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Abstract

RIPPLY2 is an essential part of the formation of somite patterning during embryo-

genesis and in establishment of rostro-caudal polarity. Here, we describe three indi-

viduals from two families with compound-heterozygous variants in RIPPLY2

(NM_001009994.2): c.238A > T, p.(Arg80*) and c.240-4 T > G, p.(?), in two 15 and

20-year-old sisters, and a homozygous nonsense variant, c.238A > T, p.(Arg80*), in

an 8 year old boy. All patients had multiple vertebral body malformations in the cer-

vical and thoracic region, small or absent rib involvement, myelopathies, and com-

mon clinical features of SCDO6 including scoliosis, mild facial asymmetry, spinal

spasticity and hemivertebrae. The nonsense variant can be classified as likely path-

ogenic based on the ACMG criteria while the splice variants must be classified as a

variant of unknown significance. With this report on two further families, we con-

firm RIPPLY2 as the gene for SCDO6 and broaden the phenotype by adding mye-

lopathy with or without spinal canal stenosis and spinal spasticity to the symptom

spectrum.
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1 | INTRODUCTION

To date, six subtypes of spondylocostal dysostosis syndromes

(SCDOs) have been described with pathogenic variants in one of

the Notch signaling pathway genes DLL3 (SCDO1), MESP2

(SCDO2), LFNG (SCDO3), HES7 (SCDO4), and TBX6 (SCDO5). The

sixth subtype, SCDO6, with multiple cervical malformations and

low or absent rib involvement due to bi-allelic RIPPLY2 variants

has been described in four studies.1-4 However, the causality is

still questioned and RIPPLY2 is not yet a valid OMIM gene

(#616566).

2 | RESULTS

2.1 | ETHICS STATEMENT

All analyses were performed in concordance with the provisions of

the German Gene Diagnostic Act and the General Data Protection
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Act for the German patient and by a CLIA-approved laboratory for the

US American patients.

2.2 | Clinical reports

Detailed clinical information can be found in Table 1.

2.3 | Family A Patient 1

We have clinically examined an 8-year-old boy (Figure 1(A); Table 1,

P10F7), firstborn to unrelated healthy parents of German ancestry.

Pregnancy was uneventful and the patient was born in the 41st

gestational week. Birth weight was 3565 g (Z = -0.38, 35 Percentile

[P]), length 53 cm (Z = −0.04, 48P).

Routine examinations revealed motor delay and a spastic para-

paresis of the legs with strong adductor spasticity and pes equinus as

well as flaccid paresis of the upper extremities at the age of 5 months.

The spasticity was distinct with a Gross Motor Function Classification

Score (GMFCS) grade IV up to the age of eight (Figure 1(D)).

Magnetic resonance imaging (MRI) of the brain and spine revealed

multiple vertebral body malformations of the cervical and thoracic spine

and a distinct cervico-thoracic scoliosis. Based on the classification sys-

tem of Samartzis et al. these vertebral changes can be categorized as a

Klippel-Feil Type I5 due to the fusion of C0 and C1 (Figure 1(A),(E)). In

general, there were low rotational components of the vertebral bodies in

the thoracic and lumbar spine classified as Grade I Nash andMoe.

F IGURE 1 Clinical findings and radiological findings. Patient 1 (8 years): (A) T2 space sagittal multiplanar reformation (MPR): progressive

signal enhancement in the myelon (3.5 mm width) at the level of C3 (white arrow). (D) spastic paraparesis of the legs with strong adductor
spasticity and pes equines, as well as a flaccid paresis of the upper extremities and disproportionally short stature (sitting height/height = 0.48,
Z < -2.5). (E) T2 space sagittal (3D), coronal MPR: two of the hemivertebral structures at the level of C4-C6 (white arrows) and a fusion disorder
of the cervical and thoracic region classified as Klippel Feil type 1. (F) X-ray: 11-pairs of ribs bilaterally with deformation of capitis and collae
costae; Patient 2 (20 years): (B) sagittal T2 MRI: severe spinal cord stenosis at the level C0/C1 (white arrow); Patient 3 (15 years): (C) sagittal T2
MRI revealed findings of Klippel-Feil type 3 syndrome including fusion of C1 to the occipital condyle (white arrow) and hypoplasia of the
vertebrae [Colour figure can be viewed at wileyonlinelibrary.com]
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The patient had an isolated, short spindle-like retraction of the

myelon with progressive hypersignals at the level of C3, even though

there was at no time spinal canal stenosis due to the cervical fusion

abnormalities (Figure 1A). The myelon presented unremarkably in

other segments except for a prominent filum terminale (2 mm). Brain

MRI was without pathological findings.

At last presentation, the boy was 8 years old and had disproportion-

ately short stature (sitting height [SH] of 55.5 cm, leg length [LL] of

58.9 cm, total height [H] of 114.4 cm [Z = −2.48] [SH/H = 0.48, Z <

−2.5]). Intellectual development was normal throughout.

2.4 | Family B

2.4.1 | Patient 2

A first-born girl (Table 1, P9F6) to unrelated healthy parents of a Cau-

casian family with an unremarkable family history was born after an

uneventful pregnancy in the 40th gestational week (birth weight

3700 g [Z = 0.54, 71P], birth length 50.8 cm [Z = −0.41, 34P]). Motor

developmental delay was observed by the age of 17 months. A MRI

noticed multiple levels of Klippel-Feil syndrome Type III5 with several,

continuously connected vertebral bodies and secondary chronic com-

pression of the upper cervical spinal cord (Figure 1(B)).

At last clinical presentation at the age of 20 years, the

patient's weight was 52.1 kg (Z = −0.7, 23 P) and total height mea-

sured 155 cm (Z = −1.2, 10P) with a 1.3 cm longer left leg. She had

limited range of motion at the shoulder, bilateral hip and torso

area. Neck rotation was only possible to a limited extent. More-

over, she showed signs of fatigue and pain during prolonged mus-

cular stress and had tremor in the left foot and a presumed spinal

spasticity.

2.4.2 | Patient 3

Patient 2's younger sister (P8F6) was born to an uneventful pregnancy

in the 37th gestational week. At the age of 17 months X-ray was pur-

sued due to the older sister's spinal anomalies and found to be abnor-

mal. The following MRI revealed findings of Klippel-Feil syndrome

Type III5 (Table 1, Figure 1(C)). At the age of 3 years, she underwent

surgery for instability in the cervical spine.

At her last assessment, she was 15 years old, weighed 65 kg

(Z = +0.92, 82P) and was 163 cm (Z = −0.31, 38P) tall. Except for lim-

ited cervical and thoracic rotation, no movement limitations were

observed.

3 | GENETIC FINDINGS

The sequencing of the exomes of all affected children and their par-

ents was performed according to the manufacturer's instructions, as

described in previous publications.6,7 After identification of candidate

variants, interaction via GeneMatcher8 lead to consolidating the fami-

lies. Identified variants were prioritized based on the plausibility of the

gene as described in previous publications.7

F IGURE 2 Overview of reported RIPPLY2 variants based on this study and the literature.1-4 Location and zygosity of reported bi-allelic
variants including an overview of the main symptoms presented by colored boxes [Colour figure can be viewed at wileyonlinelibrary.com]
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Whole Exome Sequencing (WES) revealed bi-allelic variants in

RIPPLY2 (NM_001009994.2) in all three patients. The homozygous

nonsense variant c.238A > T, p.(Arg80*) was identified in the affected

boy from family A. Both parents were heterozygous. The compound-

heterozygous variants c.238A > T, p.(Arg80*) and c.240-4 T > G, p.(?)

were identified in both affected siblings from family B. The mother

was heterozygous for the variant in c.238A > T, p.(Arg80*) and the

father for the variant in c.240-4 T > G in RIPPLY2. Taken together, we

classified the c.238A > T, p.(Arg80*) variant as likely pathogenic

(criteria for: PS3, PM4, PP4) and the c.240-4 T > G, p.(?) as a variant

of uncertain significance based on the ACMG criteria9 (criteria for:

PM3, PP1, PP3, PP4).

4 | DISCUSSION

RIPPLY2 seems to be an essential part of the formation of somite pat-

terning during embryogenesis and establishment of rostro-caudal

polarity as in embryogenesis it is expressed in presomitic mesoderm

during somite formation. Mice homozygous for a null allele of Ripply2

had multiple vertebral malformations including defects in the left–right axis

and were not viable10-12 and the loss of Ripply2 in animal models affects

the expression of Notch signaling pathway genes including Dll3, Mesp2, L-

fng, and Tbx6, which are also associated with SCDO.13,14

To our knowledge, only three variants in RIPPLY2 have been

described to date in four studies including seven patients1-4 (Figure 2).

We report the c.238A > T, p.(Arg80*) likely pathogenic variant

in RIPPLY2 in the homozygous state for the first time. This prema-

ture stop codon lays in a highly conserved region and has been

only reported in the European population with a minor allele fre-

quency (MAF) of 0.0026 and never homozygous.15 The functional

consequences of c.238A > T, p.(Arg80*) have been studied by

McInerney-Leo et al and revealed 50% reduction in reported tran-

scription level compared with control due to an altered efficiency

of its translation or instability itself. Moreover, this nonsense vari-

ant leads to the loss of 49 carboxy-terminal amino acids, which

includes the highly conserved RIPPLY homology domain required

for direct protein–protein interaction within the T-box domain

of TBX6.

In family B, the heterozygous variant c.240-4 T > G in RIPPLY2

is a highly conserved splice site variant. The presence of this vari-

ant in eight affected individuals and four times in trans with the

likely pathogenic c.238A > G, p.(Arg80*) variant is highly sugges-

tive of pathogenicity (Figure 2). Studies of mRNA by McInerey-Leo

et al.1 did not reveal a clear effect of the splice variant. However,

they discussed that given the embryonic expression of the gene,

effects in postnatal tissues are difficult to prove. Additionally, the

MAF of 0.0006624 in GnomAD15 of this splice variant led us to

classify the variant as a variant of unknown significance (VUS)

based on the ACMG criteria.9

Comparing the phenotypes of different patients with different

genotypes (homozygous nonsense variants, homozygous splice vari-

ants and compound heterozygous variants), we cannot find a clear

correlation. More clinical data is needed to establish a possible

phenotype–genotype correlation.

Abnormal vertebral segmentation and fusion in the cervico-

thoracic spine and several vertebral arch abnormalities were observed

in all patients in the first year of life (100%). The most common mal-

formations of the cervical spine are: absent or agenesis of the poste-

rior elements of the vertebrae (80%), Klippel-Feil syndrome (40%) and

hypoplasia or dysplasia of C1-3 (80%). Moreover, 80% of the individ-

uals have myelopathies (70% due to spinal cord stenosis, 10% idio-

pathic). In general, congenital fusion disorders are a predisposing

factor for degenerative cervical myelopathy, especially in patients

with fusions at C3-4 or above (Relative Risk = 3.3).16 SCDO6-related

Notch signal alteration might cause an effect either on

neurogenesis,17but the myelopathy in the individuals is mostly due to

secondary causes like spinal cord compression. Additional common

clinical features of SCDO6 include scoliosis (60%), facial asymmetry

(50%), spasticity (40%), hemivertebrae (40%) and rib involvement

(30%). More rarely cardiac abnormalities such as patent foramen ovale

(20%), dextrocardia (10%) and cardiac arrest (10%), abdominal anoma-

lies such as hernia (20%), situs inversus totalis (10%) and genitourinary

issues such as renal abnormalities (20%) were noticed (Table 1).

In conclusion, we reported the clinical features and the genetic con-

stellation of three individuals from two unrelated families with variants in

RIPPLY2. Since with this publication a total of 10 individuals from seven

families with variants in RIPPLY2 have been described, we suggest, that

spondylocostal dysostosis 6 can be confirmed as a valid disease and

should therefore be included in the genetic diagnostics of SDVs.
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