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Abstract

Mandibulofacial dysostosis (MFD) is a human developmental disorder characterized by defects of
the facial bones. It is the second most frequent craniofacial malformation after cleft lip and palate.
Nager syndrome combines many features of MFD with a variety of limb defects. Mutations in
SF3B4 (splicing factor 3b, subunit 4) gene, which encodes a component of the pre-mRNA
spliceosomal complex, were recently identified as a cause for Nager syndrome, accounting for
60% of affected individuals. Nothing is known about the cellular pathogenesis underlying Nager
type MFD. Here we describe the first animal model for Nager syndrome, generated by knocking
down Sf3b4 function in Xenopus laevis embryos, using morpholino antisense oligonucleotides.
Our results indicate that Sf3b4-depleted embryos show reduced expression of the neural crest
genes sox10, snail2 and twist at the neural plate border, associated with a broadening of the neural
plate. This phenotype can be rescued by injection of wild-type human SF3B4 mRNA but not by
MRNAs carrying mutations that cause Nager syndrome. At the tailbud stage, morphant embryos
had decreased sox10 and tfap2a expression in the pharyngeal arches, indicative of a reduced
number of neural crest cells. Later in development, Sf3b4-depleted tadpoles exhibited hypoplasia
of neural crest-derived craniofacial cartilages, phenocopying aspects of the craniofacial skeletal
defects seen in Nager syndrome patients. With this animal model we are now poised to gain
important insights into the etiology and pathogenesis of Nager type MFD, and to identify the
molecular targets of Sf3b4.
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Introduction

The neural crest is a multipotent population of migratory cells unique to the vertebrate
embryo. Neural crest cells form at the neural plate border during gastrulation, and around
the time of neural tube closure, delaminate from the neuroepithelium to produce a diverse
array of cell types, contributing to multiple organ systems. In the head, cranial neural crest
cells originate from the mesencephalon and the rhombencephalon. They migrate in the
periphery to populate the first, second and third pharyngeal/branchial arches, where they
develop into craniofacial skeletal elements specific for each pharyngeal arch (Trainor and
Krumlauf, 2000; Santagati and Rijli, 2003; Minoux and Rijli, 2010). The first pharyngeal
arch has two components, the maxillary prominence forming the maxillary, zygomatic and
temporal bones; and the mandibular prominence forming the middle ear bones, malleus and
incus, and the mandible. The second pharyngeal arch gives rise to the third middle ear
ossicle (stapes), styloid process and lesser horn of the hyoid, while the greater horn of the
hyoid is derived from the third pharyngeal arch.

Mandibulofacial dysostosis (MFD) is a human condition involving defects in structures
derived from the first and second pharyngeal arches (Passos-Bueno et al., 2009). It is
characterized by hypoplasia of the facial bones, particularly the maxilla, mandible, and
zygomatic complex, associated with malformation of the outer ears and middle ear ossicles
(Wieczorek, 2013; Trainor and Andrews, 2013). It is the second most frequent craniofacial
malformation after cleft lip and palate. One of the best-understood forms of MFD is
Treacher Collins syndrome (OMIM #154500; Dixon, 1996). It is most commonly caused by
mutations in one of three genes encoding factors implicated in ribosomal gene transcription
TCOF1, POLR1C and POLR1D (Treacher Collins Syndrome Collaborative Group, 1996;
Dauwerse et al., 2011). Mouse models of Treacher Collins syndrome indicate that this
condition is caused by an early depletion of neural crest progenitors, leading to a reduced
number of neural crest cells migrating to the first and second pharyngeal arches, resulting in
malformation of the skeletal elements derived from these arches (Dixon et al., 2006; Jones et
al., 2008; Trainor, 2010).

Acrofacial dysostosis combines many features of MFD with a variety of limb anomalies.
The most common form of acrofacial dysostosis is Nager syndrome (OMIM #154400). In
addition to craniofacial malformations, these patients present preaxial limb defects, typically
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hypoplasia or absence of the thumbs. With less than 100 cases described in the literature the
exact prevalence of Nager syndrome is not known (Schlieve et al., 2012). Most cases are
sporadic, however autosomal-dominant (Hall, 1989; Alysworth et al., 1991; McDonald and
Gorski., 1993) and autosomal-recessive (Chemke et al. 1988; Kennedy and Teebi, 2004; Nur
et al., 2013) forms of the disease have been reported. Mutations in SF3B4 (Splicing factor
3b, subunit 4) gene were recently identified as a cause of Nager syndrome, accounting for
approximately 60% of the cases (Bernier et al., 2012; Czeschik et al., 2013; Petit et al.,
2014). This finding is consistent with an older report describing a child diagnosed with
Nager syndrome with a deletion of chromosomal region 1q12-g21, a region that comprises
the SF3B4 gene (Waggoner et al., 1999). SF3B4 encodes spliceosome-associated protein 49
(SAP49), a component of the pre-mRNA spliceosomal complex, the machinery that
accurately recognizes and removes the introns from the pre-mRNAs to produce mature
mRNAs. The spliceosome consists of five U1, U2, U4/U6 and U5 small nuclear
ribonucleoproteins (SNRNPs), and a large number of associated proteins (Will and
Luhrmann, 2011). During assembly of the U2 pre-spliceosomal complex, SAP49 binds to
the pre-mRNA just upstream of the branch point sequence and plays a crucial role in
tethering the U2 snRNP to the branch site during the splicing process (Champion-Arnaud
and Reed, 1994). Mutations in genes encoding other components of the spliceosome, such as
EFTUD?2 (Lines et al., 2012), SNRPB (Lynch et al., 2014) and TXNL4A (Wieczorek et al,
2014) also cause craniofacial disorders, suggesting that defects in mMRNA processing may
underlie the etiology of some forms of MFD (Lehalle et al., 2015).

Nothing is known about the cellular and molecular mechanisms underlying Nager type
MFD, therefore the generation of animal models is absolutely critical to investigate the
pathogenesis of this condition and the role of SF3B4 in the presentation of the disease. Here
we report the characterization of the first animal model for Nager type MFD obtained by
specifically knocking down Sf3b4 function in Xenopus laevis embryos.

Materials and Methods

Plasmid constructs

The clone for Xenopus laevis Sf3b4 (accession # BC045264) was purchased from
ThermoFisher Scientific (Waltham, MA). The open reading frame (ORF) of Xenopus laevis
sf3b4 (Xsf3b4) was amplified by PCR using the following primers: forward, 5°-
ATCGATGCCACCATGGCGGCTGGGCCGATA-3’ and reverse, 5°-
CTCGAGTCACTGTGTCATGGGGAGCCT-3’. The 1134 bp PCR product was sequenced
and inserted into the Clal and Xhol sites of pCS2+ expression vector. The clone for Human
SF3B4 (accession # BC004273) was purchased from GE Dharmacon (Lafayette, CO).
Human SF3B4 (HSF3B4) ORF was amplified by PCR using the following primers: forward,
5’-ATCGATGCCACCATGGCTGCCGGGCCGATCTCC-3’ and reverse, 5°-
TCTAGATTACTGAGGGAGAGGGCCTCG-3’. The 1274 bp PCR product was sequenced
and inserted into the Clal and Xbal sites of pCS2+, it is referred as pCS2+HSF3B4. Site-
directed mutagenesis was used to generate constructs with single mutations in HSF3B4
coding region based on the 18 unique mutations identified in Nager syndrome patients
(Bernier et al., 2012). We selected a frameshift mutation (c.88delT), predicted to affect the
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RNA recognition motifs (RRMs), and a nonsense mutation (¢.625C>T). The QuickChange
Il site-directed mutagenesis kit (Agilent Technologies; Wilmington, DE) was used according
to the manufacturer instructions using pCS2+HSF3B4 as template and the following primer
sets: 5’-CATCTGCAAACAGCTAATGAGGGCGATCAGCCTG-3’ and 5°-
CAGGCTGATCGCCCTCATTAGCTGTTTGCAGATG-3’ for the ¢.625C>T mutation, 5’-
GGAGAAACAGTTCCCCAGCAGCGGTTCACT-3" and 5’-
AGTGAACCGCTGCTGGGGAACTGTTTCTCC-3’ for the ¢.88delT mutation. Mutations
were confirmed by sequencing and the resulting proteins analyzed by Western blot after
expression in Xenopus embryos.

Embryos, injections and explants culture

Xenopus laevis embryos were staged according to Nieuwkoop and Faber (1967) and raised
in 0.1x NAM (Normal Amphibian Medium; Slack and Forman, 1980). This study was
performed in accordance with the recommendations of the Guide for the Care and Use of
Laboratory Animals of the National Institutes of Health. The procedures were approved by
New York University Institutional Animal Care and Use Committee, under animal protocol
# 150201. mRNAs were synthesized in vitro using the Ambion Message Machine kit
(Austin, TX). Control (CoMO), Sf3b4 translation (Sf3b4MO;
ATATCGGCCCAGCCGCCATTTTCAC), and splice (Sf3b4MO2;
GCCAATAACCTGTGAGGAAAAAGAGC) blocking morpholino antisense
oligonucleotides (MOs) were purchased from GeneTools (Philomath, OR). MOs and
mRNAs were injected in one blastomere at the 2-cell stage and embryos were analyzed by in
situ hybridization. To identify the injected side, 500 pg of f-galactosidase mRNA was
coinjected as a lineage tracer. For animal explant experiments, both blastomere at the 2-cell
stage were injected in the animal pole region with noggin mRNA (100 pg) alone or in
combination with Xsf3b4 or HSF3B4 mRNA (1 ng), explants were dissected at the late
blastula stage, cultured for 8 hours in NAM 0.5x and processed for in situ hybridization.

Lineage tracing and whole-mount in situ hybridization

Embryos at the appropriate stage were fixed in MEMFA stained for Red-Gal (Research
Organics; Cleveland, OH) to visualize the lineage tracer (-gal mMRNA) and processed for in
situ hybridization. Antisense digoxygenin-labeled probes (Genius kit; Roche, Indianapolis
IN) were synthesized using template cDNA encoding sf3b4, snail2 (Mayor et al. 1995),
sox10 (Aoki et al., 2003), tfap2a (Luo et al., 2003), sox2 (Mizuseki et al., 1998) and msx1
(Suzuki et al., 1997). Whole-mount in situ hybridization was performed as previously
described (Harland, 1991).

Cartilage staining

Alcian blue staining of stage 45 tadpoles was performed as described in Berry et al., (1998).
Briefly, tadpoles were fixed overnight in 10% formaldehyde, rinsed in tap water, skinned and
eviscerated. Tadpoles were then dehydrated and stained in Alcian blue (Sigma-Aldrich; St.
Louis, MO) for 12 hours. After several rinses in 95% ethanol, tadpoles were rehydrated and
macerated in 2% potassium hydroxide. Specimens were then transferred successively in
20%, 40%, 60% and 80% glycerol in 2% potassium hydroxide. The ethmoid plate was
dissected out and specimens mounted flat under a coverslip in 80% glycerol, and

Dev Biol. Author manuscript; available in PMC 2017 July 15.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Devotta et al.

Page 5

individually photographed on a Nikon SZX9 stereomicroscope. For each affected tadpole,
the surface areas of the Meckel’s, ceratohyal and branchial cartilages on the injected side
were measured using ImageJ and compared to the same structures on the contralateral side
to define a percentage reduction.

TUNEL and proliferation assays

TUNEL staining was carried out as described (Hensey and Gautier, 1998). Sf3b4MO2-
injected albinos embryos fixed in MEMFA were rehydrated in PBT and washed in TdT
buffer (Roche, Indianapolis IN) for 30 min. End labeling was carried out overnight at room
temperature in TdT buffer containing 0.5 uM DIG-dUTP and 150 U/ml TdT (Roche,
Indianapolis IN). Embryos were then washed for 2 hours at 65°C in PBS/1 mM EDTA. DIG
was detected with anti-DIG Fab fragments conjugated to alkaline phosphatase (Roche,
Indianapolis IN; 1:2000), and the chromogenic reaction performed using NBT/BCIP
(Roche, Indianapolis IN). For phosphohistone H3 detection (Saka and Smith, 2001), fixed
albinos embryos were incubated successively in a-phosphohistone H3 antibody (Upstate
Biotechnology, 06-570; 1 pg/ml) and an anti-rabbit 1gG secondary antibody conjugated to
alkaline phosphatase (ThermoFisher Scientific, G-21079; 1:1000). Alkaline phosphatase
activity was revealed using NBT/BCIP (Roche, Indianapolis IN). To quantify changes in cell
death and proliferation, embryos were individually photographed and the number of
TUNEL- and pHH3-positive cells in the dorsal ectoderm was counted manually on the
control and injected sides of each embryo. Student’s t-test was used to define statistically
significant differences.

Western blot analysis

For western blots, embryos were injected at the 2-cell stage and cultured to stage 15. Pools
of 10 embryos were homogenized in lysis buffer (0.5% Triton X-100, 10mM Tris—HCI at
pH 7.5, 50mM NaCl, 1ImM EDTA), containing Halt™ Protease Inhibitor Cocktail
(ThermoFisher Scientific; Waltham, MA). After two consecutive centrifugations to eliminate
lipids, the lysate was concentrated on an Amicon Ultra Centrifugal Filter (Merck Millipore;
Billerica, MA), 10 ul of the concentrated lysate was resolved on a 10% NuPAGE Bis-Tris
gel and transferred onto a PVDF membrane using the iBlot system (Invitrogen). Blots were
subsequently incubated overnight with one of the following primary antibodies: anti Sf3b4
polyclonal antibody (ThermoFisher Scientific, PA5-28441; 1:500 dilution), anti a-tubulin
antibody (Sigma Aldrich, T9026; 1:500 dilution), anti phospho-Smad1/5/8 antibody (Cell
Signaling Technology, 13820; 1:500 dilution) or anti R-Smad1/5/8 antibody (Santa Cruz
Technology, sc-6031-R; 1:250 dilution). The blots were then washed and incubated with
anti-rabbit or anti-mouse 1gG coupled to horseradish peroxidase (Santa Cruz Biotechnology;
1:5000 dilution). Peroxidase activity was detected with the Western Blotting Luminol
Reagent (Santa Cruz Biotechnology) and imaged on a ChemiDoc MP Biorad gel
documentation system (Hercules, CA). Membranes were stripped using Restore Western
Blot Stripping Buffer (ThermoFisher Scientific) according to the manufacturer
recommendations.
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RT-PCR analysis

Results

Total RNAs were extracted from 3-5 embryos using the RNeasy micro RNA isolation kit
(Qiagen; Valencia, CA). The RNA samples were digested with RNase-free DNase | before
RT-PCR. The amount of RNA isolated was quantified by measuring the optical density using
a Nanodrop spectrophotometer (Nanodrop Technologies; Wilmington, DE). The reactions
were performed using the One Step RT-PCR kit (Qiagen; Valencia CA) according to the
manufacturer’s instructions using primers for Sox9, Sox10, Twist, Pax3, Keratin and EFla
(Hong and Saint-Jeannet, 2007) and the QuantiTect SYBR green RT-PCR kit (Qiagen;
Valencia, CA) on an Eco Real-Time PCR System (lllumina; San Diego, CA). The reaction
mixture consisted of 10 pl of QuantiTect SYBR Green RT-PCR Master Mix, 500 nM of
forward and reverse primers and 60 ng of template RNA in a total volume of 20 pl. Cycling
conditions were as follows: denaturation at 95°C (3 sec), annealing at 55°C (4 sec) and
extension at 72°C (12 sec). By optimizing primers and reaction conditions a single specific
product was amplified as confirmed by melting curve analysis. Each reaction included a
control without template and a standard curve of serial dilution (in 10-fold increments) of
test RNAs. For conventional RT-PCR, 1 pg of total RNAs was reverse transcribed using the
Superscript VILO cDNA Synthesis Kit (Invitrogen; Grand Island, NY) and 1 pl of cDNA
was amplified using PuReTaq™ ready-to-go PCR Beads (GE Healthcare Bio-Sciences
Pittsburgh, PA) using primers for sf3b4 (F: GTGGAGTTTCTGAGTGAAGAGG; R:
ACAGGAGGAAATGTGGGAATAC), Snail2 (F: CTGGTCAAGAAACACTTCAACAC; R:
ATCTGTCTGCGAATGCTCTG), sox10 (F: GAAGTAGAGATGAGCCCTGTTG; R:
GGCTGGTACTTGAGCTTTCT), twist (F: AGTCTGAGTAACAGCGAGGA; R:
CTGTAAGACCTGGCAGAGAAAG), pax3 (F: CAGCTGGGTGGAGTGTTTAT; R:
CTGTGGGTATTGGTATCCTGTG), sox9 (F: AAGCTGGCAGACCAATATCC; R:
AAGGTTTCGATGGTGGAGATG) and odc (F: ACATGGCATTCTCCCTGAAG,; R:
TGGTCCCAAGGCTAAAGTTG). The PCR conditions were as follows: denaturation 94 °C
(30s), annealing at 55 °C (30 s), and extension at 72 °C (30 s), 30 cycles for sf3b4, snail2,
s0x10, twist, sox9 or pax3, and 25 cycles for odc.

Xenopus laevis Sf3b4

SF3B4 encodes spliceosome-associated protein 49 (SAP49), one of seven core proteins of
the spliceosomal complex implicated in the removal of introns from the pre-mRNAs (Will
and Lurhmann, 2011). Structurally, SAP49 contains two adjacent N-terminal RNA
recognition motifs (RRMs) that bind directly to the pre-mRNA. Xenopus laevis Sf3b4
possesses an open reading frame encoding 377 amino acids (Fig 1). At the amino acid level,
Xenopus laevis Sf3b4 shares over 80% identity with human SF3B4, with close to 100%
identity at the levels of the RRMs (Fig 1).

Developmental expression of sf3b4

To analyze the temporal expression of Xenopus sf3b4 we performed RT-PCR on RNA
isolated at different embryonic stages (Fig 2A). sf3b4 is maternally expressed (stages 0-5)
and detected at all stages examined, up to the tadpole stage (stage 40). To determine the
spatial expression pattern of sf3b4, we performed whole-mount in situ hybridization on
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embryos at different stages of development. Antisense and control sense probes were used to
establish specificity of the signal (Fig 2B). sf3b4 transcripts are detected at the neurula stage
(stages 13-15) and appear to be enriched dorsally and anteriorly (Fig 2B). At the tailbud
stage (stage 25 and 28) Sf3b4 is detected in the branchial arches and in the developing eyes
(Fig 2B). Upon longer chromogenic reaction, more intense staining was detected throughout
the embryos (not shown), suggesting that sf3b4 is broadly expressed at early embryonic
stages, which is not surprising given its role in a global process like pre-mRNA splicing.

Sf3b4 is required for neural crest formation

Mouse models of Treacher Collins syndrome suggest that this condition is caused by an
early depletion of cranial neural crest progenitors (Dixon et al., 2006; Jones and et al.,
2008). To determine whether MFD in Nager syndrome is also due to abnormal neural crest
development in the head we used a translation blocking morpholino antisense
oligonucleotide (Sf3b4MO; Fig 3A) to interfere with Sf3b4 function in Xenopus embryos.
Western blot analysis of embryos coinjected with Xenopus sf3b4 mRNA and Sf3b4MO
showed that Sf3b4MO blocks Sf3b4 protein accumulation in vivo (Fig 3B). Unilateral
injection of Sf3b4MO (40 ng) in one cell at the 2-cell stage resulted in a marked decrease in
Snail2 expression, a gene restricted to early neural crest progenitors (Fig 3C,D), suggesting
that the production of neural crest progenitors is affected in the absence of Sf3b4 function.
We expanded this analysis by looking at a broader range of genes by real-time RT-PCR
(gPCR). These genes include: efla, a housekeeping gene, keratin expressed in the epidermis,
and four transcription factors expressed in neural crest progenitors pax3, sox9, sox10 and
twist. Embryos were injected with Sf3b4MO in both cells at the 2-cell stage, collected at the
early neurula stage and analyzed by gPCR. We found that the housekeeping gene (efla) and
epidermal keratin were unaffected in morphant embryos (Fig 3E). Interestingly, among the
neural crest genes we observed differential response upon Sf3b4 knockdown. While pax3
and sox9 expression levels were largely unchanged, the expression levels of sox10 and twist
were significantly reduced as compared to uninjected control (Fig 3E). In the gene
regulatory network controlling neural crest formation pax3 and sox9 are acting up-stream of
sox10 and twist (Betancur et al., 2010) raising the possibility that either Sf3b4 regulates
sox10/twist pre-mRNA splicing, or Sf3b4 regulates the pre-mRNA splicing of factor(s)
acting up-stream of sox10/twist and down-stream of pax3/sox9.

To confirm the specificity of the Sf3b4 knockdown phenotype, we used a second MO
(Sf3b4MO2) that specifically interferes with sf3b4 pre-mRNA splicing by targeting the
intron 2-exon 3 junction (Fig 4A), resulting in the production of a shorter transcript, due to
the loss of exon 3 (Fig 4B). The phenotype of Sf3b4MO2-injected embryos was identical to
the phenotype generated by injection of the translation blocking MO, with a strong decrease
of snail2 and sox10 expression at early neurula stage (Fig 4C,D). In addition we found that
the expression domain of the neural plate gene, sox2, appeared broader on the injected side,
consistent with the loss of the neural plate border (Fig 4C,D). At the tailbud stage, as neural
crest cells migrate to the pharyngeal arches, we analyzed by in situ hybridization two genes
expressed in migrating neural crest cells, tfap2a and sox10. We found that the vast majority
of the embryos had reduced tfap2a and sox10 expression indicative of a decreased number
of neural crest cells migrating to the pharyngeal arches (Fig 4E). The similarity of the two
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knockdown phenotypes, which are interfering with sf3b4 translation and splicing,
respectively, provides strong evidence for a specific requirement of Sf3b4 during neural crest
progenitors formation.

As the expression of a number of neural crest transcriptional regulators was reduced
following Sf3b4 depletion, we examined whether their reduction could be due to an increase
in cell death in this cell population. Embryos injected with Sf3b4MO2 (20 ng or 30 ng) were
allowed to develop until stage 15 when apoptosis was assessed by TUNEL staining. We
observed a highly significant increase in the number of TUNEL-positive nuclei on the
Sf3b4-depleted versus control sides of these embryos (Fig 5A-B). Similarly, we examined
whether the changes in gene expression could be a consequence of altered cell proliferation/
cell cycle progression by analyzing the number of cells immunopositive for phosphor-
histone H3 (pHH3). We found no difference in number of mitotic cells on the Sf3b4-
depleted versus control sides of these embryos (Fig 5A-C). Altogether these results suggest
that the reduction in neural crest genes expression in Sf3b4-depleted embryos reflects a loss
of neural crest progenitors through a mechanism that involves primarily cell death.

Human SF3B4 can rescue the phenotype of Sf3b4-depleted embryos

An important validation of Xenopus Sf3b4-depleted embryos as a model for Nager
syndrome rests on the ability to rescue the morphant phenotype by expression of human
SF3B4 (HSF3B4). Here we compared the ability of wild type (WT) HSF3B4 mRNA, and
MRNAs carrying mutations that cause Nager syndrome (Bernier et al., 2012), at restoring
sox10 expression in Sf3b4-depleted embryos. Using site-directed mutagenesis we generated
two mutant mMRNAs, ¢.88delT and ¢.625C>T (Fig 6A,B). Injection of 10 pg of WT HSF3B4
MRNA was sufficient to rescue sox10 expression close to normal levels in approximately
50% of morphant embryos (Fig 6C,D), while the same dose of mutant mMRNAs were unable
to restore Sox10 expression in Sf3b4-depleted embryos (Fig 6C,D). Interestingly, single
injection of WT or mutant HSF3B4 mRNAs had no effect on sox10 expression, even for
high doses (2-4 ng) of injected mMRNAs (Fig 6E,F; not shown).

Sf3b4-depleted embryos develop an abnormal craniofacial skeleton

We next analyzed the long-term consequences of Sf3b4 depletion by documenting the
development of neural crest-derived skeletal elements in morphant and control embryos. In
Xenopus, at the tailbud stage cranial neural crest cells migrate as four individual streams
towards the pharyngeal arches, the mandibular, hyoid, anterior and posterior branchial neural
crest (Fig 7A-B). In the first pharyngeal arch, the mandibular neural crest cells contribute to
the palatoquadrate (upper jaw) and the Meckel’s (lower jaw) cartilages; in the second arch
the hyoid neural crest cells contribute to the ceratohyal cartilage; while in the third and
fourth arches, the branchial neural crest cells contribute to the anterior and posterior regions
of the gills cartilages, respectively (Fig 7A,C; Sadaghiani and Thiebaud, 1987).

In this set of experiments, Sf3b4-depleted embryos were cultured for several days and
analyzed at stage 45 for craniofacial defects. Since embryos injected with 40 ng of MO
failed to survive beyond tailbud stage (not shown), embryos were injected with lower doses
of MOs: 2ng, 5ng and 10ng for Sf3b4MO2, and 10ng for a control MO (CoMO). At stage
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15, a subset of these embryos were fixed, and analyzed by in situ hybridization to ascertain
that they had reduced sox10 expression. Sibling embryos were allowed to develop up to
stage 45 and analyzed for gross craniofacial defects. For all doses of Sf3b4MO2, the vast
majority of these embryos had reduced sox10 expression at stage 15 (Fig 7D,E), while
sox10 expression was unaffected in CoMO-injected embryos (Fig 7D,E). Embryos injected
with 10 ng Sf3b4MO2 did not survive to stage 45 and became necrotic at tailbud stage,
however a vast majority of tadpoles that received lower doses of Sf3b4MO2 (2 ng and 5 ng)
exhibited a reduction of the craniofacial structures on the injected side, while CoMO-
injected tadpoles were unaffected (Fig 7F,G). To characterize and quantify the nature of
these defects, the head of affected tadpoles were dissected and processed for Alcian blue
staining to visualize the craniofacial skeletal elements (Spokony et al., 2002; O’Donnell et
al., 2006). For each affected tadpole, the size of the affected Meckel’s, ceratohyal and
branchial cartilages was measured and compared to the cartilage on the contralateral side
(Fig. 7H,1). All three cartilages were equally affected, ranging from relatively mild
reductions in size to complete loss of the corresponding cartilage as pictured in Fig 6H. It is
important to point out that the general pattern of pigment cells (another neural crest
derivative) was largely unperturbed in these tadpoles (Fig 7F), indicating that Sf3b4
primarily regulates the formation of cranial neural crest derivatives.

Pre-mRNA splicing versus non-canonical activity of Sf3b4

Because Sf3b4 is an essential component of the spliceosome and Sf3b4-depleted tadpoles
show hypoplastic cranial neural crest derivatives, we examined the pre-mRNA processing of
a subset of neural crest transcriptional regulators critical for neural crest formation namely,
sox10, snail2, twist, sox9 and pax3. These genes represent potential molecular targets of
Sf3b4. We performed RT-PCR on Sf3b4MO2 and CoMO injected embryos using primers
designed to amplify the coding region of these genes, since defective pre-mRNA splicing is
expected to result in intron retention. For all 5 genes examined we did not observe any
increase in transcripts size (Supplementary Fig S1), suggesting that the selected genes are
not targets of Sf3b4 splicing activity. However, we cannot exclude that the pre-mRNA
processing of other genes more upstream in the neural crest gene regulatory network are
affected. It is also possible that some of the aberrant transcripts may have been targeted for
nonsense-mediated mRNA decay (Chang et al., 2007), this is especially true for Sox10, for
which the normal transcripts are largely absent. Only a more global analysis of Sf3b4
knockdown on pre-mRNA processing will permit the identification of the true targets of
Sf3b4 splicing activity.

A couple of studies have linked SF3B4/SAP49 to bone morphogenetic protein (BMP)
signaling. Sf3b4 was isolated in a yeast two-hybrid screen as a factor interacting with the
intracellular domain of BMP receptor IA (BMPR-IA; Nishanian and Waldman, 2004) and
was shown to interfere with BMP activity in tissue culture (Watanabe et al., 2007). To
address a potential function of Sf3b4 in BMP signaling we first analyzed by in situ
hybridization the consequences of Sf3b4 depletion on msx1 expression, a direct BMP target
(Suzuki et al., 1997). We found no changes in msx1 expression at the neural plate border of
morphant embryos, while sibling embryos had marked reduced sox10 expression (Fig 8A-
B). Next, we evaluated whether Sf3b4 overexpression (HSF3B4 mRNA injection) or
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depletion (Sf3b4MQ2 injection) could alter BMP4-mediated phosphorylation of Smad1/5/8
in the embryo. Western blots analysis indicates that Sf3b4 gain-of-function and loss-of-
function had no impact on the levels of phosphorylated or unphosphorylated Smad1/5/8 in
embryos expressing BMP4 (Fig 8C). Inhibition of BMP signaling by the BMP antagonist
Noggin is implicated in neuralization of the ectoderm. We next analyzed the impact of Sf3b4
overexpression (XSf3b4 or HSF3B4 mRNA injection) on Noggin-mediated neural induction
in dissected ectoderm explants. We found that the induction of sox2 by Noggin was
unperturbed by XSf3b4 or HSF3B4 expression (Fig 8D). Here, using three different assays
we were unable to establish a link between Sf3b4 and BMP signaling, suggesting that the
cause for Sf3b4-mediated MFD may not depend on this non-canonical activity of Sf3b4.

Discussion

Here we report the characterization of the first animal model for Nager type MFD obtained
by specifically knocking down Sf3b4 function in Xenopus laevis embryos. We show that in
the absence of Sf3b4 function neural crest progenitors formation is affected, and Sf3b4-
depleted tadpoles phenocopy aspects of the craniofacial skeletal defects seen in Nager
syndrome patients. This animal model has the strong potential to provide important novel
insights into the etiology and pathogenesis of Nager type MFD.

SF3B4 encodes spliceosome-associated protein 49 (SAP49), a component of the
spliceosomal complex essential for the accurate excision of introns from pre-mRNAs (Will
and Luhrmann, 2011). Mutations in SF3B4 have been positively identified as a cause of
Nager syndrome in three independent cohorts (Bernier et al., 2012; Czeschik et al., 2013;
Petit et al., 2014), accounting for approximately 60% of the cases. It is very intriguing that
disruption of a global process, like pre-mRNA splicing, may result in such a restricted and
specific phenotype, affecting primarily craniofacial and limbs development. This could be
explained by the fact that some embryonic tissues or developmental stage may have a higher
demand for spliceosomal activity. This is for example the case for a spliceosome-associated
disorder such as retinitis pigmentosa in which the retina is the tissue extremely sensitive to
changes in spliceosomal activity (Tanakovic et al., 2011; Linder et al., 2011); mutations in
PRPF4 (pre-mRNA processing factor 4) have been recently identified as a major cause for
autosomal dominant retinitis pigmentosa (Chen et al., 2014). Therefore, in the context of
Nager type MFD, we can speculate that the neural plate border may have a similar high
demand in spliceosomal proteins around the time of neural crest progenitors specification.
Interestingly, mutations in genes encoding other components of the spliceosome have been
linked to craniofacial disorders. They include mutations in EFTUD2 (Lines et al., 2012),
SNRPB (Lynch et al., 2014) and TXNL4A (Wieczorek et al, 2014), which cause related but
distinct syndromes known as MFD with microcephaly (OMIM #610536), cerebro-costo-
mandibular syndrome (OMIM #117650), and Burn-McKeown syndrome (OMIM #608572)
respectively, suggesting that spliceosomopathies may underlie the etiology of some forms of
MFD (Lehalle et al., 2015).

Zebrafish mutants carrying a mutation in another component of the SF3B complex, Sf3b1,
have defects in several neural crest lineages, including cranial neural crest derivatives (An
and Henion, 2012). Moreover, this study reported that the pre-mRNA processing of two
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neural crest transcriptional regulators, snailb and sox9b, was disrupted in these mutant
embryos (An and Henion, 2012), indicating that interference with the function of the SF3B
complex can affect the pre-mRNA splicing of neural crest-specific transcripts. Interestingly,
snail2 and sox9 pre-mRNA processing was not significantly affected in Sf3b4-depleted
Xenopus embryaos, suggesting that loss of Sf3b4 may affect a different subset of targets,
however the basis for this difference remains unclear. sox10 transcripts were largely
undetectable in morphant embryos, raising the possibility that aberrant transcripts may have
been targeted for nonsense-mediated MRNA decay (Chang et al., 2007). Alternatively,
factors acting upstream of Sox10 may represent the true targets of Sf3b4 splicing activity.
Evaluating the global impact of Sf3b4 knockdown on pre-mRNA processing by comparing
transcripts from wild type and Sf3b4-depleted embryos using RNA-Seq will provide
important information regarding the potential targets of Sf3b4 splicing activity. The mRNA
processing of factors involved in neural crest induction, pluripotency, proliferation, and/or
survival are potential candidate target genes.

Several years ago, Sf3b4 was isolated in a yeast two-hybrid screen as a factor that interacts
with the intracellular domain of BMPR-IA (Nishanian and Waldman, 2004; Watanabe et al.,
2007). In tissue culture, overexpression of Sf3b4 was shown to inhibit BMP2-mediated
osteogenic and chondrocytic differentiation (Watanabe et al., 2007). While no follow up
studies have confirmed or expanded these observations, the possibility remains that SF3B4
may cause Nager syndrome through a mechanism that involves regulation of BMP-mediated
osteochondral differentiation, in addition to its role in pre-mRNA processing. In the mouse,
BMP pathway loss- or gain-of-function in the neural crest lineage result in an undersized
first pharyngeal arch and truncated skeletal elements, indicating that BMP signaling levels
are essential in the control of craniofacial development (Bonilla-Claudio et al., 2012).
Similarly, BMP signaling is essential for limb development and chondrogenesis (Pignatti et
al., 2014). BMP signaling is also an essential regulator of cell fate decisions in the
embryonic ectoderm, where high and low levels of BMP signaling promote epidermis and
neural plate fate, respectively, while intermediate levels of BMP signaling are required for
neural crest formation (Stuhlmiller and Garcia-Castro, 2012; Bae and Saint-Jeannet, 2014).
While this non-canonical activity of Sf3b4 in the regulation of BMP signaling has been
proposed as a potential disease mechanism in Nager syndrome patients, we were unable to
identify a link between Sf3b4 and BMP signaling in our system.

Mouse models of Treacher Collins syndrome indicates that this condition is caused by an
early depletion of neural crest progenitors through a mechanism that involves increased
apoptosis and reduced proliferation (Dixon et al., 2006; Jones and et al., 2008). In our model
of Nager syndrome, the reduction in neural crest genes expression in Sf3b4-depleted
embryos is associated with an increase in the rate of apoptosis in the ectoderm, without any
reduction in the proliferative capacity of these cells, suggesting that MFD in both conditions
share a common mechanism.

MFD is a condition involving defects in structures derived from the first and second
pharyngeal arches. The craniofacial defects observed in Sf3b4-depleted embryos were not
exclusively restricted to derivatives of the first and second pharyngeal arches, since the
branchial cartilages which arise from the third and fourth arches were also affected at a
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similar frequency, suggesting that in Xenopus interference with Sf3b4 function may affect a
broader range of cranial neural crest derivatives. However, a number of Nager syndrome
patients also exhibit ventricular septal defects or tetralogy of Fallot (Bernier et al., 2012;
Czeschik et al., 2013; Petit et al., 2014), two conditions often associated with abnormal
cardiac neural crest development (Hutson and Kirby, 2007; Chin et al., 2012), a segment of
neural crest cells that migrate through the third and fourth pharyngeal arches in mammals.

In conclusion, our observations provide an important link between the craniofacial defects
seen in Nager syndrome patients and neural crest progenitors formation, and establish
Sf3b4-depleted Xenopus embryos as a powerful model to analyze the pathogenesis of Nager
syndrome. Future studies will determine the precise mechanisms underlying the root cause
of Nager type MFD, and identify the targets of SF3B4.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Highlights
Xenopus is a powerful model for studying craniofacial development and disease.
Nager syndrome is a human craniofacial disorder due to mutations in SF3B4.
Sf3b4-depleted Xenopus embryos have reduced neural crest genes expression.

Sf3b4-depleted tadpoles phenocopy aspects of the human craniofacial defects.
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Figure 1.
Sequence and structure comparison of Xenopus and Human SF3B4. The predicted amino

acid sequences from Xenopus laevis and human, SF3B4 were aligned using ClustalW. The
two RNA recognition motifs (RRM) are underlined.
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Figure 2.

Developmental expression of sf3b4. (A) RT-PCR analysis of sf3b4 developmental
expression. The embryonic stages (St.) are according to Nieuwkoop and Faber (1967).
Ornithine decarboxylase (odc) is shown as a loading control. (B) By whole-mount in situ
hybridization sf3b4 is enriched dorsally at neurula stage (stage 13 and 15). At tailbud stage
(stage 25 and 28) sf3b4 is detected in the branchial arches and the developing eyes. Dorsal
views (d), anterior to top. Anterior views (a), dorsal to top. Lateral view, anterior to right,
dorsal to top (stage 25 and 28).
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Figure 3.
Sf3b4MO, a translation blocking morpholino prevents snail2, sox10 and twist expression.

(A) Design of the translation blocking morpholino antisense oligonucleotide. Sf3b4MO (red
bar) targets the ATG start site of Xenopus Sf3b4 mRNA. (B) Western blot using lysates from
embryos injected with XSf3b4 mRNA alone or in combination with Sf3b4MO, shows that
Sf3b4MO blocks SF3B4 protein accumulation in vivo. a-tubulin is shown as a loading
control. (C) Snail2 expression is reduced in Sf3b4MO-injected (40 ng) embryos (arrows).
Dorsal views, anterior to top. The injected side (arrows) is indicated by the lineage tracer
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(Red-Gal). (D) The graph is a quantification of the results from three independent
experiments. The number of embryos analyzed (n) is indicated on the top of the bar. (E)
Gene expression analysis (qPCR) of control (U) and Sf3b4MO-injected embryos. Values are
normalized to efla and presented as mean + s.e.m.; (*) p < 0.002 (Student’s t-test), from
five independent samples.
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Figure 4.
Sf3b4MO?2, a splice blocking morpholino interferes with neural crest formation. (A) The

PCR primers to analyze sf3b4 pre-mRNA splicing are indicated (green arrows). The splice
blocking morpholino (Sf3b4MO2) targets intron2/exon3 junction (red bar). (B) In
Sf3b4MO2-injected embryos a shorter Sf3b4 transcript is detected (red arrow) due to loss of
exon 3. (C) At neurula stage the expression of snail2 and sox10 is reduced (arrows) in
Sf3b4MO2-injected embryos (30 ng), while sox2 expression is broadened (brackets). Dorsal
views, anterior to top. The injected side (right) is indicated by the lineage tracer (Red-Gal).
(D) The graph is a quantification of the results from four independent experiments. The
number of embryos analyzed (n) is indicated on the top of each bar. (E) At tailbud stage
tfap2a and sox10 expression is reduced in the pharyngeal arches (brackets). Lateral views.
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Figure 5.
Sf3b4 depletion results in increased cell-death in the ectoderm. (A) In situ hybridization of

Sf3b4MO2-injected embryos (30 ng) at stage 15 showing loss of sox10 expression on the
injected side (upper panels). Sf3b4MO2 injection significantly increases the number of
TUNEL-positive cells (middle panels). Sf3b4MO2 injection does not affect the levels of cell
proliferation as visualized by phospho-histone H3 (pHH3) immunostaining (lower panels).
Dorsal views, anterior to top. The injected side (right) is indicated by the lineage tracer
(Red-Gal; arrows). (B-C) Graph illustrating the quantification of the number of TUNEL-
positive (B) and pHH3-positive (C) cells on the control (Cont) and injected sides in embryos
that received unilateral injection of Sf3b4MO2 (20 ng or 30 ng as indicated). The number of
embryos analyzed (n=) is indicated on the top of each graph. Values are presented as mean +
s.e.m.; (*) p-value <0.0001 (Student’s t-test).
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Figure 6.
Loss of Sox10 expression in Sf3b4-depleted embryos is rescued by human SF3B4. (A)

Distribution of the 18 unique mutations in SF3B4 gene (*) that cause Nager syndrome
(Bernier et al., 2012). Using site directed mutagenesis we generated two constructs that
duplicate the human frameshift mutation in exon 2 (c.88delT) and a nonsense mutation in
exon3 (¢.625C>T). Domain structure of SF3B4/SAP49 (blue boxes) is indicated with the
position of the RRMs (green boxes). The predicted translational effect of the two SF3B4
mutations used in this study is shown. The red bar indicates altered amino acid sequence.
Modified from Bernier et al., (2012). (B) Western blot using lysate from embryos injected
with 2 ng of Xsf3b4, HSF3B4, 88delT or 625C>T mRNAs. a-tubulin is shown as a loading
control. 88delT mRNA is expected to generate a short product (~4.0 kDa) not recognized by
Sf3b4 antibody. (C) Wild-type (WT) HSF3B4 restore sox10 expression in Sf3b4-depleted
embryos, while the mutated mRNAs are unable to do so. Dorsal views, anterior to top. The
injected side (right) is indicated by the lineage tracer (Red-Gal). (D) The graph is a
quantification of the results from four independent experiments. The number of embryos
analyzed (n) is indicated on the top of each bar. (E) Injections of Xsf3b4, HSF3B4 mRNAs
and its mutated versions had no effect on sox10 expression. Dorsal views, anterior to top.
The injected side (right) is indicated by the lineage tracer (Red-Gal). (F) The graph is a

Dev Biol. Author manuscript; available in PMC 2017 July 15.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

Devotta et al.

Page 24

guantification of the results. The number of embryos analyzed (n) is indicated on the top of
each bar.
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Long-term consequences of Sf3b4 depletion on craniofacial structures formation. (A)
Migration and contribution of the neural crest to cranial skeletal elements. The mandibular
neural crest segment (1; yellow) contributes to Meckel’s (M), palatoquadrate (Q), and
subocular (So) cartilages; the hyoid neural crest segment (2; blue) contributes to the
ceratohyal (C) cartilages; the anterior (3; purple) and posterior (4; red) branchial neural crest
segments contribute to the cartilages of the gills (G). Modified from Sadaghiani and
Thiebaud (1987) and Balzinger et al., (2005). (B) By in situ hybridization Sox9 is detected
in the four streams of neural crest cells migrating towards the pharyngeal arches, the
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mandibular (ma), hyoid (hy), anterior branchial (ab) and posterior branchial (pb) segments.
Lateral view, anterior to left. ey: eye; ov: otic vesicle. Modified from Lee and Saint-Jeannet,
(2011). (C) Alcian blue-stained craniofacial skeletal elements from a stage 45 tadpole.
Modified from O’Donnell et al., (2006). (D) At neurula stage the expression of sox10 is
reduced in Sf3b4MO2-injected embryos. Dorsal views, anterior to top. The injected side
(right) is indicated by the lineage tracer (Red-Gal). (E) The graph is a quantification of the
results from seven independent experiments. The number of embryos analyzed (n) is
indicated on the top of each bar. (F) Gross morphology of Sf3b4MO2 (5 ng) and CoMO (10
ng)-injected tadpoles. Dorsal views, anterior to top. (G) The graph is a quantification of the
results from four independent experiments. The number of tadpoles analyzed (n) is indicated
on the top of each bar. (*) Embryos injected with 10 ng Sf3b4MO?2 did not survive to the
tadpole stage. (H) Examples of flat-mounts of Alcian blue-stained skeletal elements from
stage 45 tadpoles injected with Sf3b4MO2 (2 ng). Similar phenotypes were observed with 5
ng Sf3b4MO2. Injected side is on the right. (1) The graph is a quantification of the results
from three independent experiments. The size of Meckel’s, ceratohyal and branchial
cartilages of affected tadpoles was measured and compared to the same cartilage on the
contralateral side to define the percentage reduction. Error bars indicate mean + s.e.m.
Sf3b4MO2 (2 ng), n=69 and Sf3b4MO2 (5 ng), n=38.
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Figure 8.

Non-canonical function of Sf3b4 in BMP signaling. (A) At neurula stage the expression of
msx1 is unaffected in Sf3b4MO2-injected embryos (arrows), while sox10 expression is
reduced in sibling embryos. Dorsal views, anterior to top. The injected side (right) is
indicated by the lineage tracer (Red-Gal). (B) The graph is a quantification of the results
from three independent experiments. The number of embryos analyzed (n) is indicated on
the top of each bar. (C) Western blot using lysate from embryos injected bilaterally with
HSF3B4 mRNA (1 ng) or Sf3B4MO2 (10 ng) alone or in combination with BMP4 mRNA
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(1 ng) to analyze the levels of phosphorylated and unphosphorylated Smad1/5/8 at stage 10.
HSF3B4 and Sf3B4MO2 have no impact on BMP4-mediated Smad1/5/8 phosphorylation
(p-Smad1/5/8) and do not affect the levels of unphosphorylated Smad1/5/8. (D) By in situ
hybridization, sox2 expression in animal explants neuralized by the BMP antagonist Noggin
is unaffected by injection of Xsf3b4 or HSF3B4 mRNA (1 ng each).
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