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Abstract
Moebius syndrome (MBS) is a congenital disorder caused by paralysis of the facial and abducens
nerves. While a number of candidate genes have been suspected, so far only mutations in
PLXND1 and REV3L are confirmed to cause MBS. Here, we fine mapped the breakpoints of a
complex chromosomal rearrangement (CCR) 46,XY,t(7;8;11;13) in a patient with MBS, which
revealed 41 clustered breakpoints with typical hallmarks of chromothripsis. Among 12 truncated
protein-coding genes, SEMA3A is known to bind to the MBS-associated PLXND1. Intriguingly,
the CCR also truncated PIK3CG, which in silico interacts with REVL3 encoded by the other
known MBS-gene REV3L, and with the SEMA3A/PLXND1 complex via FLT1. Additional
studies of other complex rearrangements may reveal whether the multiple breakpoints in germline
chromothripsis may predispose to complex multigenic disorders.
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Moebius syndrome (MBS; MIM#157900) is a congenital disorder with malformations of
orofacial structures and the limbs, largely caused by unilateral or bilateral paralysis of the
facial and abducens nerves (Kadakia et al., 2015). MBS is characterized by patients’
masklike facial expression caused by their inability to smile, frown or raise an eyebrow,
which may lead to emotional or social adjustment issues (Broussard & Borazjani, 2008).
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The aetiology of MBS is not fully understood, however, genetic defects, abnormal vascular
supply during embryogenesis and environmental toxic factors leading to abnormal brainstem
development have been considered to be involved (D’Cruz et al., 1993; Kadakia et al., 2015;
Verzijl et al., 2003). A genetic aetiology for MBS was suggested by several familiar cases
with MBS, where both autosomal dominant (Kremer et al., 1996; Ziter et al., 1977) and
recessive (Donahue et al., 1993) modes of inheritance have been described. Linkage analysis
and chromosomal abnormalities have provided evidence for specific loci at 1p22; 3q21-q22;
10q21.3-q22.1 and 13q12.2–13, where several candidate genes have been proposed due to
functional relevance (Supp. Table S1) (Kadakia et al., 2015). Sequencing studies have so far
not identified mutations in specific genes at these loci (Uzumcu et al., 2009; B van der
Zwaag et al., 2002; Bert van der Zwaag et al., 2004), but a recent study of 103 MBS patients
revealed mutations in the genes PLXND1 (MIM# 604282) and REV3L (MIM# 602776)
(Tomas-Roca et al., 2015). In addition, mutations in TUBB3 (MIM# 602661) have been
identified in two patients with overlapping MBS symptoms (Nakamura et al.,, 2018; Patel et
al., 2017).
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Here, using next generation mate-pair sequencing, we provide detailed genomic mapping
and characterization of the breakpoint-junctions (BPJs) of a previously reported complex
chromosomal rearrangement (CCR), 46,XY,t(7;8;11;13), (Borck et al., 2001). At that time,
nine breakpoints were suggested: four located on 7q21.1–7q36; two on 8q21.3; two on
11p14.3 and one on 13q21.2. In the original chromosome analysis in 1976, no report of
parental mosacisim was noted. Therefore, we concluded that this CCR is a de novo event.
The patient had typical symptoms of MBS, such as micrognathia and congenital paresis of
the facial muscles resulting in sucking and swallowing difficulties. In addition,
gynecomastia was noted in the clinical description but it is unknown whether he had
micropenis, delayed puberty, hypo-/anosmia or other manifestations related to
hypogonadotropic hypogonadism. He had severe intellectual disability with limited
language. Hearing loss was noticed from the age of 50 years. He died 54 years old. The
patient’s parents and two siblings were healthy. The study has been approved by the Danish
Data Protection Agency (2012–54-0053) and written consent was obtained from the brother
of the patient. Mate-pair libraries were prepared using Nextera mate-pair kit following the
manufacturers’ instructions (Illumina, San Diego, CA, USA) and. the final library was
subjected to 2x100 bases paired-end sequencing on an Illumina HiSeq2500 sequencing
platform. FASTQ files were aligned to GRCh37 (hg19) using BWA-mem (Li, 2013). Only
SVs with at least five confirming read-pairs were considered. Sample-specific SVs were
identified by filtering the predicted SVs against DGV (Database of Genomic Variants, http://
dgv.tcag.ca/dgv/app/home) and against an in-house database. The BPs indicated by MPS
analysis were further validated by PCR and Sanger sequencing using standard procedures
(primers and PCR conditions are provided in Supp Table S3) (Nazaryan et al., 2014). The
BPJ sequences were split up at the breakpoint and aligned to genomic DNA of the
Hum Mutat. Author manuscript; available in PMC 2020 August 01.
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breakpoint region to visualize indels, microhomology, insertions and repeat elements within
the breakpoint.
We used these molecular signatures at the BPJs to infer to the underlying mutational and
repair mechanisms, e.g. non-homologous end-joining (NHEJ) (Lieber, 2010);
microhomology-mediated end-joining (MMEJ) (McVey & Lee, 2008). The inserted L1M2
element at the BPJ 7–15_7–13 was checked for a possible underlying retrotransposition
mechanism (Nazaryan-Petersen et al., 2016)..
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The identified truncated protein coding genes and topological associated domains (TADs)
(Dixon et al., 2012; Rao et al., 2014) defined for human IMR90 fibroblasts (Supp. Table S2)
at the breakpoints were analyzed for possible overlaps with known and candidate MBS
genes (Supp. Table S1). The fused truncated genes with the same transcriptional orientation
were evaluated in silico for the presence of open reading frames using the ExPASy Translate
tool (http://www.expasy.org). We also performed in silico protein-protein interaction (PPI)
analysis of the truncated genes/TADs and known and candidate MBS genes from the
literature (Supp. Table S1) by using the STRING online database (Szklarczyk et al., 2017;
https://string-db.org/) with a minimum required interaction score of 0.400.
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By mate-pair sequencing, we identified 41 breakpoints in total (Supp. Figure S1A, Supp.
Table S4). As seen on the circos plot (Supp. Figure S1C), the breakpoints are clustered
within relatively small genomic regions, involving only single chromosomal arms (7q; 8q
and 11p), typical of chromothripsis. No major imbalances were detected using the depth of
coverage of the mate-pair reads. Intra- and interchromosomal structural variants were
indicated by 41 BPJs, including 15 translocations, 11 inversions, 7 duplication-type and 8
deletion-type of rearrangements (Supp. Figure S1A, S1C, Supp. Table S5), which have been
reported to the Database of Genomic Structural Variation (dbVAR, accession number:
nstd161, https://www.ncbi.nlm.nih.gov/dbvar/studies/nstd161/). Based on our NGS data, we
paired the chromosomal fragments together by order and orientation to establish the
derivative chromosomes (Supp. Figure S1B). At the mate-pair sequencing level the size of
the identified fragments varied from ~2.9 kb to ~23.3 Mb. We confirmed 39 of the 41 BPJs
(95.1%) by PCR and Sanger sequencing, which also revealed an additional small DNA
fragment (135bp in size) that was deleted between the breakpoints 7–8/7–9 (chr7:92912944–
92913075) and inserted into BPJ 7–4_7–11. The sequences of the 39 BPJs at nucleotide
resolution revealed the following features: microhomology (2–7 bp) at 20 BPJs; short
templated (8–68 bp) and non-templated (1–26 bp) insertions at eight BPJs and inserted
truncated repeat-elements (46 bp from a simple AT-reach repeat; and 22 bp from a L1M2
repeat) at two BPJs (Supp. Information S1; Supp. Table S5). Furthermore, we observed short
deletions (1–877 bp) at 12 breakpoints; short duplications (1–21 bp) at 18 and blunt ends at
6 breakpoints (Supp. Table S4).
The molecular signatures of the breakpoints and the BPJs support replication-independent
NHEJ and/or MMEJ as possible underlying mechanisms involved in the repair process
(Supp. Table S5), typical of chromothripsis (Nazaryan-Petersen & Tommerup, 2016).
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Notably, we identified 22 bp insertion annotated as L1M2 sequence into BPJ 7–15_7–13
(Figure 1). As we have previously reported that the L1 retrotransposon endonuclease (L1EN) might mediate trans insertions of other repeats at the BPJs in chromothripsis due to the
presence of potential L1-EN cleavage sites at the breakpoints (Nazaryan-Petersen et al.,
2016), we investigated whether this represented a similar scenario. Several short motifs were
present and shared across all three donor fragments (7–15, 7–13, locus for the L1M2
sequence) (Figure 1A), including a set of inverted repeats spanning either the 5’- (7–15,
L1M2 seq.) or 3’- (7–13) of the donor breakpoint junction. Secondly, stretches of three
guanines immediately adjacent to the BP-region 7–15/7–16, L1M2 (BP-region 7–19/7–20),
and BP-region 7–12/7–13 were identified. A three guanine nucleotide stretch was identified
almost equally spaced between the breaks between the ends of 7–15 and L1M2, which were
not joined, within a stretch of microhomology (5’-AGGG-3’). Lastly, a sequence motif
resembling the L1 retrotransposon endonuclease consensus cleavage site (5’-YYYY/RR-3,
Y-pyrimidine, R-purine) is present on the top-strand of the BP-region 7–12/7–13 and a
potentially weaker L1 cut site on the bottom strand (Hancks & Kazazian, 2016). We
postulate that the donor fragments were positioned and maintained in place potentially due
to microhomologies involving G-C basepairing (Figure 1C). Subsequently, a cascade
triggered by hairpin formation of IRs on specific strands resulted in fragile sites susceptible
to DNA-damaging agents, which may have included L1 ORF2 EN, and breathing strands that formed a G-quadruplex to stabilize and promote the derived configuration.
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The breakpoints truncated 12 protein-coding genes and three highly conserved TADs (Dixon
et al., 2012) as candidate regulatory domains for developmental (evo-devo) genes (Supp.
Table S2, Supp. Figure S1C). At four BPJs, the truncated genes were joined together in the
same orientation (Supp. Table S5), however no potential fusion protein is predicted (Supp.
Information. S2). In silico PPI analysis of the truncated genes/TADs involved in the CCR
(Supp. Table S1) and the published known and candidate MBS genes (Supp. Table S2)
revealed 4 truncated genes, including SEMA3A (sema domain, immunoglobulin domain
(Ig), short basic domain, secreted, semaphorin 3A; MIM# 603961), SEMA3D (sema
domain, immunoglobulin domain (Ig), short basic domain, secreted, semaphorin 3D; MIM#
609907), PIK3CG (phosphatidylinositol-4,5-bisphosphate 3-kinase, catalytic subunit
gamma; MIM# 601232) and UBR5 (ubiquitin protein ligase E3 component n-recognin 5;
MIM# 608413), as well as one TAD harboring FZD1 (frizzled family receptor 1; MIM#
603408), that form an interactive cluster with the two known MBS-associated genes
PLXND1 and REV3L; TUBB3; and six suggested candidate genes (PLXNA1; MIM#
601055, FLT1; MIM# 165070, FGF9; MIM# 600921, KIF21A; MIM# 608283, GATA2;
MIM# 137295 and SOX14; MIM# 604747), based on experiments, co-expression, curated
databases and “text-mining” (Figure 2). Based on this interactive cluster, we performed
literature review to better understand the functional link between known and candidate MBS
genes and the genes truncated by the present CCR.
While functional interactions between the different classes of plexins and semaphorins are
well established, and although PLXNA1 and PLXND1 have been suggested to be attractive
candidate genes for MBS for many years (Kremer et al., 1996), and mutations in PLXND1
in MBS patients have been reported recently (Tomas-Roca et al., 2015), semaphorins have
not been considered as candidates for MBS until now. Plexins and neuropilins are the
Hum Mutat. Author manuscript; available in PMC 2020 August 01.
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primary semaphorin receptors, which through signal transduction play important roles in
repulsive axon guidance to direct neuronal axons to their appropriate targets (Takamatsu &
Kumanogoh, 2012). Consistently, Sema3A is required for the development of the facial
nerve in the mouse (Schwarz et al., 2008). In addition, studies of chick and mouse embryos
have demonstrated that Sema3a is highly expressed in endothelial cells of blood vessels and
that Sema3a null mice show vascular defects, suggesting that Sema3a is involved in
angiogenesis (Serini et al., 2003). Notably, abnormal vascular supply during embryogenesis
has been proposed as a possible cause for MBS (D’Cruz et al., 1993; Kadakia et al., 2015).
Moreover, heterozygous mutations in SEMA3A have been associated with Kallmann
syndrome (hypogonadotropic hypogonadism 16 with or without anosmia; MIM# 614897)
(Hanchate et al., 2012), which may occasionally co-appear with MBS (Lopez de Lara et al.,
2008; Rubinstein et al., 1975). However, as in some patients SEMA3A mutations coincided
with mutations in other known Kallmann syndrome genes, Hanchate et al. suggested that the
monoallelic mutations in SEMA3A contribute to the pathogenesis of Kallmann syndrome
(Hanchate et al., 2012) rather than initiate the disease. To our knowledge, the patient studied
here did not have hypogonadism or olfactory defects, indicating that other genes involved in
Kallmann syndrome might be intact. Thus, we posit that truncation of SEMA3A in our
patient is the most likely reason for the MBS features, and that SEMA3A screening of MBS
patients (especially those associated with Kallmann syndrome) is highly warranted. In
addition, truncation of SEMA3D might also have an additive effect in developing MBS in
our patient, as Sema3D is reported to play a role in inducing the collapse and paralysis of
neuronal growth cones which could potentially act as repulsive cues toward specific
neuronal populations, as demonstrated in zebrafish (Liu & Halloran, 2005). Moreover, as
SEMA3E is located ~300 kb proximal to SEMA3A within a large TAD in IMR90 cells that
harbor SEMA3A, SEMA3D and SEMA3E (Rao et al., 2014; http://promoter.bx.psu.edu/hic/index.html) (Supp. Figure S2), we suggest that long-range dysregulation of SEMA3E
could also impact on MBS phenotype, We further noticed that two of the truncated genes,
SEMA3A and PIK3CG, encode proteins that are functionally linked together via FLT1
(Figure 2), which has been proposed as a candidate MBS locus (Slee et al., 1991). FLT1
encodes a tyrosine-protein kinase that acts as a cell-surface receptor for VEGF (vascular
endothelial growth factor), and plays an essential role in the development of embryonic
vasculature and angiogenesis. Also, VEGF is activated upon binding with Flt1 receptors
inducing the migration of brain microvascular endothelial cells in the rat via a pathway,
where PI3K is involved (Radisavljevic et al., 2000). Semaphorin 3A may attract tumor
associated macrophages via PlexinA1/PlexinA4 and Neuropilin-1 holoreceptor followed by
Flt1 activation, leading to immunosuppression and angiogenesis in mouse tumor models
(Casazza et al., 2013). Furthermore, the truncated UBR5 encodes an evolutionary conserved
interactor of PI3K (Breitkopf et al., 2016) which has been implicated in various aspects of
vessel formation. Finally, the in silico PPI indicates an association between PIK3CG and
REV3L (Hirano & Sugimoto, 2006), which has been established to play a role in MBS
(Tomas-Roca et al., 2015).
While intellectual disability has been described in association with MBS, a clinical study of
a Dutch MBS cohort reported that most likely this is not true, as MBS patients are unable to
express their emotions via facial expression and may have severe lack of speech, giving a
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false impression of intellectual disability (Verzijl et al., 2005). Therefore, we hypothesize
that the presence of intellectual disability in our patient is likely a result of another truncated
gene(s) playing a role in brain development, e.g. NRCAM (neuronal cell adhesion molecule,
MIM# 601581) (Demyanenko et al., 2014) and CNTNAP2 (contactin associated protein-like
2; MIM# 604569) (Smogavec et al., 2016).
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In conclusion, de novo mutations in PLXND1 and REV3L have been found in only a small
fraction of MBS patients (Tomas-Roca et al., 2015) indicating that additional genes might
play a role. Several genes (SEMA3A, SEMA3D, PIK3CG and UBR5) truncated by the
present chromothripsis breakpoints may actually link together PLXND1 and REV3L (Figure
2), which were considered to represent independent pathways involved in hindbrain
development (Tomas-Roca et al., 2015). Our findings suggest that the simultaneous
truncation of several interactors of the known MBS-genes by the multiple breakpoints of a
germline chromothripsis may result in a complex multigenic disorder. Whether this is
facilitated by a propensity for functional related loci to be in closer proximity when the
damage occurred, e.g. via “chromosome kissing” (Cavalli, 2007), or it reflects the selection
we make by focusing on a specific phenotype, is unknown. Specifically, our study implies
that the screening for single or additive variants within the semaphorin-plexin pathway
should be attempted in the MBS cohorts. At a general level, it suggests that the truncated
loci in other cases of CCRs should be analysed in the context of functional interactions.
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Figure 1. Analysis and model for BPJ_7–15/7–13.
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A) Sequences from BPJ of derived fragment (top) and donating fragments are shown.
Donating fragments are highlighted: fragment 7–15 (orange), 22nt L1M2 insertion (green),
and fragment 7–13 (turquoise). Sequence motifs with propensity to form secondary
structures are labeled: “G” stretches (red text), “G” stretches proposed to be involved in Gquadruplex formation (G4, gray), and inverted repeats (blue arrows, above or below strand
hypothesized to form hairpin). Microhomology at BP-junctions potentially involved in
fragment matching and breakpoint resolution between adjacent fragments denoted by block
boxes. The 22bp inserted sequence at the BP-region 7–19/7–20 indicated by red box. B)
Model for chromothriptic intermediate at BPJ 7–15/7–13 prior to BPJ resolution. We
hypothesize that hairpins formed due to inverted repeats on specific strands spanning BP
regions generating fragile sites susceptible to DNA breakage. Donating fragments were
stabilized, in part, due to microhomology and the formation of a G-quadruplex (gray
parallelograms) involving all three fragments. Known BPs within predicted hairpin
structures (red arrows). Small black arrow indicates sequence resembling L1 endonuclease
consensus sequence. (…) serves to space fragments and facilitate presentation clarity. C)
Sequence at the BP 7–12/7–13 resembles known L1 retrotransposon endonuclease
consensus cleavage site. Y – pyrimidine, R- purine. nt – nucleotide G – guanine.
Directionality indicated by 5’- or 3’-. Not drawn to scale.
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Figure 2. In silico protein-protein interaction between truncated genes/TADs by the
chromothripsis breakpoints and known/candidate genes involved in Moebius syndrome.
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STRING online database (Szklarczyk et al., 2017) was used to analyze the association
between the truncated genes (blue), potential regulatory domains (light blue) (Supp. Table
S2), published known (black, grey) and candidate MBS genes (orange) (Supp. Table S1).
Candidate intellectual disability (ID) genes are yellow. Each node represents all the
alternative transcript-variants produced by single protein coding gene locus. Edges represent
protein-protein associations, which might indicate that the proteins contribute to a shared
function but not necessarily physically bind each other. Blue interactions are based on
curated databases; pink interactions are proved experimentally; yellow interactions indicate
that the proteins are co-mentioned in PubMed abstracts; and black interactions indicate that
the proteins are co-expressed.
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