of the
PH-G domain lays in a groove hetween the two p-sheets, is oriented to the solvent, and is
therefore accessible for possible phosphorylation, we changed this site to alanine (Wbp2nl-
T45A; Fig. 1A). There is a motif (FLTAYRVI, 51-58aa) that is similar to an
immunoreceptor tyrosine-based switch motif (ITSM) (p<0.005); phosphorylation of the
tyrosine residue in this motif plays an important role in interactions with SH2-containing
adaptor molecules (Sidorenko and Clark, 2003). Therefore, we changed the tyrosine to
phenylalanine (Wbp2nl-Y55F; Fig. 1A). There is a STAT5 SH2 motif (YIKG; 91-94 aa) in
the highly conserved central portion; we changed the tyrosine to a glycine (Wbp2nl-Y91G;
Fig. 1A). Of these phosphorylation site mutants, only Whp2nl-T45A showed significantly
less ectopic expression of K81 and foxa3 compared to wt Wbp2nl (Fig. 6A). Interestingly,
the Wbp2nl-Y55F mutation caused stronger and broader ectopic staining of foxD3, and the
Whbp2nl-Y91G mutation caused stronger and broader ectopic staining of zic2 (Fig. 6B;
compare to wt protein in Fig. 3C, D). The Wbp2nl-T45A mutation also significantly reduced
the ability of the protein to repress soxZ1 neural plate expression (Fig. 6C), but had no effect
on JrxI neural plate or placode gene expression (Fig. 6D) or on chd expression (Fig. 6E).
The only phenotype altered by the Y55F mutation was a reduction in its ability to repress
irx1 in the neural plate (Fig. 6C). The Y91G mutation caused a reduction in its ability to
repress /rxZ in the neural plate and the placodes (Fig. 6C, D). These results indicate that each
putative phosphorylation site plays a subtly different role in the ability of Whp2nl to
ectopically induce or repress ectodermal genes, and none plays a role in repressing chd.

Because an a-helix at the C-terminal end of the PH-G domain is conserved across WWhp-
containing proteins, we disrupted this structure by changing a phenylalanine to proline
(Wbp2nl-F127P; Fig. 1A). This mutation significantly interfered with the ability of the
protein to ectopically induce K81, foxd3or zic2in the neural plate (Fig. 6A); in the few
embryos that still displayed ectopic expression, it was weak. The F127P mutation also
significantly reduced the repression of sox11 in the neural plate and of both soxZ1 and /rx1
in the placodes (Fig. 6C, D). In contrast, it had no effect on chd repression (Fig. 6E). These
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results suggest that the a-helix in the PH-G domain likely provides a 3-dimensional
conformation that enables Whp2nl to ectopically induce epidermal and neural crest genes
and repress neural plate or placode genes.

Whbp2nl contains a WW-domain interaction motif (PPPY; 279-282 aa; Fig. 1A) that is
recognized by Group | WW-domains. In PAWP this motif interacts with the ubiquitin ligase
Nedd4 and the Hippo pathway component YAP (Wu et al., 2007). We changed the tyrosine
phosphorylation site in this motif to phenylalanine to interrupt YAP binding (Wbp2nl-
Y282F; Fig. 1A). This mutation nearly eliminated the ability of Wbp2nl to ectopically
induce K81 in the neural plate, had only a mild effect on foxd3, and had no significant effect
on zic2 ectopic expression (Fig. 6A). Wbp2nl-Y282F also reduced soxZ1 neural plate and
placode expression, but not /rxZ expression (Fig. 6C, D). The Y282F mutation also reduced,
but did not eliminate, the frequency of c/d repression (Fig. 6E). These results suggest that
YAP binding likely plays a key role in the ectopic expression of K87 in the neural plate, and
contributes to the neural plate repression of soxZ1 but not /rxZ. It is the only mutation we
tested that reduced the incidence of chd'repression.

DISCUSSION

In many animals maternally synthesized mRNAs are critical for the formation of the primary
germ layers. We previously identified maternal wbp2n/ mRNA as enriched in the
blastomeres that primarily give rise to the ectoderm (Grant et al., 2014). In this study we
assessed the developmental role of Wbp2nl using loss- and gain-of-function analyses. We
show that Whp2nl does not play a role in establishing the germ layers per se, but is involved
in establishing the relative sizes of the neural plate, border zone, and epidermis territories
that are derived from the embryonic ectoderm. Some of the effects in the dorsal ectoderm
appear to be mediated, at least in part, by down-regulating the expression of ¢/d, an anti-
BMP factor. Mutation of some sites in the protein predicted by bioinformatics analyses to be
functional domains revealed that the putative phosphorylation of Thr45 and the preservation
of an a-helical structure in the PH-G domain are required for ectopic epidermal and neural
crest gene expression in the neural plate. In contrast, a YAP-binding motif in the WWhbp-
domain is required only for ectopic epidermal gene expression. The various mutations had
differential effects on neural plate and placode gene expression, but the frequency of c/d
repression was reduced only by mutation of the YAP binding site.

The functions of mammalian Whp2 and Wbp2nl

Previous work showed that mammalian Wbp2nl (aka PAWP) is expressed in elongating
spermatids and promotes oocyte meiotic resumption and pronucleus development at
fertilization (Wu et al., 2007). These authors showed that the PPxY motif is required for
pronuclear formation in oocytes from several species including Xenopus. They also showed
that its effects on meiosis occur via the induction of intracellular calcium release (Wu et al.,
2007). To our knowledge, the function of Whp2nl after fertilization has not been investigated
in any animal. Interestingly, perusal of the EMBL-EBI gene expression database
(www.ebi.ac.uk) indicates that in most species (mammalian and non-mammalian), Wbp2Zn/
is expressed in several adult tissues besides sperm, including kidney, heart, and brain. This
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corroborates our report of expression beside sperm in the Xenopus laevis embryo (Grant et
al., 2014), and the high levels of expression across many developmental stages reported for
both Xenopus laevisand X. tropicalis on Xenbase (Yanai et al., 2011; www.xenbase.org).

Xenopus Whbp2nl is very similar to mammalian Wbp2. Mammalian Wbp2 also contains a
PPxY motif that is required for binding to YAP (Chen and Sudol, 1995; Chen et al., 1997), a
Hippo pathway component that modulates the transcription of many genes required for
tissue-specific cell differentiation (Asaoka et al., 2014). Northern blot analysis shows that
human WBP?2 is expressed in multiple tissues (Chen et al., 1997), similar to the non-sperm
expression of Xenopus wbp2nl/ (Grant et al., 2014; Yanai et al., 2011). The EMBL-EBI gene
expression database indicates that in mouse, WhpZ2 transcripts are detected by embryonic
day 14 in the adrenal gland, and later in the bone, gut, and brain (EMBL-EBI). Recent work
showed that loss of Whp2in mouse, and single amino acid mutations in human can lead to
high-frequency hearing loss due to defects in primary afferent synapses (Buniello et al.,
2016). It will be interesting to determine whether similar mutations in the highly similar
Xenopus \Wbp2nl, which is more closely related to Homo sapiens WBP2 protein than
WBP2NL, lead to specific defects in the developing otocyst.

Does Wbp2nl play a role in BMP signaling?

Some of our results suggest that the effects on genes expressed in the dorsal ectoderm may
be due to Whp2nl down-regulating ¢/, a BMP antagonist. This is supported by the
observation that providing additional Chd can abrogate the ectopic induction of epidermal
and neural crest genes in the neural plate, and that there is an increase in the nuclear
localization of phosphorylated SMAD1/5/8 in neural plate cells upon ectopic Whp2nl
expression. However, it is likely this is not the only mechanism by which Wbp2nl alters
ectodermal gene expression. First, ectopic expression of Wbp2nl in the ventral epidermis,
where BMP signaling is endogenously high, caused ectopic induction of two neural crest
genes, which previous studies showed require lower BMP levels to be expressed (reviewed
in Theveneau and Mayor, 2014). This suggests that in the ventral ectoderm increased
Whbp2nl either interferes with BMP signaling or induces neural crest gene expression via a
BMP-independent mechanism. Second, some mutations in Wbp2nl that alter its ability to
ectopically induce epidermal and neural crest genes in the neural plate (T45A, F126P) do
not alter its ability to down-regulate c/d. Only the mutation that affects YAP binding
(Y282F) reduced the frequency of chd repression. To resolve these discrepancies and to fully
understand the molecular mechanisms by which Whp2nl may modulate BMP signaling in
different ectodermal contexts, a detailed analysis of the subdomains of this complex protein
and dentification of the proteins with which it interacts in dorsal versus ventral ectodermal
domains will be required.

Functional domains of Wbp2nl

An important feature of the Wbp2nl protein is the PH-G domain, which in other proteins is
thought to bind to phosphoinositides, allow association with cell membranes and act as a
stable scaffold onto which different binding functions can be imposed (Begley et al., 2003;
Lemmon, 2007). We made four different mutations in the PH-G domain to discern potential
functional sites. Mutation of Thr45, which is predicted to be phosphorylated by several
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kinases, resulted in weaker induction of epidermal and neural crest genes, suggesting that
phosphorylation of this site promotes this Wbp2nl phenotype. Mutation of Tyr55 in a
putative ITSM motif, whose phosphorylation is predicted to allow interactions with SH2-
containing adaptor molecules (Sidorenko and Clark, 2003), and mutation of Tyr91 in a
putative STAT5 SH2 motif resulted in stronger induction of foxD3 or zicZ, respectively,
suggesting that binding of SH2-containing proteins would dampen these phenotypes.
Interestingly, mutation of each of the phosphorylation sites had only moderate effects on the
repression of neural plate and placode gene expression. Since in many proteins
phosphorylation of several sites in combination have the greatest impact on protein function,
it will be important in future studies to mutate more than one phosphorylation site to fully
discern their developmental roles. In addition to phosphorylation, we provide evidence that
the 3-D structure of Wbp2nl may be of considerable functional importance. Disrupting the
a-helix at the C-terminus of the PH-G domain nearly eliminated the ectopic induction of
K81, foxD3and zic2in the neural plate. Thus, as predicted from its predicted complex 3D
structure, the integrity of the PH-G domain is necessary for Wbp2nl to influence ectodermal
gene expression.

Another conserved feature of the Whp2nl protein is the WWhbp domain. An important motif
within this domain is PPxY, which in mammalian Wbp2 and Whbp2nl interacts with the
Nedd4 ubiquitin-protein ligase and YAP, a mediator of Hippo signaling (Wu et al 2007;
Jolliffe et al., 2000). This site is required for meiotic resumption and pronuclear formation
during oocyte fertilization (Wu et al., 2007). We found that in embryos, mutation of Tyr282
within this motif prevented the ectopic induction of K87 in the neural plate, but had only a
modest effect on foxD3 or zic2. Previous work showed that increasing the level of YAP in
Xenopus embryos expands the progenitor populations in the neural plate (sox2) and neural
border zone (pax3), and inhibits neural crest, PPE and epidermal genes (Gee et al., 2011).
These results are opposite of the effects of increased Whp2nl, suggesting a balance is needed
between these two protein interactors.

While our analyses of the functional domains of Whp2nl are far from complete, they
demonstrate that Wbp2nl is a complex protein that contains multiple functiona sites. We
demonstrate that it has a significant role in regulating the expression of several genes during
the division of the embryonic ectoderm into its various neural and non-neural subdomains.
Interestingly, its effects appear to be context dependent. For example, while GOF in the
neural plate and in the ventral epidermis causes ectopic induction of some neural crest
genes, GOF at the border zone does not expand the expression domains of these genes.
Important next steps will be to elucidate all of the functional sites responsible for the effects
on genes involved in subdividing the embryonic ectoderm, and how they differentially act in
the different ectodermal domains.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights

. Whbp2nl helps establish the size of neural plate, border zone and epidermis
domains

. Its effects in dorsal ectoderm are partially mediated by regulating chd
expression

. Thr45 phosphorylation is required for ectopic epidermal and neural crest
expression

. An a-helix in the PH-G domain also is required for these activities

. A YAP-binding motif is required for ectopic K81 expression and chd

repression
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Figure 1. Amino acid sequence alignments of Xenopus Wbp2nl to human WBP2 and WBP2NL
(A) Xenopus Whbp2nl (NP_001088037.1 flaevis]and NP_001107397.1 [tropicalis)) is highly

similar to human WBP2 (NP_036610.2). Blue bar indicates the predicted PH-G domain and
green bar indicates the predicted WWhbp domain. Highly conserved motifs and a-helix are
indicated by red bars. Five single amino acid mutations that were experimentally tested for
function are indicated by black arrows (T45A, Y55F, Y91G, F127P, Y282F). AP, adaptor
protein complex; ER, endoplasmic reticulum retention signal; ITSM, immunoreceptor
tyrosine-based switch motif; SH2, Scr Homology domain 2; YAP, Yes associated protein
binding motif. (B) Comparison of human WBP2NL (AAH22546.1) to Xenopus sequences
shows large regions of disimilarity. Another human WBP2NL entry (Q61CG8.1) is identical
to AAH22546.1 except there is a glutamine at position 285 instead of a histidine. (C) Four
examples of cells immunostained for Myc-Whp2nl (green). Nuclei are stained with DAPI
(blue). Note that staining is perinuclear (red arrows, and in cytoplasmic tubular structures
(blue arrows) consistent with affiliation with Endoplasmic reticulum. Red asterisks denote
intracellular yolk platelets.

Dev Biol. Author manuscript; available in PMC 2018 September 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Marchak et al. Page 19

‘ A ’
wu
E
sox2 fox4I1 sox11 zic1 zic2
87.2 (39) 37.5 (64) 44.7 (38) 41.5 (41) 26.9 (67)
MO ctrl MO MO MO ‘,“ MO
- L ' i
Av o 3 p
AN
np: 81.8 (44) np: 85.0 (40) np: 89.5 (38)
C soxi1 ser2@n  sox1 zic1 nc763(38) zict zic2 nc 889 (16)

MO ctrl MO MO MO
: N
.’ 3 - H\ Y
- & Y s &
ol | ~ P AN

Pl
pax3 tfap2a foxd3 six1
71.2 (52) 88.1 (134) 75.0 (52) 93.7 (63)
c ‘ Q ‘ :
tfap2a K81 K81 foxi1 foxn
64.3 (42) 77.1(48) 89.7 (59) 8.3 (48) 2.4 (41)

Figure 2. Reduction of Wbp2nl affects ectodermal tissues
(A) An 8-cell Xenopus laevis embryo. The dorsal-animal blastomere (D1) gives rise to the

neural plate and the ventral-animal blastomere (V1) gives rise to the epidermis. Border zone
derivatives (neural crest and cranial placodes) descend from the lateral regions of both
blastomeres (Moody and Kline, 1990). (B) Knock-down of Wbp2nl causes a decrease in the
expression (loss of blue reaction product) of neural ectodermal genes on the MO-injected
side (asterisk) of gastrula stage embryos. sox2is a vegetal view with dorsal to the top; the
rest are dorsal views with animal to the top. (C) By neural plate stages, neural gene domains
are expanded; compare the width of the neural plate on MO-injected side (red bar) to control
side (black bar). (See also D). The PPE domains of soxZ7 and the neural crest domains of
zicIand zic2are reduced on MO-injected sides (red arrows) compared to control sides
(black arrows). Anterior views with dorsal to the top. (D) At neural plate stages, neural crest
markers (pax3, tfap2a, foxd3) and an early PPE marker (sixZ) are reduced on the MO-
injected side (red arrows) compared to control sides (black arrows). Also note wider neural
plates (red bars). pax3and tfap2a are anterior-side views; foxd3and sixI are anterior views.
(E) Two epidermal genes are reduced at the sites of Wbp2nl knock-down (asterisks) at
gastrula (tfap2a, K81 right image; both are animal pole views) and neural plate (K81 left
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image; side view with dorsal to top and anterior to right) stages. In contrast, the animal pole
expression of foxiZ in the gastrula (left image) is not altered. Rarely, the PPE expression of
foxi1 (right image; anterior view with dorsal to top) is reduced (red arrows) after Wbp2nl
knockdown. Frequencies of the phenotypes and sample sizes (n) are given in each panel.
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Figure 3. Increasing Wbp2nl levels alters ectodermal gene expression
(A) Increased Whp2nl causes ectopic expression of epidermal keratin (K8Z) in the neural

ectoderm (ne) at gastrula stages (left) but not at neural plate (np) stages (right). Pink nuclei
identify the cells that are expressing excess Wbp2nl and the black arrow indicated the
posterior extent of the clone. A-D, dorsal views with animal to top. (B) Increased Whp2nl
does not induce ectopic fox/1 in the ne. (C) Increased Whp2nl causes ectopic expression of
foxd3in the neural plate (np). (D) Increased Whp2nl causes ectopic expression of zicZin the
neural plate. (E-G) Increased Wbp2nl does not cause ectopic neural plate expression of
pax3, zicl or sixI (dorsal views with animal to top). In fact, zicZ neural plate expression is
reduced on the injected side (F, right image, anterior view, dorsal to top). (H) Increased
Whp2nl does not alter foxd4/1 neural ectoderm expression. Vegetal-dorsal view. (1) Neural
ectoderm expression of sox2in the gastrula is reduced compared to lateral regions (black
arrows) that do not contain Wbp2nl-expressing cells (pink nuclei). Dorsal view, animal to
top. (J) Both the neural plate (red bar) and placode (red arrows) domains of /rxZ are reduced
by increased Whp2nl compared to control side (black bar). Dorsal view, anterior to top. (K)
Both the neural plate and placode (red arrows) expression of sox11 are reduced by increased
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Whp2nl. Anterior view, dorsal to top. (L) The placode (red arrows) domain of sixZ is
reduced by increased Whbp2nl, compared to control uninjected side (black arrows). Side
views, dorsal to top. (M) The placode (red arrows) domain of soxZ1 is reduced by increased
Whbp2nl compared to control uninjected side (black arrows). Note reduced neural plate (np)
staining as well. Side views, dorsal to top. Frequencies of the phenotypes and sample sizes
(n) are given in each panel.
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Figure 4. Altered Wbp2nl levels affect mesoderm but not endoderm
(A) At gastrula stages, soxZ7 expression surrounding the ventral blastopore on the MO-

injected side of an embryo (left image, vegetal view) is not discernably different from
control side. Increased Whp2nl in the animal pole ectoderm (right image, animal view; clone
marked by pink nuclei and red arrow) does not ectopically induce sox17. (B) At gastrula
stages, edd expression surrounding the ventral blastopore on the MO-injected side (left
image, vegetal view) is not discernably different from control side. Increased Wbp2nl in the
neural ectoderm (right image, dorsal view; clone marked by pink nuclei and red arrow) does
not ectopically induce edd. (C) At gastrula stages, mesoderm expression of braencircles the
blastopore in uninjected control embryos (left image, vegetal view); knockdown of Wbp2nl
causes a loss of bra expression (left middle image, vegetal view, red arrow). In contrast, at
neural plate stages (right middle image, vegetal view), we detect a posterior expansion (red
bar) of bra expression on the knock-down side. At gastrula stages, increased Wbp2nl (right
image, dorsal view; clone marked by pink nuclei between red arrows) does not alter
endogenous bra expression nor ectopically induce it. (D) At gastrula stages, mesoderm
expression of ¢hdis reduced by Whbp2nl knock-down (red arrow, left image, vegetal view;
dashed line indicates dorsal midline). In contrast, at neural plate stages, chd'is expanded
(compare uninjected control pattern [left middle image] to MO-injected pattern [right middle
image]; dorsal views with anterior to the top). Red bar shows a wider domain and red arrows
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denote ectopic expression. At gastrula stages, increased Whp2nl (right image, dorsal view,
anterior to top; dashed line indicates dorsal midline) also reduces endogenous c/d
expression (red arrow). Frequencies of the phenotypes and sample sizes (n) are given in each
panel.
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Figure 5. BMP signaling underlies Wbp2nl-induced ectopic expression phenotypes
(A) The ectopic expression of K81, foxa3and zic2 are minimized by co-expression of Chd,

a BMP antagonist. Red arrows point to weak posterior ectopic gene expression observed in
those few embryos that were positively scored. (B) Immunostaining for phosphorylated
SMAD 1/5/8, an indicator of BMP signaling when located in the nucleus. Only embryos in
which ventral cells, which are subject to high levels of endogenous BMP signaling, showed
nuclear staining were analyzed (b). No embryo injected only with lineage tracer (blue)
showed nuclear staining in the neural plate (a), whereas a majority of embryos injected with
lineage tracer plus wbpZn/ mMRNA showed nuclear staining (c). (C) Expression of Wbp2nl in
the ventral epidermis causes ectopic expression of two neural crest genes (foxd3, zic2). Pink
nuclei (lineage tracer) indicate the Whp2nl containing cells. \entral views, anterior to the
top. (D) Ventral animal blastomeres were dissected from the 16-cell stage embryo and
cultured in simple salt medium. Those dissected from uninjected control embryos never
expressed foxd3or zic2, whereas those that express Whbp2nl (red nuclei) always expressed
these genes. Frequencies of the phenotypes and sample sizes (n) are given in each panel.
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Figure 6. Mutations in predicted functional domains of Wbp2nl, indicated in Figure 1A, affect its

ability to change embryonic gene expression

(A) Percentages of embryos that show ectopic neural plate expression of indicated genes
after injection of wild type (WT) or mutated mRNAs: T45A, Y55F and Y91G disrupt
putative phosphorylation sites in the PH-G domain; F127P disrupts an a-helix in the PH-G
domain; Y282F disrupts a putative YAP binding site at the C-terminus (see Figure 1A).
Sample sizes are numbers at the base of each bar. *, p<0.05; **, p<0.01; ***, p<0.005, Chi-
squared statistic. (B) Two examples of more intense and broader ectopic expression domains
of foxd3or zic2in the neural plate (np) after expression of two mutant proteins (Y55F;
Y91G). Compare to WT images (Fig. 4C, D). Dorsal views, anterior to the top. (C)
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Percentages of embryos that show reduced neural plate expression of indicated genes after
expression of wild type (WT) or mutated proteins. (D) Percentages of embryos that show
reduced placode expression of indicated genes after expression of wild type (WT) or
mutated proteins. (E) Percentages of embryos that show reduced c/d expression after
expression of wild type (WT) or mutated proteins.
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