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Mutations in PRDM15 lead to a syndromic form of holoprosencephaly (HPE)
known as the Galloway–Mowat syndrome (GAMOS). While a connection
between PRDM15, a zinc finger transcription factor, and WNT/PCP signaling
has been established, there is a critical need to delve deeper into their
contributions to early development and GAMOS pathogenesis. We used the
South African clawed frog Xenopus laevis as the vertebrate model organism
and observed that prdm15 was enriched in the tissues and organs affected in
GAMOS. Furthermore, we generated a morpholino oligonucleotide–mediated
prdm15 knockdown model showing that the depletion of Prdm15 leads to
abnormal eye, head, and brain development, effectively recapitulating the
anterior neural features in GAMOS. An analysis of the underlying molecular
basis revealed a reduced expression of key genes associated with eye, head,
and brain development. Notably, this reduction could be rescued by the
introduction of wnt4 RNA, particularly during the induction of the respective
tissues. Mechanistically, our data demonstrate that Prdm15 acts upstream of both
canonical and non-canonicalWnt4 signaling during anterior neural development.
Our findings describe severe ocular and anterior neural abnormalities upon
Prdm15 depletion and elucidate the role of Prdm15 in canonical and non-
canonical Wnt4 signaling.
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1 Introduction

Congenital disorders can be defined as structural or functional anomalies that manifest
at birth as a result of abnormal fetal development, with approximately 3% of births being
affected, and they can cause early mortality of newborn infants or lifelong disabilities (Rynn
et al., 2008; Swanson and Sinkin, 2013). Holoprosencephaly (HPE) is one of the most
common congenital forebrain disorders and is characterized by a wide spectrum of
structural anomalies of the brain and midface (Tekendo-Ngongang et al., 1993;
Dubourg et al., 2007). Furthermore, clinical features are variable and range from
microcephaly and hypertelorism to defects of the eye that include anophthalmia,
microphthalmia, and coloboma (Tekendo-Ngongang et al., 1993; Roessler and Muenke,
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1998; Ohuchi et al., 2019). In most of the cases, the underlying cause
of HPE remains unclear due to the high genetic and clinical
heterogeneity and the multi-factorial etiology (Roessler and
Muenke, 2010; Roessler et al., 2018). Research over the past
decades has uncovered that failure in key signaling pathways
during early embryogenesis leads to patterning defects of the
forebrain and contributes to cause HPE. Conceivably, any gene
involved in patterning of the forebrain could induce HPE, yet only a
small set of genes have been functionally investigated and identified
to be disease causative (Wallis andMuenke, 2000; Petryk et al., 2015;
Roessler et al., 2018; Grinblat and Lipinski, 2019; Mzoughi et al.,
2020). HPEmay occur isolated (non-syndromic), more likely having
a monogenic cause, or as part of a syndrome with chromosomal
anomalies or single-gene disorders (Kruszka and Muenke, 2018;
Malta et al., 2023).

Mutations in PRDM15, which codes for PRDF1 (positive
regulatory domain I–binding factor 1) and RIZ1 (retinoblastoma
protein–interacting zinc finger gene 1) homology
domain–containing protein 15 (PRDM15), result in a syndromic
form of HPE also known as the Galloway–Mowat syndrome
(GAMOS) (Mzoughi et al., 2020; Mann et al., 2021). To date,
10 different genes have been identified as disease causing for
GAMOS, whereby most patients have a mutation in one of the
components of the human endopeptidase-like, kinase, chromatin-
associated/kinase, endopeptidase-like and other small proteins of
small size (EKC/KEOPS) complex (Braun et al., 2017). The main
clinical manifestations of this complex congenital syndrome are
early-onset steroid-resistant nephrotic syndrome (SRNS) and brain
anomalies (Galloway and Mowat, 1968; Ekstrand et al., 2012).
GAMOS is often accompanied by abnormal retinal function,
facial dysmorphism, and skeletal anomalies (Al-Rakan et al.,
2018; Lin et al., 2018; Racine and Golden, 2021). Interestingly,
the neural features of GAMOS and HPE share similar
clinical features.

Recently, we have identified mutations in PRDM15 that can cause
typical GAMOS renal malformations in embryos of the South African
clawed frog Xenopus laevis (X. laevis) (Mann et al., 2021) and
demonstrated that genetic deletion of Prdm15 in mice recapitulates
brain malformations observed in syndromic HPE (GAMOS) patients
(Mzoughi et al., 2020). Furthermore, functional studies in mouse
embryonic stem cells showed that PRDM15 acts upstream of
wingless-type MMTV integration site family member (WNT) and
mitogen-activated protein kinase (MAPK) signaling via
transcriptional regulation of important genes in both pathways,
namely, Rspo1 (R-spondin-1) and Spry1 (sprouty-1) (Mzoughi et al.,
2017). Interestingly, PRDM15 also regulates transcriptional programs
of NOTCH and WNT/PCP signaling during anterior axial
mesendoderm (AME) specification and anterior/posterior (A/P)
patterning of the neural plate to orchestrate forebrain development.
Consequently, Prdm15 deficiency leads to severe maldevelopment of
the forebrain in mouse embryo (Mzoughi et al., 2020).

Since proper regulation of WNT signaling is fundamental for
anterior neural development (Cavodeassi, 2014; Ji et al., 2019;
Polevoy et al., 2019), it is crucial to unravel the underlying role
of Prdm15 in Wnt signaling during embryogenesis and in
congenital diseases.

Here, we observed that prdm15 is expressed in tissues and
organs of the anterior neural tissue affected in GAMOS patients.

Furthermore, we generated a morpholino oligonucleotide (MO)
prdm15 knockdown (KD) model in X. laevis, revealing that the
depletion of Prdm15 caused abnormal eye, brain, and head
development. The eye and head phenotypes were significantly
rescued by the co-injection of human PRDM15 wild-type (WT)
RNA. Furthermore, we functionally evaluated a previously reported
pathogenic human PRDM15 variant (c.2531G>A, p.C844Y)
identified in affected individuals with defective anterior structures
and a non-pathogenic variant (c.461T>A; p.M154K) in anterior
neural tissue (Mzoughi et al., 2020; Mann et al., 2021). Comparing
the rescue of the eye phenotype with the corresponding hPRDM15
RNA versions, the zinc finger domain variant (C844Y) could only
partially rescue the eye phenotype supporting the pathogenic role in
the anterior neural tissue of X. laevis and in the pathogenesis of
GAMOS. Furthermore, we demonstrated that Prdm15 KD leads to a
reduced expression of several important genes for proper anterior
neural development that could be significantly rescued bywnt4 RNA
co-injection. In addition, Prdm15 KD results in a decreased
expression of genes of the Wnt4 signaling pathway such as wnt4
and its direct target gene alcam (activated leukocyte cell adhesion
molecule). Mechanistically, we uncovered that Prdm15 acts on both
the canonical and non-canonical Wnt4 signaling pathways during
X. laevis embryogenesis.

2 Results

2.1 Prdm15 is evolutionarily highly
conserved and specifically expressed in the
anterior neural tissue during X. laevis
development

Comparative synteny analysis revealed that the location of
prdm15 and its surrounding genes on the chromosome are highly
conserved across species (Supplementary Figure S1A). A schematic
overview of PRDM15 illustrates the mutations in the PR/SET
(c.461T>A, p.M154K and c.568G>A, p.G190K) and zinc finger
domains (c.2531G>A, p.C844Y) in GAMOS patients (Mzoughi
et al., 2020; Mann et al., 2021) (Figure 3A and Supplementary
Figure S1B, C). Interestingly, the full-length protein of human
PRDM15 demonstrated similar amino acid lengths and a high
evolutionary conservation of the protein sequences across the
different species (Supplementary Figure S1D, E). In particular,
GAMOS-causing mutations in patients were found in highly
conserved domains of the PRDM15 protein sequence
(Supplementary Figure S1D, E).

The knowledge of the spatiotemporal expression pattern of
prdm15 during the early development of X. laevis remains
limited. To date, there is only one other study in X. laevis that
has described the expression of prdm15 in the developing eye,
branchial arches, and brain of X. laevis during two stages in
organogenesis (Eguchi et al., 2015). Recently, we have also
validated our antisense digoxigenin-labeled prdm15 RNA as
suitable for whole-mount in situ hybridization (WMISH) and
showed a specific expression of prdm15 in the embryonic kidney
of X. laevis (Mann et al., 2021). To provide a more detailed
expression pattern analysis of prdm15 during the anterior neural
development of X. laevis, we used the WMISH technique. At early
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cleavage stages, prdm15 transcripts were detected at the animal pole
of X. laevis embryos (Figure 1A; arrowhead). At stage 13, prdm15-
positive cells were found in the dorsal neural tissue and the anterior
neural plate (Figures 1B, B′). At stage 20, prdm15 is expressed in the

neural tube and eye vesicle (Figure 1C). From stage 23 onward, we
found prdm15 transcripts predominantly in the developing eye,
somites, pronephric anlage, brain, and migrating neural crest cells
(NCCs) of the mandibular, hyoid, and branchial arches (Figures

FIGURE 1
Prdm15 is expressed during X. laevis development in disease relevant tissues of GAMOS. Spatiotemporal expression pattern of prdm15 visualized by
whole-mount in situ hybridization (WMISH). Embryonic stages and scale bars are indicated in each panel. Upper part: WMISH with exterior view. Scale
bars are equivalent to 500 µm. Black dashed lines represent section planes. Lower part: WMISH following sections. Scale bars are equivalent to 100 µm.
(A) Vegetal view of X. laevis embryos at stage 5 shows a prdm15 expression in the animal pole (black arrowhead). At stage 13, prdm15 is strongly
expressed in the dorsal neural tissue (B, dorsal view) and the anterior neural plate (anp) (B9, anterior view). (C)At stage 20, prdm15 is expressed in the neural
tube (nt) and in the eye vesicle (ev). (D) The lateral view at stage 23 shows prdm15 transcripts in the somites (s) and the developing eye, more precisely in
the eye vesicle (ev). (E, F) Prdm15 expression is detected in lateral views from stages 28 to 36 in the somites (s), the eye (e), the embryonic kidney
[pronephric anlage (pa), pronephros (p)], the brain (B), and in the mandibular (ma), hyoid (ha), and branchial arches (ba). (G) The transversal section shows
an expression of prdm15 in the neural tube (nt). The horizontal sections (H, I) reveal prdm15 transcripts in the developing retinal pigmented epithelium
(rpe), developing lens, and the mandibular (ma), hyoid (ha), and branchial arches (ba). (J) The transversal section shows prdm15 expression in the
mesencephalon (m) and neural crest cells (ncc). (K) In later stages, prdm15 is expressed in the eye, more detailed in the lens and ciliary marginal zone
(cmz) by horizontal sectioning. Abbreviations: anp, anterior neural plate; b, brain; ba, branchial arch; cmz, ciliary marginal zone; dl, developing lens; dr,
developing retina: drpe, developing retinal pigmented epithelium; e, eye; ev, eye vesicle; ha, hyoid arch; m, mesencephalon; ma, mandibular arch; µm,
micrometer; ncc, neural crest cells; nt, neural tube; p, pronephros; pa, pronephric anlage; prdm15, PR-domain zinc finger protein 15; rpe, retinal
pigmented epithelium; s, somite; st., stage; WMISH, whole-mount in situ hybridization.
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1D–F). For detailed analysis, we further performed sections of
stained embryos using a vibrating blade microtome. Sections
confirmed that prdm15 transcripts are located in the neural tube
and developing eye, specifically in the developing retina, retinal
pigment epithelium, and lens (Figures 1G, H). At later stages,
prdm15 is expressed in the mesencephalon, lens, retina, and
ciliary marginal zone (Figures 1J, K). Moreover, sections verified
an enriched expression in the NCCs that are also located in the
mandibular (ma), hyoid (ha), and branchial arches (ba), and next to
the mesencephalon (Figures 1I, J).

2.2 Prdm15 knockdown results in a severe
eye phenotype in X. laevis

Our data indicated that during early X. laevis development,
prdm15 transcripts were enriched in tissues and organs affected in
GAMOS, particularly in the developing eye, NCCs, and brain
(Figure 1). We thus used an antisense-based MO KD model to
investigate the effects of Prdm15 depletion in the anterior neural
development of X. laevis. We injected Prdm15 MO unilaterally into
one dorsal animal blastomere of X. laevis embryos at the eight-cell

FIGURE 2
Prdm15 knockdown leads to a severe eye phenotype that is rescued by human PRDM15 wild-type (WT) RNA. (A) Unilateral knockdown (KD) of
Prdm15 results in microphthalmia compared to control MO (CoMO), while co-injection of human full-length PRDM15-WT RNA rescues the eye
phenotype during X. laevis eye development. The lateral and detailed views of the embryo show the eye in more detail and the sections specify the
lamination of the eye. Black arrowheads point to smaller and deformed eyes, and green arrowheads point to the disturbed and thickened retinal
pigmented epithelium (rpe). Representative embryos are shown. (B) Statistical evaluation of smaller and deformed eyes as indicated in (A). (C) Transversal
vibratome sections after whole-mount in situ hybridization (WMSH) of Prdm15 MO–injected embryos show a severe eye phenotype in contrast to
CoMO-injected embryos. Specificmarker genes for retina cell layers are used for specific cell populations of the retina as described in themain text. Most
of the cell types are disorganized and displaced. (D) Lens-specific marker genes celf1 and cryba1 are also affected, showing a smaller expression size, but
the organization of the cells is unaffected upon Prdm15 KD. Abbreviations: celf1, CUGBP elav-like family member 1; CoMO, control morpholino
oligonucleotide; cryba1, crystallin beta A1; GCL, ganglion cell layer; GFP, green fluorescent protein; hPRDM15, human PRDM15; INL, inner nuclear cell
layer; inj., injected; MO, morpholino oligonucleotide; n, number of independent experiments; N, number of analyzed embryos in total; ng, nanogram;
ONL, outer nuclear cell layer; pax6, paired box 6; pou4f1, POU class 4 homeobox 1; Prdm15, PR-domain zinc finger protein 15; prox1, prospero
homeobox 1; rho, rhodopsin; rpe, retinal pigmented epithelium; st., stage; uninj., un-injected; vsx1, visual system homeobox 1; WT, wild type. Error bars
indicate standard errors of the means. **, p ≤ 0.01; ***, p ≤ 0.001.

Frontiers in Cell and Developmental Biology frontiersin.org04

Saumweber et al. 10.3389/fcell.2024.1316048

https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1316048


stage that gives rise to the anterior neural tissue (Moody and Kline,
1990). Tomonitor the injection efficiency, we co-injected 0.5 ngGFP
RNA and sorted the embryos according to its specific expression in
the neural tissue. A control morpholino oligonucleotide (CoMO)
that cannot bind to any X. laevis mRNA was used to exclude effects
induced by merely injecting liquids and MO (Eisen and
Smith, 2008).

Prdm15 MO–injected embryos exhibited a spectrum of
anomalies ranging from significantly smaller and/or deformed
eyes on the injected side to a complete lack of anterior head
structures such as the eyes and parts of the forebrain (Figures
2A, B). A detailed analysis of vibratome sections confirmed a
smaller eye size (black arrowheads) and an abnormal eye shape
(green arrowheads) and revealed a disordered lamination of the
retina (Figure 2A). Notably, some embryos with maldeveloped eyes
had no lens. Co-injection of human full-length PRDM15
(hPRDM15-WT) RNA that is not targeted by Prdm15 MO
rescued all the above-described Prdm15 MO–induced phenotypes
in most embryos. Nevertheless, the successful rescue with
hPRDM15-WT indicates the specificity of Prdm15 MO–induced
phenotypes, implying a conserved function of Prdm15 across species
(Figures 2A, B).

To further analyze the retinal lamination and lens structure, we
performed whole-mount in situ hybridization (WMSH) of well-
characterized retina-cell-type marker genes followed by
transversal vibratome sectioning (Cizelsky et al., 2013).
Prdm15 MO–injected embryos showed a severe retinal
lamination phenotype in contrast to CoMO-injected embryos in
stage 43 (Figure 2C). Specific marker genes for retina cell layers
such as photoreceptor (rho; rhodopsin), horizontal (prox1;
prospero homeobox 1), bipolar (vsx1; visual system homeobox 1),
amacrine/ganglion (pax6; paired box 6), and ganglion (pou4f1; pou
class 4 homeobox 1) cells displayed a disorganized and displaced
localization in the retina upon Prdm15 KD (Figure 2C). Probes
specific for the lens marker genes celf1 (CUGBP elav-like family
member 1; mature lens fiber cells) and cryba1 (crystallin beta A1;
stem cells) labeled smaller areas in Prdm15 morphants, albeit the
organization of the cells was unaffected (Figure 2D).

2.3 C844Y is pathogenic in anterior neural
development in X. laevis

This model represents an ideal system for the functional
evaluation of the previously reported pathogenic PRDM15 variant
(c.2531G>A, p.C844Y) identified in affected individuals with
defective anterior structures (Mzoughi et al., 2020; Mann et al.,
2021) (Figure 3A). We, therefore, quantitatively measured the eye
size and showed a significantly smaller eye area upon
Prdm15 depletion describing a strong microphthalmia phenotype
(Figures 3B, C) and a coloboma phenotype (Figures 3D, E),
consistent with the ocular defects in patients with HPE or
GAMOS (Roessler and Muenke, 1998; Al-Rakan et al., 2018; Lin
et al., 2018; Racine and Golden, 2021; Ramakrishnan and Gupta,
2023). These phenotypes could be significantly rescued by
hPRDM15-WT RNA (Figures 3B–E). While co-injection of
human PRDM15 RNA with a PR/SET domain mutation
(hPRDM15-M154K) rescued these phenotypes, PRDM15 RNA

with a zinc finger mutation (hPRDM15-C844Y) only partially
rescued the eye phenotypes (Figures 3B–E). Comparing the two
PRDM15 mutation variants, the embryos rescued with hPRDM15-
C844Y RNA tended to have smaller eyes and more coloboma than
the embryos rescued with the hPRDM15-M154K variant (Figures
3B–E), supporting the C884Y variant as more pathogenic in the
anterior neural development.

2.4 Prdm15 is essential for proper eye
development in X. laevis

To determine the molecular underpinnings of the lamination
defect, we investigated the key steps of eye development in X. laevis.
During eye field induction at stage 13, the anterior expression of the
eye-specific marker genes rax (retina and anterior neural fold
homeobox) and pax6 was significantly reduced (black
arrowheads) in Prdm15 morphants, while the expression of the
pan-neural marker sox3 (sex-determining region Y-box 3) remained
unaffected (Figures 4A, B). At a later stage (st. 23) during eye cell
differentiation, Prdm15 deficiency caused a reduction in the
expression of all investigated eye cell–specific marker genes: rax,
pax6, and sox3 (Figures 4C, D). Consistent with this, both the
transversal vibratome sections from rax and pax6 (Figure 4E), as
well as the area measurements of one representative experiment of
pax6 (Figure 4F), confirmed the quantified reduced rax and pax6
expression in Prdm15 MO–injected embryos. Furthermore,
phospho-histone H3 (pH H3) staining during eye cell
differentiation indicated that Prdm15 depletion significantly
decreased the number of proliferative cells at the anterior neural
tissue on the injected side (Supplementary Figure S2). Taken
together, we have shown that Prdm15 is essential for proper eye
development and that its depletion already affects early eye field
induction in X. laevis.

2.5 Prdm15 is required for head
development in X. laevis

In addition to the abnormal eye development,
Prdm15 MO–injected X. laevis embryos exhibited head
malformations (Figures 5A, B). To analyze the head phenotype
upon Prdm15 KD in more detail, we measured the head area, head
width, and interocular distance of X. laevis embryos (Figures 5A, B).
Prdm15 MO–mediated KD showed a significant reduction in the
analyzed parameters that was mainly significantly rescued by co-
injection of the human full-length PRDM15-WT RNA
(Figures 5A, B).

These results prompted us to investigate the cartilage of
Prdm15 morphants. Alcian blue staining at the late tadpole
stages indicated a spectrum of malformations of the cranial
cartilages, in particular a reduction of the branchial arch cartilage
in Prdm15 MO–injected embryos (Figure 5C).

Since prdm15 expression was found in NCCs (Figures 1E, F, I ,J),
and NCCs contribute to the formation of the cranial cartilage, we
investigated embryos in stage 20 when NCCs migrate. All the three
analyzed genes, namely, snai2 (snail family transcriptional repressor
2), egr2 (early growth response 2), and twist1 (twist family bHLH
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transcription factor 1), were severely reduced in expression upon
Prdm15 MO KD (black arrowheads) (Figures 5D, E). In a later stage
(st. 23), we showed a significant reduction in NCC-specific marker
gene expression of foxd3 (forkhead box D3) (Figure 5F). To
summarize, Prdm15 depletion affects NCC development and
might contribute to craniofacial defects in Xenopus laevis.

2.6 Prdm15 is important for cranial nerve and
brain development in X. laevis

Since Prdm15 KD contributes to the malformation of the cranial
cartilage, we investigated the cranial nerves as another derivate of
NCCs. 3A10 antibody staining revealed a clear shortening and/or
disorganization of the cranial nerve branches upon Prdm15 KD
(Figures 6A, B).

To analyze the molecular basis of the described phenotypes,
we investigated the expression of genes that are important for the
development of the placodes using the WMISH approach at stage
32. These analyses showed a significant reduction in gene
expression of alcam that is expressed in the neurogenic
placodes (antero/dorsal lateral line placode and
profundal–trigeminal placodal area) and sox3 that is expressed
in the lateral line placodes (Figures 6C, D).

Previous studies have shown that Prdm15 loss of function
also leads to brain malformations (Mzoughi et al., 2020). To
confirm the Prdm15 deficiency in X. laevis brain development, we
isolated the brains of Prdm15 morphants (stage 42/43) showing a
significantly smaller brain area on the injected side
(Supplementary Figure S3A). Afterward, we performed a
WMISH with several brain-specific genes, such as rgma
(repulsive guidance molecule a; forebrain and midbrain), otx2

FIGURE 3
Prdm15 knockdown is rescued by human PRDM15 RNA with a PR/SET domain mutation but only partially by the PRDM15 RNA with a zinc finger
mutation. (A) Schematic overviewof the human PRDM15 protein. The PR/SET and zinc finger domains are shown. The positions of themutated proteins in
the PR/SET [p.M154K (c.461T>A); Mann et al., 2021; Mzoughi et al., 2020] and zinc finger domain [p.C844Y (c.2531G>A); Mann et al., 2021; Mzoughi et al.,
2020] in GAMOS patients are indicated. (B) Co-injection of human full-length PRDM15-WT RNA rescues microphthalmia phenotype. While co-
injection of human PRDM15 RNA with a PR/SET variant (hPRDM15-M154K) identified in affected individuals also rescues the eye phenotype in most
embryos, human Prdm15 RNA with a variant in the zinc finger domain (hPRDM15-C844Y) identified in affected individuals only partially rescues the
Prdm15 MO–mediated eye phenotype. Black arrowheads point to smaller and deformed eyes. Representative embryos are shown. (C) Statistical
evaluation of the eye area as illustrated in (B) (white dashed line: measured eye area; injected vs un-injected side). (D) Co-injection of human full-length
PRDM15-WT RNA rescues the coloboma phenotype. Co-injection of hPRDM15-M154K RNA rescues the coloboma phenotype in most embryos;
hPRDM15-C844Y RNAwith a variant in the zinc finger domain could partially rescue the Prdm15MO–mediated coloboma phenotype. White angle shows
themeasured angle of the colobomas. Representative embryos are shown. (E) Statistical evaluation of the coloboma phenotype as illustrated in (D) (white
angle: measured coloboma angle). Abbreviations: C844Y, cysteine-844-tyrosine; CoMO, control morpholino oligonucleotide; GFP, green fluorescent
protein; hPRDM15, human PRDM15; inj., injected; M154K, methionine-154-lysine; MO, morpholino oligonucleotide; n, number of independent
experiments; Prdm15, PR-domain zinc finger protein 15; st., stage; uninj., un-injected; WT, wild type. Error bars indicate standard errors of the means. *,
p ≤ 0.05; **, p ≤ 0.01; ****, p ≤ 0.0001.
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(orthodenticle homeobox 2; forebrain and midbrain), pax6
(forebrain and posterior neural tube), and egr2 (hindbrain) in
Prdm15 MO–manipulated embryos at stages 13 and 23. These

analyses revealed a reduced marker gene expression mainly in the
midbrain and hindbrain (black arrowheads) (Supplementary
Figures S3C, D) and mildly in the forebrain (white

FIGURE 4
Prdm15 is necessary for proper eye development in X. laevis. (A) In stage 13, during eye field induction, the anterior expression (black dashed line) of
the eye-specific marker genes rax and pax6 is reduced (black arrowheads) in Prdm15 MO–injected embryos visualized by whole-mount in situ
hybridization (WMISH). By contrast, the pan-neural marker gene sox3 and CoMO injection did not alter the expression on the injected side. (B) Statistical
evaluation of embryos with reduced marker gene expression as described in (A). (C) Prdm15 knockdown (KD) interferes with eye-specific marker
gene expression (black dashed line) of rax, pax6, and sox3 in stage 23. Anterior views show a reduced expression in the developing eye (black arrowheads).
(D) Statistical evaluation of embryos with reduced marker gene expression as described in (C). (E) Prdm15 KD influences eye-specific rax and pax6
expressions. Transversal vibratome sections after WMISH with rax and pax6 confirm the eye phenotype showing a smaller and reduced marker gene
expression area (black arrowheads). (F) Statistical evaluation of embryos with pax6 expression area as analyzed by ImageJ2 (Rueden et al., 2017) shows a
significantly reduced expression area in Prdm15 MO–injected embryos (black arrowhead). Abbreviations: CoMO, control morpholino oligonucleotide;
inj., injected; KD, knockdown; MO, morpholino oligonucleotide; n, number of independent experiments; N, number of analyzed embryos in total; ns,
non-significant; pax6, paired box 6; Prdm15, PR-domain zinc finger protein 15; rax, retina and anterior neural fold homeobox; sox3, SRY-box transcription
factor 3; st., stage; uninj., un-injected;WMISH, whole-mount in situ hybridization. Error bars indicate standard errors of themeans. ns, p >0.05; *, p ≤0.05.
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arrowheads) (Supplementary Figures S3C–D). To clarify whether
there is a reduced expression in the forebrain, we used a further
marker gene emx1 (empty spiracles homeobox 1; forebrain). Thus,

emx1 expression is not significantly reduced on the
Prdm15 MO–injected side (Supplementary Figure S3E). In
addition, tubb2b that is one of the first genes expressed in

FIGURE 5
Prdm15 is required for head development in X. laevis. (A) Unilateral KD of Prdm15 leads to a microcephaly phenotype compared to control MO
(CoMO)–injected embryos. Co-injection of human full-length PRDM15-WT RNA rescues the head phenotype. The dorsal views of representative stage
43 embryos are shown. Dashed lines indicate the measured area and length. (B) Statistical evaluation of smaller and deformed heads as indicated in (A)
reveals a significantly smaller head area (orange), head width (purple), and interocular distance (light blue), while co-injection of hPRDM15 RNA
rescues almost all Prdm15 MO–induced phenotypes. (C) Ventral view of Alcian blue–stained and dissected cranial cartilages from control and
Prdm15morphants (stage 45). Prdm15 KD results in amild and severe phenotype showing narrowed or deformed cartilage structures (black arrowheads),
especially at the branchial arch (ba). (D) Anterior view of CoMO-injected and Prdm15 MO–injected embryos (stage 20) after whole-mount in situ
hybridization (WMISH) with NCC-specificmarker genes during NCCmigration such as snai2, egr2, and twist1 show a reducedmarker gene expression on
Prdm15 MO–injected side (black arrowheads). (E) Statistical evaluation of NCC-specific marker genes’ expression as illustrated in (D) reveals a significant
reduction in marker gene expression upon Prdm15MO KD. (F) Lateral view of CoMO-injected and Prdm15 MO–injected embryos (stage 23) after WMISH
with the NCC marker foxd3 shows a reduced expression on the Prdm15 MO–injected side (black arrowhead). Statistical evaluation of foxd3 expression
reveals a significant reduction in its expression upon Prdm15 MO KD. Abbreviations: CoMO, control morpholino oligonucleotide; egr2, early growth
response 2; foxd3, forkhead box D3; inj., injected; hPRDM15, human PRDM15; MO, morpholino oligonucleotide; n, number of independent experiments;
N, number of analyzed embryos in total; ns, non-significant; Prdm15, PR-domain zinc finger protein 15; snai2, snail family transcriptional repressor 2; st.,
stage; twist1, twist family bHLH transcription factor 1; uninj., un-injected; WMISH, whole-mount in situ hybridization; WT, wild type. Error bars indicate
standard errors of the means. ns, p > 0.05; *, p ≤ 0.05; ****, p ≤ 0.0001.
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primary neurons of the neural plate showed a significant reduced
expression in respective dorsal neural tissue
(Supplementary Figure S4).

Taken together, these data indicate that in addition to
anterior/posterior patterning defects (Mzoughi et al., 2020),
Prdm15 depletion affects placode and brain cell
differentiation and could contribute to head and brain defects
in X. laevis.

2.7 Prdm15 acts upstream of Wnt4

We previously showed that Prdm15 is an important factor for
early pronephros (Mann et al., 2021), eye, head, and brain
development. Additionally, we noted a defective WNT/PCP
signaling in PRDM15 mutant mice, which exhibited patterning
defects resulting in brain malformations (Mzoughi et al., 2020).
The PRDM15 transcriptional target gene Wnt4 is of particular
interest given its crucial role in kidney and eye development
(Maurus et al., 2005; Cizelsky et al., 2014).

To investigate whether Wnt4 is relevant to the congenital
malformations caused by PRDM15 depletion, we first monitored
wnt4 expression upon Prdm15 KD. WMISH with a wnt4
probe indicated a significant reduction in wnt4 expression area
and intensity in Prdm15 morphants (Figures 7A–D). Moreover,
the expression of the direct Wnt4 downstream target gene alcam
was also significantly reduced upon Prdm15 MO injection (Figures
7E–H).More importantly, injection ofwnt4RNApartially rescued the
eye and head phenotypes induced by PRDM15MOKD (Figures 7I, J),
supporting the hypothesis that Prdm15 is upstream of wnt4.

As we observed that Prdm15 KD reduced the expression of early
marker genes (Figures 4–6 and Supplementary Figures S3, S4), we
wondered whether these phenotypes could be rescued bywnt4 RNA.
Thus, we co-injected Prdm15 MO together with wnt4 RNA and
analyzed the expressions of rax, pax6, snai2, and foxd3
(Supplementary Figures S5A–F and Figures 8A–F). WMISH with
the eye-specific genes rax and pax6 indicated a partial rescue of their
anterior expression at stage 13 upon co-injection of Prdm15 MO
together with wnt4 RNA (Supplementary Figures S5A, B). The
detailed expression area analysis of one representative experiment
confirmed this partial rescue of rax and pax6 expressions at stage 13
(Figures 8A, B). In addition, pax6 expression analysis in the dorsal
tissue showed a partial rescue by wnt4 RNA at stage 13
(Supplementary Figures S5C, D). A detailed analysis by
quantitative measurement of the expression area of one
representative experiment revealed a significant rescue of pax6
expression upon injection of wnt4 RNA at stage 13 (Figures 8C,
D). At later stages (20 and 23), the microscopic analysis of snai2 and
foxd3 expressions showed a partial rescue by wnt4 RNA
(Supplementary Figures S5E, F), while the quantitative analysis of
snai2 and foxd3 expression areas by measurement of one
representative experiment even revealed a significant rescue of
their expressions (Figures 8E, F). To sum up, these data suggest
Prdm15 to be upstream of Wnt4 during the early anterior neural
development in X. laevis.

FIGURE 6
Prdm15 MO injection hinders proper development of the cranial
nerves and placodes. (A) Dorsal views of control MO-injected and
Prdm15 MO–injected embryos show a shortened or decreased
branching of cranial nerves (white arrowheads) upon Prdm15 KD
visualized by 3A10 antibody staining. (B) Statistical evaluation of
embryos with shortened or absent branching of cranial nerves as
illustrated in (A). (C) Lateral view of stage 32 embryos reveals a
reduction (black arrowheads) of the respective expression upon
Prdm15 MO KD in both marker genes of the lateral placodes (alcam
and sox3) using whole-mount in situ hybridization. (D) Statistical
evaluation of alcam and sox3 expression revealed a significant
reduction in its expression upon Prdm15 KD as illustated in (C).
Abbreviations: alcam, activated leukocyte cell adhesionmolecule; inj.,
injected; MO, morpholino oligonucleotide; n, number of independent
experiments; N, number of analyzed embryos in total; Prdm15, PR-
domain zinc finger protein 15; sox3, SRY-box transcription factor 3;
uninj., un-injected. Error bars indicate standard errors of the means. *,
p ≤ 0.05.
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2.8 Prdm15 influences both canonical and
non-canonical Wnt signaling

PRDM15 is known to regulate both canonical WNT/β-
catenin and non-canonical WNT/PCP signaling pathways

(Mzoughi et al., 2017; Mzoughi et al., 2020). We thus sought
to investigate whether Prdm15-mediated regulation of the
canonical or non-canonical Wnt signaling pathway is
implicated in the observed phenotypes. In the end, we
injected Prdm15 MO in combination with either the

FIGURE 7
Prdm15 acts upstream of Wnt4. (A) Anterior view at stage 20 and dorsal view at stage 28 of Prdm15 MO–injected embryos show a reduced
expression ofwnt4 (black arrowheads) in comparison to the un-injected side, as analyzed by the expression area and intensity ofwnt4 after whole-mount
in situ hybridization (WMISH). (B) Statistical analysis of embryos with reduced wnt4 expression as indicated in (A) analyzed with a light microscope. (C)
Statistical analysis of the expression area ofwnt4 as described in (A) using a computer-based approach. (D) Statistical analysis of the mean intensity
of the expression area of wnt4 as described in (A) using a computer-based approach. The statistical analysis of wnt4 expression reveals a significantly
reduced wnt4 expression except for the analysis of wnt4 in stage 20 upon Prdm15 knockdown. (E) Anterior view of stage 20 and lateral view of stage
28 embryos. Prdm15MO–injected embryos show a reduction in alcam expression on the injected side (black arrowheads), as analyzed by expression area
(G) and intensity (H) using WMISH. (F) Statistical analysis of embryos with reduced alcam expression analyzed with a light microscope. (G) Statistical
analysis of the expression area using a computer-based approach. (H) Statistical analysis of the mean intensity of the expression area of alcam using a
computer-based approach reveals a significantly reduced alcam expression upon Prdm15 knockdown. (I) Dorsal and lateral views of stage 43 embryos
show rescue of the Prdm15 MO–induced head and eye phenotype by wnt4 RNA. Black arrowhead points to the reduced and deformed eye size upon
Prdm15 MO injection. (J) Statistical evaluation of the embryos with smaller eye and/or head as illustrated in (I). Abbreviations: alcam, activated leukocyte
cell adhesion molecule; CoMO, control morpholino oligonucleotide; GFP, green fluorescent protein; inj., injected; MO, morpholino oligonucleotide; n,
number of independent experiments; N, number of analyzed embryos in total; ns, non-significant; Prdm15, PR-domain zinc finger protein 15; st., stage;
uninj., un-injected; WMISH, whole-mount in situ hybridization;wnt4,wnt family member 4. Error bars indicate standard errors of the means. ns, p > 0.05;
*, p ≤ 0.05; **, p ≤ 0.01; ****, p ≤ 0.0001.
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constitutive active version of JNK1 (caJNK1) or one of the two
well-characterized disheveled (dvl) deletion constructs
(dvlΔDIX, dvlΔDEP) (Kishida et al., 1999; Li et al., 1999;
Miller et al., 1999; Cizelsky et al., 2014). Both caJNK1 and
dvlΔDIX activate the non-canonical WNT/PCP pathway,
whereas dvlΔDEP activates the canonical Wnt signaling
pathway since the DIX domain is still available to recruit
Axin to the receptor complex (Figure 9). Interestingly,
caJNK1 and the two different mutated dvl versions
significantly rescued the Prdm15 MO–induced phenotype,
suggesting a prominent role of both pathways (Figure 9).

3 Discussion

3.1 Prdm15 conservation and expression in
disease-relevant tissues

In our study, we performed the first synteny analysis with
Homo sapiens,Mus musculus, Xenopus laevis, Xenopus tropicalis,
and Danio rerio (D. rerio), showing a high similarity in
neighboring gene loci. In silico analysis of prdm15 identified a
strong evolutionary conservation. We expanded our previous
study (Mann et al., 2021) and included the species X. laevis,
revealing a high homology of Prdm15 protein alignment across
species and even a stronger evolutionary conservation within
the domains.

To date, there have been two studies on the expression pattern
of prdm15 during early embryonic development in D. rerio and X.
laevis (Sun et al., 2008; Eguchi et al., 2015). In embryos of D. rerio,
prdm15 expression was observed in cranial ganglia neurons and in
muscle pioneer cells during three time points in early embryonic
development (Sun et al., 2008), while in X. laevis, prdm15
transcripts were detected in the developing eye, branchia, and
brain during organogenesis (Eguchi et al., 2015). At the
transcriptional level, prdm15 has shown activity throughout the
early embryonic development of X. laevis (Eguchi et al., 2015;
Session et al., 2016). Consistent with the previous expression
analysis, our study provides the first highly detailed
spatiotemporal expression pattern analysis in a vertebrate
organism during early development. We showed an enrichment
of transcripts in the structures of the developing brain, eye, head,
and pronephros, tissues and organs that are also affected in
GAMOS patients. Interestingly, the expression of other
GAMOS-related genes such as osgep, tp53rk, and tprkb has a
very similar expression pattern during X. laevis development
(Treimer et al., 2021). Additionally, there is also an expression
of HPE-associated genes (six3, tgif1, gli2, lrp2, smad2, and smad4)
in the developing eye and forebrain (Ghanbari et al., 2001; Perron
et al., 2003; Zaghloul and Moody, 2007; Kerr et al., 2008; Zhang
et al., 2017; Kowalczyk et al., 2021), pointing to a converging
expression area in the developing embryo. This expression analysis
indicates a potential function of Prdm15 in the development of the
central nervous system of X. laevis and in GAMOS.

FIGURE 8
Co-injection of wnt4 RNA rescues the Prdm15 MO–induced
reduced gene expression. (A) Anterior view of stage 13 embryos injected
with Prdm15 MO in combination with wnt4 RNA refers to the measured
rax andpax6 expression area. Black arrowheads point to the reduced
gene expression. Wnt4 RNA could partially rescue the
Prdm15 MO–induced reduced marker gene expression. (B) Statistical
evaluation of the marker gene expression area of rax and pax6 as
described in (A). (C) Dorsal view of stage 13 embryos injected with
Prdm15 MO in combination withwnt4 RNA illustrates the measured pax6
expression area. Black arrowhead points to the reduced gene expression.
Co-injection of wnt4 RNA restores the Prdm15 MO–induced pax6
expression. (D) Statistical evaluation of themarker gene expression area as
described in (C) shows rescue of the dorsal pax6 expression bywnt4 RNA.
(E) Anterior and lateral views of stage 20 and stage 23 embryos,
respectively, injected with Prdm15 MO in combination with wnt4 RNA
illustrate themeasured snai2 and foxd3 expression area. Black arrowheads
point to the reduced gene expression. Co-injection ofwnt4 RNA rescues
the Prdm15 MO–induced reduced marker gene expression. (F) Statistical
evaluation of snai2 and foxd3 expression area as described in (E) shows a
significant rescue of the expression area of snai2 and foxd3. Abbreviations:
foxd3, forkhead boxD3;GFP, green fluorescent protein; inj., injected;MO,
morpholino oligonucleotide; n, number of independent experiments; ns,
non-significant; pax6, paired box 6; Prdm15, PR-domain zinc finger
protein 15; rax, retina and anterior neural fold homeobox; snai2, snail
family transcriptional repressor 2; st., stage; uninj., un-injected;wnt4,wnt
family member 4. Error bars indicate standard errors of themeans. ns, p >
0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001.
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3.2 Prdm15 depletion recapitulates anterior
neural anomalies in syndromic HPE

Our phenotypic characterization revealed a defect in A/P
patterning occurring in a portion of embryos lacking anterior
structures such as eyes and parts of the forebrain and head,
consistent with previous findings in mouse embryos (Mzoughi
et al., 2020).

In this study, we focused on the severe eye phenotypes from
anophthalmia, microphthalmia, to coloboma in combination with
an impaired retinal lamination in X. laevis, recapitulating the wide
spectrum of ocular anomalies from HPE and GAMOS patients
(Roessler and Muenke, 1998; Lin et al., 2018; Racine and Golden,
2021; Ramakrishnan and Gupta, 2023). Additionally, MO-based
Prdm15 KD also leads to a smaller head size and defects in cranial
cartilage and nerve development, recapitulating the anterior neural

anomalies in syndromic HPE. Co-injection of human PRDM15-WT
RNA rescued these severe eye and head phenotypes.

Thus, our model system is ideal for the functional evaluation of
previously reported pathogenic PRDM15 variants identified in
affected individuals with defective anterior structures (Mzoughi
et al., 2020; Mann et al., 2021). While co-injection of human
PRDM15 RNA with a PR/SET domain mutation (hPRDM15-
M154K) rescued the eye phenotypes in most of the embryos,
PRDM15 RNA with a zinc finger mutation (hPRDM15-C844Y)
only partially rescued these phenotypes. The PR/SET domain
variant showed fewer embryos with severe phenotypes than the
zinc finger mutation, supporting the C884Y variant as more
pathogenic in anterior neural development. GAMOS is a
syndromic disease and one severe clinical aspect affects the
kidneys. The associated disorder is the steroid-resistant nephrotic
syndrome (SRNS). Previously, we demonstrated that prdm15 is

FIGURE 9
Prdm15 influences canonical and non-canonical Wnt signaling upstream of Wnt4. (A) Dorsal and detailed view of stage 43 embryos injected with
Prdm15 MO in combination with GFP RNA or the constitutive active JNK1 (caJNK1) RNA or the two different mutated disheveled versions (dvlΔDIX,
dvlΔDEP). The co-injection of Prdm15 MO with caJNK1 and the dvlΔDIX-mutated version as well as the dvlΔDEP-mutated version shows rescue of the
severe Prdm15MO–induced phenotype in contrast to the negative controlGFP (black arrowhead). (B) Statistical evaluation of embryos with smaller
eye or head as described in (A) shows a rescue with caJNK1, dvlΔDIX, and dvlΔDEP RNA. (C) Schematic overview of Prdm15 and WNT signaling.
Prdm15 acts upstream ofWnt4 and influences the expression ofwnt4 and alcam through the non-canonical WNT/PCP signaling pathway possibly via the
transcription factor pax2. Furthermore, the canonical Wnt signaling pathway is also affected downstream of Prdm15. Abbreviations: alcam, activated
leukocyte cell adhesion molecule; ß-cat, β-catenin; caJNK1, constitutive active JNK 1; DEP, disheveled Egl-10 and pleckstrin; DIX, disheveled Axin; dvl,
disheveled; Fzd, frizzled; Fzd3, frizzled3;GFP, green fluorescent protein; inj., injected; JNK1, c-Jun N-terminal kinase 1; MO,morpholino oligonucleotide;
n, number of independent experiments; N, number of analyzed embryos in total; pax2, paired box 2; Prdm15, PR-domain zinc finger protein 15; Rac1,
Rac1 family small GTPase 1; st., stage; TF, transcription factor; uninj., un-injected; WNT, wingless-type MMTV integration site family member; wnt4, wnt
family member 4. Error bars indicate standard errors of the means. *, p ≤ 0.05.
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expressed during renal embryonic development, and its deficiency
leads to developmental failure in X. laevis (Mann et al., 2021). In the
embryonic kidney, none of the PRDM15 patients’ mutations
(M154K, E190K, and C844Y) rescued the renal phenotype by co-
injecting RNA, showing that all mutations are pathogenic and
relevant in developing SRNS (Mann et al., 2021). We also aimed
to investigate the potential causes for these different phenotypes in
different organs (brain, head, and kidneys) to find a converging
mechanism. We can only speculate that Prdm15 could be a possible
connector in regulating different key signaling pathways that are
important for the development of the brain, head, and kidneys. Of
note, we could also report a severe head and eye phenotype in
another GAMOS-associated gene, tp53rk (Treimer et al., 2022), but
if there is a hierarchical order or a commonmolecular mechanism in
GAMOS remains to be investigated. Consequently, it is essential to
investigate the exact function, converging molecular mechanisms,
and signaling networks of Prdm15- and GAMOS-associated genes
in the developing central nervous system.

3.3 Prdm15 influences crucial steps of
anterior neural development

Our findings showed that crucial developmental steps of eye, head,
and brain development were disrupted upon Prdm15 depletion. We
investigated several important developmental marker genes during X.
laevis eye, brain, and NCC development.

Since NCCs contribute to the formation of diverse cell lineages
and structures, such as the peripheral nervous system, craniofacial
skeleton, smooth muscle, skin pigmentation, and multiple ocular
and periocular structures (Le Douarin and Dupin, 2018),
abnormalities in NCC development cause craniofacial defects and
ocular anomalies (Williams and Bohnsack, 2015; Siismets and
Hatch, 2020). Our results indicate that Prdm15 depletion has a
strong influence on NCC development by reducing important NCC-
specific marker genes such as snai2, egr2, twist1, and foxd3 upon
Prdm15 KD. These early defects lead to disturbed cranial cartilages
and nerves observed in Prdm15-deficient embryos. It has been
previously elucidated that some key transcriptional regulators,
such as foxd3 or snai2, play an important role when neural
differentiation occurs (Méndez-Maldonado et al., 2020). As
Prdm15 was found to act as a transcription factor, it could be
involved in the first steps of NCC development.

NCCs were shown to play also a critical role in the maintenance
of gene expression that is important for forebrain development. In
our study, the expression of important brain-specific marker genes
pax6, otx2, and egr2 was reduced upon Prdm15 depletion.

Additionally, we investigated eye-related marker genes like pax6,
showing that a reduction of their expressions during eye field
induction and at eye cell differentiation upon Prdm15 KD might
lead to severe eye phenotypes. Most likely, an early disruption of eye
development contributes to a disturbed eye cup invagination
resulting in maldevelopment of the eye. Pax6 depletion in mice
leads to absent eyes (Georgala et al., 2011), which we also observed in
a few Prdm15 MO–manipulated embryos. Consistent with our
findings upon Prdm15 KD, PAX6 gene mutations in humans are
associated with eye defects such as aniridia and corneal opacification
or cataract (Cvekl and Callaerts, 2017). In our study, Prdm15 KD

leads to a reduced rax expression. Previously, it was shown that
deletion of rax affects proper retinal lamination since rax might be
necessary for retinal progenitor proliferation and cell fate
specification in mouse embryos (Rodgers et al., 2018). In
addition, rax-dependent genes such as neil3 play a role in proper
retinal lamination in X. laevis (Pan et al., 2018). Not only PAX6 but
also OTX2 and EGR2 have been associated with eye and brain
defects in humans (Gonzalez-Rodriguez et al., 2010; Nakayama
et al., 2015; Sevilla et al., 2015; Deml et al., 2016). Minor
proliferation at the retina could also be a reason for smaller eye
size, and indeed, we found that Prdm15 depletion results in less
proliferative cells in the anterior neural tissue. In our study, lens
marker genes were only affected in size and not in their composition
upon Prdm15 depletion, suggesting that in this case, a disturbed
development of the lens placodes does not influence the
disorganized lens structure. The pan-neural maker gene sox3,
however, was not affected at stage 13, indicating that neural
induction is not disturbed in general.

Taken together, these data indicate that Prdm15 KD leads to a
disturbed expression of important key developmental genes, resulting in
a severe eye, brain, and head phenotype. It can be assumed that
Prdm15 acts on various early events during embryogenesis and
during the development of anterior neural structures.

3.4 Prdm15 acts upstream of canonical and
non-canonical Wnt

Previously, we have found that a defect inWnt4 and its direct target
gene alcam can lead to eye and kidney maldevelopment (Maurus et al.,
2005; Cizelsky et al., 2014; Seigfried et al., 2017). Former studies have
also shown that non-canonical Wnt signaling is especially required for
early vertebrate eye development (Maurus et al., 2005; Gessert et al.,
2007; Bugner et al., 2011). Moreover, JNK1 has already been linked to
defects in the closure of the optic fissure (Weston et al., 2003). Our study
revealed that Prdm15 KD leads to a reduced expression of wnt4 and
alcam RNA in anterior neural structures. More importantly, the
Prdm15 MO KD phenotype could be significantly rescued by co-
injection of wnt4 RNA, indicating that Prdm15 acts upstream ofWnt4.
Interestingly, also the Prdm15 MO–mediated reduced expression of
some key factors such as rax, pax6, snai2, and foxd3 could be rescued by
wnt4 RNA, indicating that Wnt4 has already an important role during
the first developmental steps in X. laevis. However, the partial nature of
these rescues may imply that concomitant restoration of defective
NOTCH signaling is required to achieve a more complete rescue
due to the fact that Prdm15 loss of function links NOTCH and
WNT/PCP to patterning defects in HPE (Dupé et al., 2011;
Mzoughi et al., 2020). Since Prdm15 depletion could influence the
expression of Rspo1 in mESCs and Wnt4 could affect canonical WNT
signaling by switching between two modes of β-catenin
function—transcriptional activation and cell–cell
adhesion—Wnt4 could be involved in both canonical and non-
canonical signaling in a context-dependent manner (Bernard et al.,
2008). Therefore, we additionally investigated the role of Prdm15 in the
canonical Wnt signaling pathway. By using caJNK1 or dvlΔDIX and
dvlΔDEP RNA, we uncovered that Prdm15-mediated KD influences
both canonical and non-canonicalWNT/PCP signaling duringX. laevis
early anterior neural development.
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In conclusion, our data provide an important overview of
prdm15 expression during early embryogenesis. We showed that
prdm15 transcripts are specifically expressed in the developing
brain, eye, and NCCs. In this study, using X. laevis embryos, we
validated brain malformations observed in humans and mice and
provided deeper mechanistic insights into ocular abnormalities. We
demonstrate that both eye and head defects caused by
Prdm15 depletion can be rescued by co-injection of human
PRDM15-WT RNA. While a PR/SET domain (c.461T>A;
p.M154K) mutant rescued the severe eye phenotypes in most
embryos, the zinc finger (c.2531G>A; p.C844Y) mutant could
only partially rescue these phenotypes, confirming the pathogenic
potential of the C844Y variant. At the molecular level, we uncovered
that Prdm15 acts upstream of both canonical and non-canonical
Wnt signaling during X. laevis embryogenesis, presumably through
the regulation of wnt4 transcription.

Prdm15 represents a central point to coordinate early
signaling processes such as canonical and non-canonical
WNT/PCP signaling to facilitate key events during embryonic
anterior neural development. Furthermore, Prdm15 acts as a
master regulator of several crucial pathways in early
development, i.e., WNT, SHH, NOTCH, NODAL, and MAPK,
in a context-dependent manner, but the exact mechanistic details
remain to be investigated.

4 Materials and methods

4.1 Synteny analysis and protein alignment
of Prdm15

Synteny analysis of prdm15 was performed by comparing the gene
location between the species: human, mouse, frog, and fish using the
NCBI GenBank (https://www.ncbi.nlm.nih.gov/genbank/). To
determine the PR/SET and zinc finger domains in the different
species, the ScanProsite tool was used (https://prosite.expasy.org/
scanprosite/) (de Castro et al., 2006). Afterward, multiple sequence
alignments and calculations of the homology from Prdm15 were done
using the ClustalW and Clustal Omega multiple sequence alignment
tools from the EMBL-EBI homepage and QIAGEN CLC Genomics
Workbench version 7.7.3 (https://digitali.nsights.qiagen.com/). The
following sequences from the NCBI GenBank were used: Homo
sapiens: NP_071398.5; Mus musculus: NP_659038.2; Xenopus laevis:
XP_018101368.1; Xenopus tropicalis: NP_012813515.1; and Danio
rerio: NP_009303772.1.

4.2 Xenopus laevis embryos

X. laevis embryos were generated, cultured, and staged according to
the standard protocols (Nieuwkoop and Faber, 1994; Sive et al., 2010).
All experimental procedures were performed in agreement with the
German animal use and care law. Furthermore, in vivo experiments were
approved by the administration of the state of Baden-Württemberg
(Regierungspräsidium Tübingen). Embryos were cultivated in 0.1×
modified Barth’s saline with HEPES buffer (MBSH) and fixed with
1× MEMFA(T) [0.1 M MOPS, pH 7.4; 2 mM EGTA, 1 mM MgSO4
(H2O)7, 4% formaldehyde, 0.1% Tween] at the desired stage.

4.3 Morpholino oligonucleotide and
microinjections

To perform KD experiments, Prdm15 morpholino oligonucleotide
(MO) (5′-TCATTCACACCTGCTCCTCAATAGC-3′) and control
MO (CoMO) (5′-CCTCTTACCTCAGTTACAATTTATA-3′) were
purchased from Gene Tools (Philomath, OR, United States). The
MOs were diluted in diethyl-pyro-carbonate (DEPC)–treated water.
The translational blocking efficiency of the used Prdm15 MO was
previously described inMann et al. (2021). To target the anterior neural
tissue, 15 ng of Prdm15 MO was injected unilaterally into one dorsal
animal blastomere of eight-cell-stage X. laevis embryos (Moody and
Kline, 1990). The un-injected side served as an internal control. As
injection control, control MO (CoMO) was injected (15 ng). Successful
and correct injections were controlled by the co-injection of 0.5 ng RNA
coding forGFP. For rescue experiments with different human PRDM15
constructs, 15 ng of Prdm15 MO was co-injected with either 0.5 ng
human full-length PRDM15 or human full-length PRDM15 with the
specific point mutations identified in human patients (hPRDM15-
M154K and hPRDM15-C844Y). For further rescue experiments, the
following amounts of RNA were used: 50 pg wnt4 RNA (Maurus et al.,
2005), 100 pg dshΔDEP and dshΔDIX RNA (Miller et al., 1999), and
1 ng caJNK1 RNA (Cizelsky et al., 2014). To adjust the amount of RNA
orMOper injection,GFPRNAand controlMOwere used, respectively.

4.4 Whole-mount in situ hybridization
and histology

To study the spatiotemporal expression profile during X. laevis
embryogenesis, whole-mount in situ hybridization (WMISH) analysis
was performed according to the established protocols (Hemmati-
Brivanlou et al., 1990; Lufkin, 2007). Digoxigenin (DIG)-labeled
antisense RNA probes were generated by in vitro transcription using
T7, SP6, or T3 RNA polymerase (Roche, Basel, Switzerland).
Subsequently, the embryos were stained with BM Purple (Roche,
Basel, Switzerland) for up to 14 days for exterior view or NBT/BCIP
(Roche, Basel, Switzerland) for up to 14 days for sectioning. BM
Purple–stained embryos were bleached with 30% H2O2. For more
detailed tissue analysis, NBT/BCIP-stained or wild-type X. laevis
embryos were equilibrated in 1 mL gelatin/albumin solution (2.2 g
gelatin, 135 g BSA, 90 g sucrose, and 500 mL 1× PBS) overnight at
4°C and embedded in 1 mL gelatin/albumin solution with 75 µL
glutaraldehyde (Fluka, Switzerland). Using a vibratome (Vibratome
1500 Classic, The Vibratome Company), we made sections with a
thickness of 25 μm according to Guo et al. (2011). We used the
following RNA antisense probes as described previously: alcam
(activated leukocyte cell adhesion molecule) (Gessert et al., 2008a;
Cizelsky et al., 2014; Seigfried et al., 2017), prdm15 (PR-domain zinc
finger domain 15) (Mann et al., 2021), celf1 (CUGBP elav-like family
member 1) (Day and Beck, 2011; Rothe et al., 2017), cryba1 (crystallin
beta A1) (Day and Beck, 2011), egr2 (early growth response 2) (Cizelsky
et al., 2013), emx1 (empty spiracles homeobox 1) (Cizelsky et al., 2013),
foxd3 (forkhead box D3) (Gessert et al., 2007; Li et al., 2009), otx2
(orthodenticle homeobox 2) (Lamb and Harland, 1995), pax6 (paired
box 6) (Hitchcock et al., 1996; Hollemann et al., 1998), pou4f1 (pou class
4 homeobox 1) (Liu et al., 2000), prox1 (prospero homeobox 1) (Dyer
et al., 2003), rax (retina and anterior neural fold homeobox) (Furukawa
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et al., 1997), rgma (repulsive guidance molecule a) (Gessert et al., 2008b),
rho (rhodopsin) (Chang andHarris, 1998), snai2 (snail family zinc finger
2) (clone ID: pMX363), sox3 (sex-determining region Y-box 3) (Maurus
et al., 2005), tubb2b (tubulin beta 2B class IIb) (Moody et al., 1996),
twist1 (twist family bHLH transcription factor 1) (Gessert et al., 2007),
vsx1 (visual system homeobox 1) (Hayashi et al., 2000), and wnt4 (wnt
family member 4) (Maurus et al., 2005).

4.5 Cartilage staining by Alcian blue and
cranial nerve staining by 3A10 antibody

In order to investigate the craniofacial cartilage and cranial
nerves, embryos injected with 15 ng Prdm15 MO and CoMO were
fixed at the late tadpole stages.

Alcian blue staining: embryos were stained with Alcian blue as
previously described (Gessert et al., 2007), and afterward, the cranial
cartilage was dissected and imaged.

3A10 antibody staining: embryos were treated with the
monoclonal 3A10 antibody (DSHB, Iowa City) to visualize the
cranial nerves (Schuff et al., 2007).

4.6 Phospho-histone H3 staining

Proliferative cells of stage 23 embryos were stained for phospho-
histone H3 (pH H3) according to the established protocols (Gessert
et al., 2007; Cizelsky et al., 2013).

4.7 Imaging

Representative embryos or experiments were imaged. Whole X.
laevis embryos from the exterior view were imaged by using an
Olympus MVX10 (fluorescence) or Olympus SZX12 microscope
and an Olympus UC50 camera. Vibratome sections were imaged
with an Olympus BX60 microscope and an Olympus DP70 or an
Olympus DP28 camera. Images were processed with ImageJ2 version
2.9.0 (Rueden et al., 2017) and Affinity Designer 1.10.6.

4.8 Quantitative tissue and expression
measurements

For all quantitative measurements, one representative
experiment was used for unilaterally control MO (CoMO) and
Prdm15 MO–injected embryos.

The area of the eye, apex angle of coloboma, head area, head
width, and interocular distance were measured using the software
ImageJ2 version 2.9.0 (Rueden et al., 2017).

For brain area measurements, the brains of stage 42/43 embryos
were dissected and imaged. ImageJ2 (Rueden et al., 2017) was used
to measure the area of the brain.

To analyze the area and intensity of wnt4 and alcam gene
expression, CoMO- and Prdm15 MO–injected embryos were
imaged after WMISH. Using ImageJ2 version 2.9.0 (Rueden
et al., 2017), the area marked by the boxes (e.g., Figures 7C, D,
G–H, boxes indicated by the purple area) was selected and

measured. Simultaneously, the corresponding mean intensity of
the wnt4 and alcam expression area was measured. For the area
measurements, the values (injected/un-injected side) were then
divided and analyzed with GraphPad Prism version 9 and
10.0.0 for macOS (Boston, Massachusetts, USA, www.graphpad.
com). For the mean intensity analysis, a reference value for the mean
intensity was measured for each embryo analyzed, and then the
mean intensity of themeasuredwnt4 and alcam areas was subtracted
from the reference value. The calculated values (injected/un-injected
side) were then divided and analyzed using GraphPad Prism version
9 and 10.0.0 for macOS (Boston, Massachusetts, USA, www.
graphpad.com).

To analyze the area of gene expression from pax6, rax, snai2, and
foxd3, CoMO-injected, Prdm15 MO–injected, and Prdm15 MO +
wnt4 RNA–injected embryos were imaged after WMISH. Using
ImageJ2 version 2.9.0 (Rueden et al., 2017), the area of pax6, rax,
snai2, and foxd3 expression was selected as indicated through the
boxes and measured (Figures 3F, 8A–F, boxes indicate the measured
purple or gray area). The values (injected/un-injected side) were
then calculated and analyzed using GraphPad Prism version 9 and
10.0.0 for macOS (Boston, Massachusetts, USA, www.
graphpad.com).

4.9 Statistics

Data were analyzed with version 9 and 10.0.0 for macOS
(Boston, Massachusetts, USA, www.graphpad.com). Only
experiments with a higher survival rate than 50% were
considered for statistical evaluation. Statistical evaluation was
performed only with more than three independent experiments.
To determine statistical differences, the non-parametric
Mann–Whitney rank-sum test was used, and the error bars
represent the standard errors of the mean (SEM). Statistical
significances are indicated as ns, p > 0.05; *, p ≤ 0.05; **, p ≤ 0.
01; ***, p ≤ 0.001; and ****, p ≤ 0.0001.

Data availability statement

The original contributions presented in the study are included in
the article/Supplementary Material; further inquiries can be directed
to the corresponding author.

Ethics statement

The animal study was approved by the administration of the
state of Baden-Württemberg (Regierungspräsidium Tübingen). The
study was conducted in accordance with the local legislation and
institutional requirements.

Author contributions

ES: Investigation, methodology, validation, visualization, and
manuscript writing–original draft. SM: Conceptualization and
manuscript writing–review and editing. AK: Methodology,

Frontiers in Cell and Developmental Biology frontiersin.org15

Saumweber et al. 10.3389/fcell.2024.1316048

http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1316048


validation, visualization, and manuscript writing–review and
editing. AW: Methodology, validation, visualization, and
manuscript writing–review and editing. SSc: Conceptualization
and manuscript writing–review and editing. EG:
Conceptualization and manuscript writing–review and editing.
MJS: Conceptualization, funding acquisition, supervision, and
manuscript writing–review and editing. SJK: Conceptualization,
investigation, resources, supervision, and manuscript
writing–review and editing.

Funding

The authors declare financial support was received for the
research, authorship, and/or publication of this article. This study
was supported by the Else Kröner Fresenius Foundation (grant
2018_A78) to MJS.

Acknowledgments

We thank Petra Dietmann and Pelin Sezer for their excellent
technical assistance and Michael Kühl for reading and commenting
on the manuscript.

Conflict of interest

The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be
construed as a potential conflict of interest.

The authors have declared that they were an editorial board
member of Frontiers at the time of submission. This had no impact
on the peer review process and the final decision.

Publisher’s note

All claims expressed in this article are solely those of the authors and
do not necessarily represent those of their affiliated organizations, or
those of the publisher, editors, and reviewers. Any product that may be
evaluated in this article, or claim that may be made by its manufacturer,
is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary Material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fcell.2024.1316048/
full#supplementary-material

References

Al-Rakan, M. A., Abothnain, M. D., Alrifai, M. T., and Alfadhel, M. (2018). Extending
the ophthalmological phenotype of Galloway-Mowat syndrome with distinct retinal
dysfunction: a report and review of ocular findings. BMC Ophthalmol. 18, 147–218.
doi:10.1186/s12886-018-0820-4

Bernard, P., Fleming, A., Lacombe, A., Harley, V. R., and Vilain, E. (2008).
Wnt4 inhibits beta-catenin/TCF signalling by redirecting beta-catenin to the cell
membrane. Biol. Cell 100, 167–177. doi:10.1042/BC20070072

Braun, D. A., Rao, J., Mollet, G., Schapiro, D., Daugeron, M.-C., Tan, W., et al. (2017).
Mutations in KEOPS-complex genes cause nephrotic syndrome with primary
microcephaly. Nat. Genet. 49, 1529–1538. doi:10.1038/ng.3933

Bugner, V., Tecza, A., Gessert, S., and Kühl, M. (2011). Peter Pan functions
independently of its role in ribosome biogenesis during early eye and craniofacial
cartilage development in Xenopus laevis.Development 138, 2369–2378. doi:10.1242/dev.
060160

Cavodeassi, F. (2014). Integration of anterior neural plate patterning and
morphogenesis by the Wnt signaling pathway. Dev. Neurobiol. 74, 759–771. doi:10.
1002/dneu.22135

Chang, W. S., and Harris, W. A. (1998). Sequential genesis and determination of cone
and rod photoreceptors in Xenopus. J. Neurobiol. 35, 227–244. doi:10.1002/(sici)1097-
4695(19980605)35:3<227::aid-neu1>3.3.co;2-h
Cizelsky, W., Hempel, A., Metzig, M., Tao, S., Hollemann, T., Kühl, M., et al. (2013).

sox4 and sox11 function during Xenopus laevis eye development. PLoS One 8, e69372.
doi:10.1371/journal.pone.0069372

Cizelsky, W., Tata, A., Kühl, M., and Kühl, S. J. (2014). The Wnt/JNK signaling target
gene alcam is required for embryonic kidney development. Development 141,
2064–2074. doi:10.1242/dev.107938

Cvekl, A., and Callaerts, P. (2017). PAX6: 25th anniversary and more to learn.
Exp. Eye Res. 156, 10–21. doi:10.1016/j.exer.2016.04.017

Day, R. C., and Beck, C. W. (2011). Transdifferentiation from cornea to lens in
Xenopus laevis depends on BMP signalling and involves upregulation of Wnt signalling.
BMC Dev. Biol. 11, 54. doi:10.1186/1471-213X-11-54

de Castro, E., Sigrist, C. J. A., Gattiker, A., Bulliard, V., Langendijk-Genevaux, P. S.,
Gasteiger, E., et al. (2006). ScanProsite: detection of PROSITE signature matches and
ProRule-associated functional and structural residues in proteins. Nucleic Acids Res. 34,
W362–W365. doi:10.1093/nar/gkl124

Deml, B., Reis, L. M., Lemyre, E., Clark, R. D., Kariminejad, A., and Semina, E. V.
(2016). Novel mutations in PAX6, OTX2 and NDP in anophthalmia, microphthalmia
and coloboma. Eur. J. Hum. Genet. 24, 535–541. doi:10.1038/ejhg.2015.155

Dubourg, C., Bendavid, C., Pasquier, L., Henry, C., Odent, S., and David, V. (2007).
Holoprosencephaly. Orphanet J. Rare Dis. 2, 8. doi:10.1186/1750-1172-2-8

Dupé, V., Rochard, L., Mercier, S., Le Pétillon, Y., Gicquel, I., Bendavid, C., et al.
(2011). NOTCH, a new signaling pathway implicated in holoprosencephaly. Hum. Mol.
Genet. 20, 1122–1131. doi:10.1093/hmg/ddq556

Dyer, M. A., Livesey, F. J., Cepko, C. L., and Oliver, G. (2003). Prox1 function controls
progenitor cell proliferation and horizontal cell genesis in the mammalian retina. Nat.
Genet. 34, 53–58. doi:10.1038/ng1144

Eguchi, R., Yoshigai, E., Koga, T., Kuhara, S., and Tashiro, K. (2015). Spatiotemporal
expression of Prdm genes during Xenopus development. Cytotechnology 67, 711–719.
doi:10.1007/s10616-015-9846-0

Eisen, J. S., and Smith, J. C. (2008). Controlling morpholino experiments: don’t stop
making antisense. Development 135, 1735–1743. doi:10.1242/dev.001115

Ekstrand, J. J., Friedman, A. L., and Stafstrom, C. E. (2012). Galloway-Mowat
syndrome: neurologic features in two sibling pairs. Pediatr. Neurol. 47, 129–132.
doi:10.1016/j.pediatrneurol.2012.04.011

Furukawa, T., Kozak, C. A., and Cepko, C. L. (1997). rax, a novel paired-type
homeobox gene, shows expression in the anterior neural fold and developing retina.
Proc. Natl. Acad. Sci. U. S. A. 94, 3088–3093. doi:10.1073/pnas.94.7.3088

Galloway, W. H., and Mowat, A. P. (1968). Congenital microcephaly with hiatus
hernia and nephrotic syndrome in two sibs. J. Med. Genet. 5, 319–321. doi:10.1136/jmg.
5.4.319

Georgala, P. A., Carr, C. B., and Price, D. J. (2011). The role of Pax6 in forebrain
development. Dev. Neurobiol. 71, 690–709. doi:10.1002/dneu.20895

Gessert, S., Maurus, D., Brade, T., Walther, P., Pandur, P., and Kühl, M. (2008a). DM-
GRASP/ALCAM/CD166 is required for cardiac morphogenesis and maintenance of
cardiac identity in first heart field derived cells. Dev. Biol. 321, 150–161. doi:10.1016/j.
ydbio.2008.06.013

Gessert, S., Maurus, D., and Kühl, M. (2008b). Repulsive guidance molecule A (RGM
A) and its receptor neogenin during neural and neural crest cell development of
Xenopus laevis. Biol. Cell 100, 659–673. doi:10.1042/BC20080023

Gessert, S., Maurus, D., Rössner, A., and Kühl, M. (2007). Pescadillo is required for
Xenopus laevis eye development and neural crest migration. Dev. Biol. 310, 99–112.
doi:10.1016/j.ydbio.2007.07.037

Ghanbari, H., Seo, H.-C., Fjose, A., and Brändli, A. W. (2001). Molecular cloning and
embryonic expression of Xenopus Six homeobox genes. Mech. Dev. 101, 271–277.
doi:10.1016/S0925-4773(00)00572-4

Frontiers in Cell and Developmental Biology frontiersin.org16

Saumweber et al. 10.3389/fcell.2024.1316048

https://www.frontiersin.org/articles/10.3389/fcell.2024.1316048/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcell.2024.1316048/full#supplementary-material
https://doi.org/10.1186/s12886-018-0820-4
https://doi.org/10.1042/BC20070072
https://doi.org/10.1038/ng.3933
https://doi.org/10.1242/dev.060160
https://doi.org/10.1242/dev.060160
https://doi.org/10.1002/dneu.22135
https://doi.org/10.1002/dneu.22135
https://doi.org/10.1002/(sici)1097-4695(19980605)35:3<227::aid-neu1>3.3.co;2-h
https://doi.org/10.1002/(sici)1097-4695(19980605)35:3<227::aid-neu1>3.3.co;2-h
https://doi.org/10.1371/journal.pone.0069372
https://doi.org/10.1242/dev.107938
https://doi.org/10.1016/j.exer.2016.04.017
https://doi.org/10.1186/1471-213X-11-54
https://doi.org/10.1093/nar/gkl124
https://doi.org/10.1038/ejhg.2015.155
https://doi.org/10.1186/1750-1172-2-8
https://doi.org/10.1093/hmg/ddq556
https://doi.org/10.1038/ng1144
https://doi.org/10.1007/s10616-015-9846-0
https://doi.org/10.1242/dev.001115
https://doi.org/10.1016/j.pediatrneurol.2012.04.011
https://doi.org/10.1073/pnas.94.7.3088
https://doi.org/10.1136/jmg.5.4.319
https://doi.org/10.1136/jmg.5.4.319
https://doi.org/10.1002/dneu.20895
https://doi.org/10.1016/j.ydbio.2008.06.013
https://doi.org/10.1016/j.ydbio.2008.06.013
https://doi.org/10.1042/BC20080023
https://doi.org/10.1016/j.ydbio.2007.07.037
https://doi.org/10.1016/S0925-4773(00)00572-4
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1316048


Gonzalez-Rodriguez, J., Pelcastre, E. L., Tovilla-Canales, J. L., Garcia-Ortiz, J. E.,
Amato-Almanza, M., Villanueva-Mendoza, C., et al. (2010). Mutational screening of
CHX10, GDF6, OTX2, RAX and SOX2 genes in 50 unrelated microphthalmia-
anophthalmia-coloboma (MAC) spectrum cases. Br. J. Ophthalmol. 94, 1100–1104.
doi:10.1136/bjo.2009.173500

Grinblat, Y., and Lipinski, R. J. (2019). A forebrain undivided: unleashing model
organisms to solve the mysteries of holoprosencephaly. Dev. Dyn. 248, 626–633. doi:10.
1002/dvdy.41

Guo, Y., Christine, K. S., Conlon, F., Gessert, S., and Kühl, M. (2011). Expression
analysis of epb41l4a during Xenopus laevis embryogenesis. Dev. Genes Evol. 221,
113–119. doi:10.1007/s00427-011-0362-8

Hayashi, T., Huang, J., and Deeb, S. S. (2000). RINX(VSX1), a novel homeobox gene
expressed in the inner nuclear layer of the adult retina. Genomics 67, 128–139. doi:10.
1006/geno.2000.6248

Hemmati-Brivanlou, A., Frank, D., Bolce, M. E., Brown, B. D., Sive, H. L., and
Harland, R. M. (1990). Localization of specific mRNAs in Xenopus embryos by whole-
mount in situ hybridization. Development 110, 325–330. doi:10.1242/dev.110.2.325

Hitchcock, P. F., Macdonald, R. E., VanDeRyt, J. T., and Wilson, S. W. (1996).
Antibodies against pax6 immunostain amacrine and ganglion cells and neuronal
progenitors, but not rod precursors, in the normal and regenerating retina of the
goldfish. J. Neurobiol. 29, 399–413. doi:10.1002/(SICI)1097-4695(199603)29:3<399::
AID-NEU10>3.0.CO;2-4
Hollemann, T., Bellefroid, E., and Pieler, T. (1998). The Xenopus homologue of the

Drosophila gene tailless has a function in early eye development. Development 125,
2425–2432. doi:10.1242/dev.125.13.2425

Ji, Y., Hao, H., Reynolds, K., McMahon, M., and Zhou, C. J. (2019). Wnt signaling in
neural crest ontogenesis and oncogenesis. Cells 8, 1173. doi:10.3390/cells8101173

Kerr, T. C., Cuykendall, T. N., Luettjohann, L. C., and Houston, D. W. (2008).
Maternal Tgif1 regulates nodal gene expression in Xenopus. Dev. Dyn. 237, 2862–2873.
doi:10.1002/dvdy.21707

Kishida, S., Yamamoto, H., Hino, S., Ikeda, S., Kishida, M., and Kikuchi, A. (1999).
DIX domains of Dvl and axin are necessary for protein interactions and their ability to
regulate beta-catenin stability.Mol. Cell Biol. 19, 4414–4422. doi:10.1128/mcb.19.6.4414

Kowalczyk, I., Lee, C., Schuster, E., Hoeren, J., Trivigno, V., Riedel, L., et al. (2021).
Neural tube closure requires the endocytic receptor Lrp2 and its functional interaction
with intracellular scaffolds. Development 148, dev195008. doi:10.1242/dev.195008

Kruszka, P., and Muenke, M. (2018). Syndromes associated with holoprosencephaly.
Am. J. Med. Genet. Part C Seminars Med. Genet. 178, 229–237. doi:10.1002/ajmg.c.
31620

Lamb, T. M., and Harland, R. M. (1995). Fibroblast growth factor is a direct neural
inducer, which combined with noggin generates anterior-posterior neural pattern.
Development 121, 3627–3636. doi:10.1242/dev.121.11.3627

Le Douarin, N. M., and Dupin, E. (2018). The “beginnings” of the neural crest. Dev.
Biol. 444, S3. doi:10.1016/j.ydbio.2018.07.019

Li, B., Kuriyama, S., Moreno, M., and Mayor, R. (2009). The posteriorizing gene
Gbx2 is a direct target of Wnt signalling and the earliest factor in neural crest induction.
Development 136, 3267–3278. doi:10.1242/dev.036954

Li, L., Yuan, H., Xie, W., Mao, J., Caruso, A. M., McMahon, A., et al. (1999).
Dishevelled proteins lead to two signaling pathways: REGULATION of LEF-1 and c-jun
N-terminal kinase in mammalian cells *. J. Biol. Chem. 274, 129–134. doi:10.1074/jbc.
274.1.129

Lin, P.-Y., Tseng, M.-H., Zenker, M., Rao, J., Hildebrandt, F., Lin, S.-H., et al. (2018).
Galloway-Mowat syndrome in Taiwan: OSGEP mutation and unique clinical
phenotype. Orphanet J. rare Dis. 13, 226. doi:10.1186/s13023-018-0961-9

Liu, W., Khare, S. L., Liang, X., Peters, M. A., Liu, X., Cepko, C. L., et al. (2000). All
Brn3 genes can promote retinal ganglion cell differentiation in the chick. Development
127, 3237–3247. doi:10.1242/dev.127.15.3237

Lufkin, T. (2007). In situ hybridization of whole-mount mouse embryos with RNA
probes: hybridization, washes, and histochemistry. CSH Protoc. 2007, pdb.prot4823.
doi:10.1101/pdb.prot4823

Malta, M., AlMutiri, R., Martin, C. S., and Srour, M. (2023). Holoprosencephaly:
review of embryology, clinical phenotypes, etiology and management. Child. (Basel) 10,
647. doi:10.3390/children10040647

Mann, N., Mzoughi, S., Schneider, R., Kühl, S. J., Schanze, D., Klämbt, V., et al. (2021).
Mutations in PRDM15 are a novel cause of galloway-mowat syndrome. J. Am. Soc.
Nephrol. 32, 580–596. doi:10.1681/ASN.2020040490

Maurus, D., Héligon, C., Bürger-Schwärzler, A., Brändli, A. W., and Kühl, M. (2005).
Noncanonical Wnt-4 signaling and EAF2 are required for eye development in Xenopus
laevis. EMBO J. 24, 1181–1191. doi:10.1038/sj.emboj.7600603

Méndez-Maldonado, K., Vega-López, G. A., Aybar, M. J., and Velasco, I. (2020).
Neurogenesis from neural crest cells: molecular mechanisms in the formation of cranial
nerves and ganglia. Front. Cell Dev. Biol. 8, 635. doi:10.3389/fcell.2020.00635

Miller, J. R., Rowning, B. A., Larabell, C. A., Yang-Snyder, J. A., Bates, R. L., and
Moon, R. T. (1999). Establishment of the dorsal-ventral axis in Xenopus embryos

coincides with the dorsal enrichment of dishevelled that is dependent on cortical
rotation. J. Cell Biol. 146, 427–437. doi:10.1083/jcb.146.2.427

Moody, S. A., and Kline, M. J. (1990). Segregation of fate during cleavage of frog
(Xenopus laevis) blastomeres. Anat. Embryol. Berl. 182, 347–362. doi:10.1007/
BF02433495

Moody, S. A., Miller, V., Spanos, A., and Frankfurter, A. (1996). Developmental
expression of a neuron-specific beta-tubulin in frog (Xenopus laevis): a marker for
growing axons during the embryonic period. J. Comp. Neurology 364, 219–230. doi:10.
1002/(SICI)1096-9861(19960108)364:2<219::AID-CNE3>3.0.CO;2-8
Mzoughi, S., Di Tullio, F., Low, D. H. P., Motofeanu, C.-M., Ong, S. L. M., Wollmann,

H., et al. (2020). PRDM15 loss of function links NOTCH and WNT/PCP signaling to
patterning defects in holoprosencephaly. Sci. Adv. 6, eaax9852. doi:10.1126/sciadv.
aax9852

Mzoughi, S., Zhang, J., Hequet, D., Teo, S. X., Fang, H., Xing, Q. R., et al. (2017).
PRDM15 safeguards naive pluripotency by transcriptionally regulating WNT and
MAPK-ERK signaling. Nat. Genet. 49, 1354–1363. doi:10.1038/ng.3922

Nakayama, T., Fisher, M., Nakajima, K., Odeleye, A. O., Zimmerman, K. B., Fish, M.
B., et al. (2015). Xenopus pax6 mutants affect eye development and other organ systems,
and have phenotypic similarities to human aniridia patients. Dev. Biol. 408, 328–344.
doi:10.1016/j.ydbio.2015.02.012

Nieuwkoop, P. D., and Faber, J. (1994). Normal table of Xenopus laevis (Daudin): a
systematical and chronological survey of the development from the fertilized egg till the
end of metamorphosis. United Kingdom: Garland Pub.

Ohuchi, H., Sato, K., Habuta, M., Fujita, H., and Bando, T. (2019). Congenital eye
anomalies: more mosaic than thought?Congenit. Anom. (Kyoto) 59, 56–73. doi:10.1111/
cga.12304

Pan, Y., Kelly, L. E., and El-Hodiri, H. M. (2018). Identification of retinal homeobox
(rax) gene-dependent genes by a microarray approach: the DNA endoglycosylase
neil3 is a major downstream component of the rax genetic pathway. Dev. Dyn. 247,
1199–1210. doi:10.1002/dvdy.24679

Perron, M., Boy, S., Amato, M. A., Viczian, A., Koebernick, K., Pieler, T., et al. (2003).
A novel function for Hedgehog signalling in retinal pigment epithelium differentiation.
Development 130, 1565–1577. doi:10.1242/dev.00391

Petryk, A., Graf, D., and Marcucio, R. (2015). Holoprosencephaly: signaling
interactions between the brain and the face, the environment and the genes, and
the phenotypic variability in animal models and humans. Wiley Interdiscip. Rev. Dev.
Biol. 4, 17–32. doi:10.1002/wdev.161

Polevoy, H., Gutkovich, Y. E., Michaelov, A., Volovik, Y., Elkouby, Y. M., and Frank,
D. (2019). New roles for Wnt and BMP signaling in neural anteroposterior patterning.
EMBO Rep. 20, e45842. doi:10.15252/embr.201845842

Racine, J., and Golden, R. (2021). A patient diagnosed with Galloway-Mowat
syndrome presenting with a rod-cone functional anomaly with electronegative dark-
adapted ERGs. Doc. Ophthalmol. 143, 75–83. doi:10.1007/s10633-021-09820-4

Ramakrishnan, S., and Gupta, V. (2023). “Holoprosencephaly,” in StatPearls
(Treasure Island (FL): StatPearls Publishing).

Rodgers, H. M., Huffman, V. J., Voronina, V. A., Lewandoski, M., and Mathers, P. H.
(2018). The role of the Rx homeobox gene in retinal progenitor proliferation and cell
fate specification. Mech. Dev. 151, 18–29. doi:10.1016/j.mod.2018.04.003

Roessler, E., Hu, P., Marino, J., Hong, S., Hart, R., Berger, S., et al. (2018). Common
genetic causes of holoprosencephaly are limited to a small set of evolutionarily
conserved driver genes of midline development coordinated by TGF-β, hedgehog,
and FGF signaling. Hum. Mutat. 39, 1416–1427. doi:10.1002/humu.23590

Roessler, E., and Muenke, M. (1998). Holoprosencephaly: a paradigm for the complex
genetics of brain development. J. Inherit. Metabolic Dis. 21, 481–497. doi:10.1023/A:
1005406719292

Roessler, E., and Muenke, M. (2010). The molecular genetics of holoprosencephaly.
Am. J. Med. Genet. C Semin. Med. Genet. 154C, 52–61. doi:10.1002/ajmg.c.30236

Rothe, M., Kanwal, N., Dietmann, P., Seigfried, F. A., Hempel, A., Schütz, D., et al.
(2017). An Epha4/Sipa1l3/Wnt pathway regulates eye development and lens
maturation. Development 144, 321–333. doi:10.1242/dev.147462

Rueden, C. T., Schindelin, J., Hiner, M. C., DeZonia, B. E., Walter, A. E., Arena, E. T.,
et al. (2017). ImageJ2: ImageJ for the next generation of scientific image data. BMC
Bioinforma. 18, 529. doi:10.1186/s12859-017-1934-z

Rynn, L., Cragan, J., and Correa, A. (2008). Update on overall prevalence of major
birth defects — Atlanta, Georgia. MMWR. Morb. Mortal. Wkly. Rep. 57, 1–5.

Schuff, M., Rössner, A.,Wacker, S. A., Donow, C., Gessert, S., and Knöchel,W. (2007).
FoxN3 is required for craniofacial and eye development of Xenopus laevis. Dev. Dyn.
236, 226–239. doi:10.1002/dvdy.21007

Seigfried, F. A., Cizelsky, W., Pfister, A. S., Dietmann, P., Walther, P., Kühl, M., et al.
(2017). Frizzled 3 acts upstream of Alcam during embryonic eye development.Dev. Biol.
426, 69–83. doi:10.1016/j.ydbio.2017.04.004

Session, A. M., Uno, Y., Kwon, T., Suzuki, A., Georgiou, G., Paranjpe, S. S., et al.
(2016). Genome evolution in the allotetraploid frog Xenopus laevis. Nat. Lond. 538,
336–343. doi:10.1038/nature19840

Frontiers in Cell and Developmental Biology frontiersin.org17

Saumweber et al. 10.3389/fcell.2024.1316048

https://doi.org/10.1136/bjo.2009.173500
https://doi.org/10.1002/dvdy.41
https://doi.org/10.1002/dvdy.41
https://doi.org/10.1007/s00427-011-0362-8
https://doi.org/10.1006/geno.2000.6248
https://doi.org/10.1006/geno.2000.6248
https://doi.org/10.1242/dev.110.2.325
https://doi.org/10.1002/(SICI)1097-4695(199603)29:3<399::AID-NEU10>3.0.CO;2-4
https://doi.org/10.1002/(SICI)1097-4695(199603)29:3<399::AID-NEU10>3.0.CO;2-4
https://doi.org/10.1242/dev.125.13.2425
https://doi.org/10.3390/cells8101173
https://doi.org/10.1002/dvdy.21707
https://doi.org/10.1128/mcb.19.6.4414
https://doi.org/10.1242/dev.195008
https://doi.org/10.1002/ajmg.c.31620
https://doi.org/10.1002/ajmg.c.31620
https://doi.org/10.1242/dev.121.11.3627
https://doi.org/10.1016/j.ydbio.2018.07.019
https://doi.org/10.1242/dev.036954
https://doi.org/10.1074/jbc.274.1.129
https://doi.org/10.1074/jbc.274.1.129
https://doi.org/10.1186/s13023-018-0961-9
https://doi.org/10.1242/dev.127.15.3237
https://doi.org/10.1101/pdb.prot4823
https://doi.org/10.3390/children10040647
https://doi.org/10.1681/ASN.2020040490
https://doi.org/10.1038/sj.emboj.7600603
https://doi.org/10.3389/fcell.2020.00635
https://doi.org/10.1083/jcb.146.2.427
https://doi.org/10.1007/BF02433495
https://doi.org/10.1007/BF02433495
https://doi.org/10.1002/(SICI)1096-9861(19960108)364:2<219::AID-CNE3>3.0.CO;2-8
https://doi.org/10.1002/(SICI)1096-9861(19960108)364:2<219::AID-CNE3>3.0.CO;2-8
https://doi.org/10.1126/sciadv.aax9852
https://doi.org/10.1126/sciadv.aax9852
https://doi.org/10.1038/ng.3922
https://doi.org/10.1016/j.ydbio.2015.02.012
https://doi.org/10.1111/cga.12304
https://doi.org/10.1111/cga.12304
https://doi.org/10.1002/dvdy.24679
https://doi.org/10.1242/dev.00391
https://doi.org/10.1002/wdev.161
https://doi.org/10.15252/embr.201845842
https://doi.org/10.1007/s10633-021-09820-4
https://doi.org/10.1016/j.mod.2018.04.003
https://doi.org/10.1002/humu.23590
https://doi.org/10.1023/A:1005406719292
https://doi.org/10.1023/A:1005406719292
https://doi.org/10.1002/ajmg.c.30236
https://doi.org/10.1242/dev.147462
https://doi.org/10.1186/s12859-017-1934-z
https://doi.org/10.1002/dvdy.21007
https://doi.org/10.1016/j.ydbio.2017.04.004
https://doi.org/10.1038/nature19840
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1316048


Sevilla, T., Sivera, R., Martínez-Rubio, D., Lupo, V., Chumillas, M. J., Calpena, E., et al.
(2015). The EGR2 gene is involved in axonal Charcot-Marie-Tooth disease. Eur.
J. Neurol. 22, 1548–1555. doi:10.1111/ene.12782

Siismets, E. M., and Hatch, N. E. (2020). Cranial neural crest cells and their role in the
pathogenesis of craniofacial anomalies and coronal craniosynostosis. J. Dev. Biol. 8, 18.
doi:10.3390/jdb8030018

Sive, H. L., Grainger, R., and Harland, R. M. (2010). Early development of Xenopus
laevis: a laboratory manual. United States: Cold Spring Harbor Laboratory Press.

Sun, X.-J., Xu, P.-F., Zhou, T., Hu, M., Fu, C.-T., Zhang, Y., et al. (2008). Genome-
wide survey and developmental expression mapping of zebrafish SET domain-
containing genes. PLoS One 3, e1499. doi:10.1371/journal.pone.0001499

Swanson, J. R., and Sinkin, R. A. (2013). Early births and congenital birth defects: a
complex interaction. Clin. Perinatol. 40, 629–644. doi:10.1016/j.clp.2013.07.009

Tekendo-Ngongang, C., Muenke, M., and Kruszka, P. (1993). “Holoprosencephaly
overview,” in GeneReviews®. Editors M. P. Adam, G. M. Mirzaa, R. A. Pagon,
S. E. Wallace, L. J. Bean, K. W. Gripp, et al. (Seattle, Seattle (WA: University of
Washington).

Treimer, E., Kalayci, T., Schumann, S., Suer, I., Greco, S., Schanze, D., et al. (2022).
Functional characterization of a novel TP53RK mutation identified in a family with
Galloway–Mowat syndrome. Hum. Mutat. n/a 43, 1866–1871. doi:10.1002/humu.
24472

Treimer, E., Niedermayer, K., Schumann, S., Zenker, M., Schmeisser, M. J., and Kühl,
S. J. (2021). Galloway-Mowat syndrome: new insights from bioinformatics and
expression during Xenopus embryogenesis. Gene Expr. Patterns 42, 119215. doi:10.
1016/j.gep.2021.119215

Wallis, D., and Muenke, M. (2000). Mutations in holoprosencephaly. Hum.
Mutat. 16, 99–108. doi:10.1002/1098-1004(200008)16:2<99::AID-HUMU2>3.0.
CO;2-0

Weston, C. R., Wong, A., Hall, J. P., Goad, M. E. P., Flavell, R. A., and Davis, R. J.
(2003). JNK initiates a cytokine cascade that causes Pax2 expression and closure of the
optic fissure. Genes Dev. 17, 1271–1280. doi:10.1101/gad.1087303

Williams, A. L., and Bohnsack, B. L. (2015). Neural crest derivatives in ocular
development: discerning the eye of the storm. Birth Defects Res. C Embryo Today
105, 87–95. doi:10.1002/bdrc.21095

Zaghloul, N. A., and Moody, S. A. (2007). Alterations of rx1 and pax6 expression
levels at neural plate stages differentially affect the production of retinal cell types and
maintenance of retinal stem cell qualities. Dev. Biol. 306, 222–240. doi:10.1016/j.ydbio.
2007.03.017

Zhang, Z., Lei, A., Xu, L., Chen, L., Chen, Y., Zhang, X., et al. (2017). Similarity in
gene-regulatory networks suggests that cancer cells share characteristics of
embryonic neural cells. J. Biol. Chem. 292, 12842–12859. doi:10.1074/jbc.
M117.785865

Frontiers in Cell and Developmental Biology frontiersin.org18

Saumweber et al. 10.3389/fcell.2024.1316048

https://doi.org/10.1111/ene.12782
https://doi.org/10.3390/jdb8030018
https://doi.org/10.1371/journal.pone.0001499
https://doi.org/10.1016/j.clp.2013.07.009
https://doi.org/10.1002/humu.24472
https://doi.org/10.1002/humu.24472
https://doi.org/10.1016/j.gep.2021.119215
https://doi.org/10.1016/j.gep.2021.119215
https://doi.org/10.1002/1098-1004(200008)16:2<99::AID-HUMU2>3.0.CO;2-0
https://doi.org/10.1002/1098-1004(200008)16:2<99::AID-HUMU2>3.0.CO;2-0
https://doi.org/10.1101/gad.1087303
https://doi.org/10.1002/bdrc.21095
https://doi.org/10.1016/j.ydbio.2007.03.017
https://doi.org/10.1016/j.ydbio.2007.03.017
https://doi.org/10.1074/jbc.M117.785865
https://doi.org/10.1074/jbc.M117.785865
https://www.frontiersin.org/journals/cell-and-developmental-biology
https://www.frontiersin.org
https://doi.org/10.3389/fcell.2024.1316048

	Prdm15 acts upstream of Wnt4 signaling in anterior neural development of Xenopus laevis
	1 Introduction
	2 Results
	2.1 Prdm15 is evolutionarily highly conserved and specifically expressed in the anterior neural tissue during X. laevis dev ...
	2.2 Prdm15 knockdown results in a severe eye phenotype in X. laevis
	2.3 C844Y is pathogenic in anterior neural development in X. laevis
	2.4 Prdm15 is essential for proper eye development in X. laevis
	2.5 Prdm15 is required for head development in X. laevis
	2.6 Prdm15 is important for cranial nerve and brain development in X. laevis
	2.7 Prdm15 acts upstream of Wnt4
	2.8 Prdm15 influences both canonical and non-canonical Wnt signaling

	3 Discussion
	3.1 Prdm15 conservation and expression in disease-relevant tissues
	3.2 Prdm15 depletion recapitulates anterior neural anomalies in syndromic HPE
	3.3 Prdm15 influences crucial steps of anterior neural development
	3.4 Prdm15 acts upstream of canonical and non-canonical Wnt

	4 Materials and methods
	4.1 Synteny analysis and protein alignment of Prdm15
	4.2 Xenopus laevis embryos
	4.3 Morpholino oligonucleotide and microinjections
	4.4 Whole-mount in situ hybridization and histology
	4.5 Cartilage staining by Alcian blue and cranial nerve staining by 3A10 antibody
	4.6 Phospho-histone H3 staining
	4.7 Imaging
	4.8 Quantitative tissue and expression measurements
	4.9 Statistics

	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References


