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Abstract

Arthrogryposis multiplex congenita forms a broad group of clinically and etiologically heterogeneous disorders characterized
by congenital joint contractures that involve at least two different parts of the body. Neurological and muscular disorders are
commonly underlying arthrogryposis. Here, we report five affected individuals from three independent families sharing an
overlapping phenotype with congenital contractures affecting shoulder, elbow, hand, hip, knee and foot as well as scolio-
sis, reduced palmar and plantar skin folds, microcephaly and facial dysmorphism. Using exome sequencing, we identified
homozygous truncating variants in FILIP] in all patients. FILIP1 is a regulator of filamin homeostasis required for the initia-
tion of cortical cell migration in the developing neocortex and essential for the differentiation process of cross-striated muscle
cells during myogenesis. In summary, our data indicate that bi-allelic truncating variants in FILIP] are causative of a novel
autosomal recessive disorder and expand the spectrum of genetic factors causative of arthrogryposis multiplex congenita.
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Introduction

Arthrogryposis multiplex congenita (AMC) refers to
a wide range of congenital conditions defined by joint
contractures in at least two body areas (Cachecho et al.
2019). The overall prevalence is estimated at about
1/3000-1/5000 (Lowry et al. 2010; Le Tanno et al. 2021)
and the underlying etiology mainly includes impairment in
muscle, central and peripheral nervous system, neuromus-
cular junction, connective tissue and metabolic pathways
as well as extrinsic factors such as uterine space limita-
tions, maternal diseases and drug intake (Hall 2014; Hall
et al. 2019). Reduced fetal movement is a common feature
in all conditions leading to connective tissue depositions
around the joints, disuse muscle atrophy and abnormal
joint surface all resulting in restricted joint movements
(Hall 2014). Additional clinical aspects include polyhy-
dramnios, intrauterine growth restriction, craniofacial
dysmorphism, pulmonary hypoplasia and skin anomalies
(Hall 2014; Le Tanno et al. 2021). Although more than
400 genes have been associated with arthrogryposis until
now, the molecular pathogenesis still remains unclear in
a large number of cases (Kiefer and Hall 2019). Gener-
ally, it is considered that genetic or environmental factors
that restrict or interfere with fetal movement may lead to
arthrogryposis. Genetic factors causing arthrogryposis
include genes involved in central and peripheral nervous
system development as well as genes associated with mus-
cular disorders and impaired development of connective
tissues (Hall et al. 2019). Genetic counseling and diagnos-
tics of AMC are further complicated by the fact that AMC
shows a broad range of intra- and interfamilial variability
regarding both, the position contractures take place as well
as severity of symptoms.

Filamin-A-interacting protein 1 (FILIP1) has first been
identified as a protein regulating the start of cortical cell
migration in the developing neocortex through filamin A
(FLNa) degradation. In this function, FILIP1 induces deg-
radation of FLNa and suppresses radial cell migration out
of the ventricular zone in neocortical neurons (Nagano
et al. 2002). FILIP1 and FLNa also have an influence on
cell polarity and motility in migrating neocortical neurons
(Nagano et al. 2004). Interestingly, expression of FILIPI
has not only been observed in the central nervous system,
but a robust gene expression has also been detected in
heart, skeletal and smooth muscle, suggesting that FILIP1
might also be involved in myogenesis (Nagano et al. 2002;
Sato and Nagano 2005).

Here, we report five affected children from three inde-
pendent families originating from Pakistan, Oman, and
India sharing multiple joints contractures, scoliosis,
reduced palmar and plantar skin folds, microcephaly
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and facial dysmorphism. In an exome sequencing (ES)
approach, we were able to show that all affected individu-
als carry homozygous truncating variants in FILIPI, pro-
viding evidence that bi-allelic loss of its protein function
leads to AMC in humans.

Materials and methods
Patients

All five affected individuals reported herein were born to
healthy, consanguineous parents and presented with an
overlapping arthrogryposis phenotype. We used the Gene-
Matcher (Sobreira et al. 2015) tool to connect the three
centers at the University Medical Center Gottingen (Got-
tingen, Germany), the Sultan Qaboos University Hospital
(Muscat, Oman) and the Kasturba Medical College (Mani-
pal, India), in which clinical examination of patients and/or
genetic analyses were performed. Written informed consent
for genetic diagnostics and for publication of clinical data
and genetic results was obtained from all subjects or their
legal representatives. The authors affirm that human research
participants provided informed consent for publication of the
images in Fig. 1la—c. The study was conducted in accordance
with the Declaration of Helsinki protocols and approved by
the local institutional ethics board (No 3/2/16, University
Medical Center Géttingen, Germany).

Genetics analysis

In family 1, we performed ES on genomic DNA extracted
from peripheral blood lymphocytes of the affected broth-
ers III.1 and II1.2. Exonic and adjacent intronic sequences
were enriched using the Agilent SureSelect Human All Exon
V6 enrichment kit and were run on an Illumina HiSeq4000
sequencer. Data analysis and filtering of mapped target
sequences were conducted by the exome and genome analy-
sis pipeline “Varbank 2.0” (https://varbank.ccg.uni-koeln.de/
varbank?2/) of the Cologne Center for Genomics (CCG, Uni-
versity of Cologne, Germany). We obtained a mean cover-
age of 58-63 reads, and 95.8-96.2% of targets were covered
more than 10x. Sanger sequencing was used to validate the
homozygous variant in the three affected brothers and the
heterozygous carrier state in both parents.

In family 2, ES of patient II1.3 was performed on genomic
DNA using the Agilent SureSelectXT Human All Exon
50 Mb enrichment kit on an Illumina HiSeq4000 sequencer.
ES data analysis and filtering of variants were carried out
by an in-house filter pipeline at the Genome Diagnostics
Nijmegen (Radboud University Medical Center, Nether-
lands). Variants were assessed for clinical phenotypic match
and according to the American College of Medical Genetics
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Fig. 1 Clinical presentation a
of patients with homozygous
FILIP] variants. a Individual
II1.2 of family 1 at 6 years
presenting with webbed neck,
camptodactyly, an operated

left club foot and an equinus
position of the right foot. b
Individual I11.3 of family 2 at

7 years presenting with triangu-
lar face, low anterior hairline,
downslanted palpebral fissures
and micrognathia as well as
camptodactyly, cutaneous
syndactyly of second and third
toes, ulnar deviation and club
feet. ¢ Individual II1.3 of family
3 at 28 days with tall forehead,
long philtrum, anteverted nares,
short neck, overlapping fingers
and rocker bottom foot

b
and Genomics (ACMG) guidelines (Richards et al. 2015).
Confirmation of the identified homozygous variant in the
affected individual and segregation analysis in both parents
and all siblings was performed by Sanger sequencing.

In family 3, we initiated trio-ES on genomic DNA
obtained from peripheral blood lymphocytes of the patient
III.3 and his parents. The exonic and flanking genomic
regions were captured using Agilent SureSelect Clini-
cal Research Exome V2 capture kit. Exome sequenc-
ing had an average coverage of 100 to 130X, and 95% of
bases covered at a minimum of 20 X with 90% sensitivity
(Girisha et al. 2019). Raw data were retrieved in FASTQ
format and aligned to GRCh38 assembly using Burrows-
Wheeler Aligner (v0.7.15) and the in-house pipeline based
on Genome Analysis Toolkit Best Practices. Copy number
variation (CNV) calling was performed on exome data using
c¢n.MOPS CNV calling tool (Klambauer et al. 2012). An
in-house CNV frequency dataset was used to annotate the
called CNVs. These CNVs were annotated for gene names,
OMIM phenotypes and HPO terms. The deletions were
manually inspected in IGV against 5 references (randomly
selected exomes from unaffected individuals sequenced from
the same capture kit). Poorly mapped reads were excluded
from IGV visualization (reads with mapping quality—
MAPQ—Iower than 30). The CNVs were classified as either
true or false calls. Quantitative PCR (qPCR) by compara-
tive quantification Ct (AACt) method (Livak and Schmitt-
gen 2001) was used for validation of results obtained from
exome sequencing data performed on genomic DNA of the
patient and his parents for the putative target region (exons 4,
5 of FILIPI and exon 2 of FILIP] for control) using Applied

Biosystems StepOne™ Real-Time PCR System, PowerUp
SYBR Green PCR Master Mix and StepOne Software v2.3

for data analysis. The relative exon copy number was calcu-

lated by the expression 2 x 2(744C,

Results
Clinical description

Family 1 is a consanguineous family with the 12-, 6- and
5-year-old brothers III.1, III.2 and II1.3 referred for medi-
cal evaluation due to multiple congenital joint contractures
(Fig. 2a, Table 1). Pregnancy history and birth parameters
were not available. Individual III.1 showed movement
restriction of shoulder, knee and ankle joints as well as
limitations in elbow flexion, internal hip and head rotation.
Additional clinical features included microcephaly, camp-
todactyly, scapular winging, scoliosis, pectus excavatum,
reduced palmar and plantar skin folds and translucent skin.
Due to finger contractures, surgery was performed. Motor
development was generally normal, but reduced fine motor
skills and poor active speech were observed. Spinal MRI
revealed a cleft formation in the anterior atlas arch. Facial
dysmorphism included long face, downslanted palpebral
fissures, bifid uvula, high narrow palate, micrognathia and
webbed neck. At the last follow-up at the age of 12 years,
his weight was 35.5 kg (— 1.0 SD), his length was 145 cm
(= 1.1 SD) and his head circumference was 51.8 cm (— 2.1
SD). Physical examination of individual II1.2 revealed lim-
itations in shoulder, elbow extension, hip, knee and head
rotation, camptodactyly and shortening of the entire dorsal
leg muscles with a left club foot and an equinus position
of the right foot. Club foot was operated on at the age of
5 years. Similarly to his affected brother I1I.1, he presented
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Fig.2 Pedigrees and genetic characteristics of individuals with con-
genital arthrogryposis and microcephaly carrying homozygous dis-
ease-causing variants in FILIPI. a Pedigrees of families 1-3 with
pathogenic FILIPI variants. Affected siblings (solid symbols) in each
family carry homozygous disease-causing variants in FILIPI while
non-affected parents and siblings (semi-solid symbols) are heterozy-
gous for identified FILIPI variants. b Chromatograms of the identi-
fied FILIP] variants in family 1 (F1: ¢.463G>T; p.Glul55%) and fam-
ily 2 (F2: ¢.2665C>T; p.Arg889%*) showing homozygosity in affected

with long face, downslanted palpebral fissures, bifid uvula,
high narrow palate, micrognathia, webbed neck, scapular
winging, scoliosis, reduced palmar and plantar skin folds
and translucent skin (Fig. 1a). Motor and speech develop-
ment were mildly delayed. Growth measurements at the
age of 6 years revealed a body weight of 22.0 kg (— 0.1
SD), a body length of 127 cm (1.4 SD) and a head circum-
ference of 51.0 cm (— 1.5 SD). Individual III.3 showed a
less severe phenotype than his brothers. He also presented
with movement restrictions mainly in shoulder and elbow,
whereas hip and knee are mildly affected. Additional
clinical characteristics included scoliosis, camptodactyly,
reduced palmar and plantar skin folds, translucent skin as
well as congenital renal hypoplasia of the left side. Motor
and speech development were mildly delayed. Craniofacial
features were similar to those of his brothers with long
face, downslanted palpebral fissures, mild micrognathia
and webbed neck. Cardiac investigations in all affected
brothers revealed no anomalies.

Family 2 is a consanguineous family from Oman. Indi-
vidual III.3 is a 7-year-old male and was born as the third
child to double cousin parents (Fig. 2a, Table 1). During
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mm Patient 111.3
Mother 11.2
= Father 1.1

Copy number state

Ex2 Ex4 Ex5

patients (Mut/Mut) and heterozygous carrier state in healthy parents
or siblings (WT/Mut). Localization of nonsense variants is indicated
in red. ¢ Copy number analysis by qPCR was used for segregation
analysis of a~86-kb homozygous deletion spanning FILIPI exons
3-6 in family 3 (F3: deletion of Ex3-6) which was initially detected
in exome sequencing data of the patient. gPCR for exons 4 and 5 con-
firmed homozygous deletion of this region in the patient and a het-
erozygous carrier state in his parents compared to exon 2, which was
used as reference

pregnancy, the mother noted decreased fetal movements,
otherwise pregnancy and delivery were unremarkable. His
birth weight was 2.9 kg (— 1.3 SD), his birth length 56 cm
(1.8 SD), and his head circumference 33 cm (— 1.8 SD).
Arthrogryposis affecting elbow, wrist, fingers and feet was
noted on both sides. In addition, he presented with muscu-
lar hypotonia, kyphoscoliosis, reduced palmar and plantar
skin folds as well as club feet. Facial dysmorphism included
facial hypotonia, triangular facies, low anterior hairline,
downslanted palpebral fissures and micrognathia (Fig. 1b).
During early childhood, he did not have any major develop-
mental delay apart from difficulties in using his hands. He
started sitting without support at the age of 10 months, walk-
ing without support at the age of 16 months and spoke his
first words at the age of 12 months. Stanford Binet IQ assess-
ment (Janzen et al. 2004) at the age of 5 years showed nor-
mal mental function. Electrocardiogram revealed a normal
sinus rhythm with normal interval and repolarization, while
echocardiography showed normal ejection fraction and mild
left ventricular dilation. Investigations of the patient includ-
ing routine blood investigations, CK levels, liver function
tests, brain imaging, and chromosomal microarray were
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Table 1 Clinical features of patients with disease-causing variants in FILIPI

Family Family 1 Family 1 Family 1 Family 2 Family 3
Pedigree ID .1 1.2 1113 113 1113
Gender Male Male Male Male Male
Geographic origin Pakistan Pakistan Pakistan Oman India
Consanguinity + + + + +
FILIP] variant (allin ¢c.463G>T c.463G>T c.463G>T c.2665C>T Deletion of exons
homozygous state) (p.Glul55%) (p-Glul55%) (p.Glul55%) (p-Arg889%) 3-6
Age at examination 12 years 6 years 5 years 7 years 11 months
Length 145 cm (- 1.1 SD) 127 ¢cm (1.4 SD) N/A 123 ¢cm (— 0.6 SD) 66 cm (— 3.2 SD)
Weight 35.5kg (- 1.0 SD) 22.0kg (— 0.1 SD) N/A 199 kg (- 1.7 SD) 6.7 kg (— 3.5 SD)
Head circumfer- 51.8 cm (— 2.1 SD) 51.0cm (- 1.5 SD) N/A 48.5 cm (— 3.2 SD) 42.5 cm (— 4.0 SD)
ence
Clinical characteristics
Shoulder contrac- + + + - _
tures
Elbow contrac- + + + + +
tures
Wrist contractures  + + + + -
Camptodactyly + + + + +
Overlapping - - - - +
fingers
Syndactyly - - - + -
Hip contractures + + + - -
Knee contractures + + + - +
Foot deformity - + - + +
(club or rocker
bottom foot)
Scoliosis + + + + -
Reduced palmar + + + + N/A
and plantar skin
folds
Translucent skin + + + - +
with prominent
veins
Facial dysmor- + + + + +

phism

Heart anomalies - —

N/A not available, SD standard deviations

within normal limits. Currently, his weight is 19.9 kg (— 1.7
SD), his length is 123 cm (— 0.6 SD) and his head circumfer-
ence is 48.5 cm (— 3.2 SD).

Family 3 is of Indian origin and the parents are consan-
guineous. Individual II1.3 is the third child of healthy parents
(Fig. 2a, Table 1). The mother’s previous pregnancy ended
in intrauterine fetal death and oligohydramnios. After an
uneventful pregnancy, the patient was born at term via lower
segment cesarean section. He had a birth weight of 2.3 kg
(— 2.3 SD). On day 3 of life, he was noticed to have icterus
with pale stools, dark yellow colored urine, and distended
gall bladder. On clinical examination at day 28 of life, his

body weight was 3.5 kg (— 1.2 SD), his length was 48 cm
(= 3.4 SD), his head circumference was 36 cm (— 1.2 SD).
He was evaluated again at 11 months of life when he had a
weight of 6.7 kg (— 3.5 SD), a length of 66 cm (— 3.2 SD)
and head circumference of 42.5 cm (— 4.0 SD). He attained
neck holding by 3 months of age, sitting without support
by 9 months of age, and walking without support by age
1 year 6 months with ability to climb five to six steps. He
was able to speak monosyllables by 9 months and bisyl-
lables by 10 months. At 1 year and 10 months of age, it
was noted that he can speak a few words but cannot form
full sentences. Moreover, he presented with microcephaly,
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Fig.3 Schematic representation
of the genomic (upper panel)
and protein structure (lower
panel) of FILIP1. Introns are

Ex1

F3: deletion Ex3-6

Ex2 Ex3 Ex4 Ex5 Ex6

shown by black horizontal line,
coding exons by black bars,
non-coding regions of exons

by grey bars (upper panel).
FILIP1 protein contains a
cortactin-binding protein-2
domain (CortBP2) and a central
structural maintenance of chro-
mosome (SMC) domain as well
as FLNa- and RhoD-binding
motifs (lower panel). Localiza-
tion of the identified nonsense
variants in families 1 and 2 (F1;
F2) and the deletion of exons
3-6 in family 3 (F3) is marked
in red on genomic (RefSeq
NM_015687.4) and protein

CortBP2

F1:c.463G>T,
p.Glu155*

F2: c.2665C>T;
p.Arg889*

1213 aa

SMC

level (RefSeq NP_056502.1)

F3: deletion Ex3-6

limited movement of wrist and elbow joints, and rocker
bottom feet due to which he has an impaired gait (Fig. 1c).
Facial features involve epicanthal folds, prominent nose with
a broad tip, anteverted nares, long and broad philtrum, short
columella, small mouth, and short and broad neck. In addi-
tion, prominent veins over abdomen and cholestatic jaundice
with scleral icterus were noted. Biochemical blood investiga-
tions revealed increased levels of total and direct bilirubin,
serum aspartate transaminase, serum alanine transaminase
and alkaline phosphatase as well as macrocytic anemia and
neutrophilic leukocytosis. Cardiac investigation including
electrocardiogram and echocardiography was normal.

Genetic results

In family 1, based on the parental consanguinity, we
focused on homozygous variants and filtered the ES data
of the two affected brothers III.1 and III.2 for variants
with coverage of more than 6 reads, a minimum quality
score of 10, an allele frequency >75%, a minor allele fre-
quency (MAF) < 1.0% in the gnomAD database (http://
gnomad.broadinstitute.org/), and not annotated in the in-
house WES datasets of the CCG. Using these filter crite-
ria, we identified only one homozygous truncating variant
shared by the bothers III.1 and III.2 that is predicted to
have a severe impact on protein function and to be most
likely deleterious. The variant, c.463G>T, is located in
exon 4 of the FILIPI gene (GenBank: NM_015687.4) and
induces the formation of a premature stop codon at the
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Coiled-caoll

FLNa-binding
RhoD-binding

amino acid position 155 (p.(Glul55%)) (Fig. 3). The vari-
ant is absent from gnomAD database and is classified as
pathogenic according to ACMG guidelines (Richards et al.
2015; criteria PVS1, PM2_sup, PM3_sup). In line with
the reported parental consanguinity, FILIPI is embedded
within a homozygous stretch of 56.5 Mb (located between
positions chr6:36,765,355 and chr6:93,257,601) in indi-
vidual III.1 and a homozygous stretch of 29.2 Mb (located
between positions chr6:49,969,544 and chr6:79,202,472)
in individual III.2. We confirmed the presence of the
homozygous variant in all three affected brothers III.1,
II1.2 and II1.3 as well as the heterozygous carrier status of
the parents by Sanger sequencing (Fig. 2b).

In family 2, after exclusion of pathogenic or likely patho-
genic variants in any of the known genes associated with
Mendelian-inherited disorders, ES data of patient II1.3 was
subsequently analyzed for novel putative causative variants.
This analysis revealed the homozygous variant c.2665C>T
in FILIPI that induces the formation of a premature stop
codon at the amino acid position 889 (p.(Arg889*)) in exon
5 (Fig. 3). The variant was described in 3/251412 alleles
(MAF=0.00001193) in the gnomAD database, but only
present in heterozygous state. Based on ACMG guidelines
(Richards et al. 2015; criteria PVS1, PM2_sup, PM3_sup),
the variant was classified as pathogenic. We confirmed the
homozygous variant in individual III.3 by Sanger sequenc-
ing, and co-segregation analysis revealed heterozygous car-
rier status of both parents and all healthy siblings (Fig. 2b).
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In family 3, clinically significant single nucleo-
tide variations or small insertion-deletions correlat-
ing with the observed phenotype were not detected in
exome sequencing analysis of patient III.3. Interestingly,
CNYV analysis revealed a~86-kb homozygous deletion
(chr6:75,288,632-75,374,566) spanning FILIP1 exons 3-6
(Fig. 3). The deletion is not annotated in the Decipher data-
base (https://decipher.sanger.ac.uk/). In accordance with
the ACMG guidelines (Richards et al. 2015; criteria PVS1,
PM2_sup, PM3_sup), the deletion was classified as patho-
genic. Quantitative PCR showed no amplification of FILIP]
exons 4 and 5 in the patient confirming the homozygous pat-
tern of the deletion, while amplification values in the parents
corresponded to one copy number in a heterozygous dele-
tion. No significant differences in amplification values were
detected in FILIPI exon 2 between the patient, his parents
and the unrelated control (Fig. 2c¢).

Discussion

In this study, we describe a novel arthrogryposis phenotype
in five patients from three unrelated families characterized
by variable severity of multiple congenital joint contractures
and associated with homozygous putatively deleterious vari-
ants in the FILIPI gene. The phenotypic analysis of our
cohort highlights that the most common clinical findings are
elbow contracture, camptodactyly and feet anomalies such as
club feet and rocker bottom feet present in all three families.
Movement restrictions also involve shoulder, hip, knee and
other large joints. Further frequent features include scolio-
sis, reduced palmar and plantar skin folds, translucent skin
with prominent veins as well as craniofacial dysmorphism.
Interestingly, three patients share microcephaly and a fourth
affected individual presented with a head circumference
within low standard range. Except for reduced fine motor
skills due to finger contractures and gait impairment caused
by feet deformities, motor development was normal. Delayed
speech development was observed in the three affected indi-
viduals of family 1, whereas all other patients did not show
any speech abnormalities. Overall, we observed a clinical
variability even within the same family, which might be
caused by modifying factors. To characterize the spectrum
of phenotypic features in more detail, a larger patient cohort
is needed.

Filamin-A-interacting protein 1 (FILIP1) has first been
identified as a protein regulating the start of cortical cell
migration in the developing neocortex through filamin A
(FLNa) degradation. FILIP1 induces degradation of FLNa
and suppresses radial cell migration out of the ventricular
zone in neocortical neurons (Nagano et al. 2002). FILIP1
and FLNa also have an influence on cell polarity and motil-
ity in migrating neocortical neurons (Nagano et al. 2004).

Interestingly, expression of FILIPI has not only been
observed in the central nervous system (especially in amyg-
dala and caudate nucleus), but a robust gene expression has
also been detected in heart, skeletal and smooth muscle, sug-
gesting that FILIP1 might also be involved in myogenesis.
In addition, low expression levels of FILIPI were detected
in lung, skeletal muscle, ovary, testis, kidney, and fetal brain
(Nagase 1999). Expression of FILIPI and a functional role
during tendon development are currently unclear.

FILIP1 contains a cortactin-binding protein-2 domain
(CortBP2) at its N-terminus and an additional central struc-
tural maintenance of chromosome (SMC) domain (Fig. 3)
(Nagano et al. 2002; Gad et al. 2012). Apart from FLNa
binding, coimmunoprecipitation experiments identified the
Rho family GTPase RhoD, a regulator of actin cytoskeleton
dynamics mediating cell migration, cell division and vesicle
trafficking, as an additional interaction partner of FILIP1
(Gad et al. 2012; Blom et al. 2017).

In this study, we identified two FILIP1 nonsense variants
and a deletion affecting exons 3—-6 of FILIPI in patients
with multiple joint contractures. The variant c.463G>T
(p-(Glul55%)) in family 1 is located within the CortBP2
domain, whereas the variant c.2665C>T (p.(Arg889%*))
in family 2 is related to FLNa- and RhoD-binding motifs
(Fig. 3). The 86-kb deletion in family 3 affects the C-termi-
nal part of the CortBP2 domain as well as the SMC domain
and the FLNa- and RhoD-binding motifs. Homozygous
truncating variants in FILIPI are not observed in healthy
control individuals. For the canonical transcript of FILIPI
(ENST00000237172.7, NM_015687.3) 24 alleles with non-
sense variants, all in heterozygous state, were reported in
the gnomAD database in contrast to 48.3 that were expected
to be observed in the > 250,000 alleles. In addition, no bi-
allelic CNVs encompassing FILIPI have been reported so
far in the DECIPHER database, the Database of Genomic
Variants (DGV) and the structural variant (SV) dataset of
gnomAD. Until now, the functional and clinical significance
of CortBP2 and SMC domains has remained unclear. Since
both nonsense variants and the deletion are located within
different parts of the protein and cause a similar arthro-
gryposis phenotype in our cohort, it is most likely that all
variants induce loss of FILIP1 function, either by leading to
nonsense-mediated mRNA decay, inducing protein instabil-
ity and subsequent degradation of truncated FILIP1, or by
functional impairment based on the loss of essential domains
of FILIP1.

FILIP1 is known as a modulator of cortical cell migra-
tion during corticogenesis through the FLNa-F-actin axis.
FILIP1 binding targets FLNa degradation and inhibits the
start of radial cell migration from the ventricular zone
(Nagano et al. 2002). FLNa is a widely expressed intracel-
lular actin-binding protein encoded by the FLNA gene on
the X chromosome. Remodeling actin cytoskeleton, FLNa
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is involved in a variety of cellular functions, such as sig-
nal transduction, cellular proliferation, differentiation and
migration (Zhou et al. 2021). Alterations in the FLNA gene
are associated with a wide phenotypic spectrum includ-
ing brain periventricular nodular heterotopia (Parrini et al.
2006) and skeletal dysplasia (Moutton et al. 2016). Previous
functional characterization already provided evidence that
FILIP1 is involved in the regulatory network of the myo-
genic differentiation process where it is substantial for the
formation of functional sarcomeres (Reimann et al. 2020).
Myogenesis is a complex process essential for muscular
tissue formation during embryonic development and for
muscle regeneration in adults. Functional characterization
in C2C12 myoblast cell lines supports the role of FILIP1
in regulatory networks of the myogenic differentiation pro-
cess (Militello et al. 2018). Expression levels of FILIPI are
increased during myogenic differentiation, whereas silencing
of FILIPI impairs differentiation of myoblasts into multi-
nucleated myotubes and reduces mRNA levels of myogenic
regulatory factors (MRFs) MyoD, Myogenin and Myolinc in
differentiating myoblasts (Militello et al. 2018). Myolinc is
a long non-coding RNA which is located closely to FILIPI
and in turn controls its expression in a cis-manner (Militello
et al. 2018). Myolinc and FILIPI are both regulated by TAR
DNA-binding protein 43 (TDP-43), a DNA/RNA-binding
protein that is localized to the nuclei of myotubes and acts
as a transcriptional regulator influencing the expression
of several muscle-specific genes (Militello et al. 2018). In
addition, in vivo studies in adult mice showed an increased
expression of Myolinc, FILIPI and TDP-43 during muscle
regeneration (Militello et al. 2018).

Phosphoproteomics and interaction studies focusing on
PI3K/Akt signaling in contracting skeletal muscle cells iden-
tified FILIP1 as a direct binding partner of filamin C (FLNCc)
(Reimann et al. 2020). FLNc belongs to the filamin family
of actin crosslinking proteins (Nakamura et al. 2011). The
other two members of the filamin family, FLNa and FLNb,
are expressed in almost all tissues (Sheen et al. 2002), while
FLNCc expression is predominantly detected in cross-striated
muscles (Mao and Nakamura 2020). Acting in Z-disc forma-
tion to connect sarcomeres, FLNCc is crucial for myofibrillar
development (Dalkilic et al. 2006) and repair of myofibrillar
damage (Leber et al. 2016). Similarly to FLNa, binding of
FILIP1 leads to FLNc degradation and consequently modu-
lates filamin function (Reimann et al. 2020). Interestingly,
Akt- and PKCa-dependent dual-site phosphorylation in
the extended basophilic motif protects FLNc from FILIP1-
mediated degradation in contracting muscle cells, leading to
strongly upregulated expression levels of FLNc and FILIP1,
but not of FLLNa, during skeletal muscle cell differentiation
(Reimann et al. 2020). These results underline that FILIP1
not only mediates the start of cortical cell migration, but is
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also involved in the expression of MRFs and the differentia-
tion of myoblasts into myotubes.

Interaction of FILIP1 with FLNc in skeletal and cardiac
muscle cells plays an important role in Z-disc formation to
connect sarcomeres (Thompson et al. 2000; Mao and Naka-
mura 2020; Reimann et al. 2020). Loss of FLNc leads to
severe impairment in myogenesis and in the maintenance of
muscle structural integrity, resulting in skeletal myopathy and
cardiomyopathy (Dalkilic et al. 2006). Phenotypically, vari-
ants in the corresponding FLNC gene cause skeletal muscle
disorders such as myofibrillar myopathy, distal myopathy and
limb girdle muscular dystrophy, whereas associated cardiac
defects mainly include dilated, restrictive and hypertrophic
cardiomyopathies, and cardiac arrhythmias (Mao and Naka-
mura 2020). Although a robust FILIPI expression has also
been detected in heart muscle (Nagano et al. 2002; Sato and
Nagano 2005), cardiac investigations of all our five patients
revealed no structural or functional anomalies. As all our
patients are still children, it seems also conceivable that car-
diac anomalies might manifest later in life.

In three patients presenting with a combination of early-
onset restrictive cardiomyopathy and congenital myopa-
thy due to de novo FLNC missense variants an additional
arthrogryposis phenotype was described (Kiselev et al.
2018). In addition, similarly to FLNc, FILIP1 expression
is upregulated during myocyte differentiation and repair of
myofibrillar damage, suggesting that both genes are acti-
vated during myogenesis (Leber et al. 2016; Militello et al.
2018; Reimann et al. 2020). Dual-site phosphorylation
protects FLNc from FILIP1-mediated degradation in dif-
ferentiating myocytes (Reimann et al. 2020). Knockdown
experiments additionally revealed that silencing of FILIP]
inhibits the formation of multi-nucleated myotubes and
decreases the expression levels of MRFs MyoD, Myogenin
and Myolinc in differentiating myoblasts (Militello et al.
2018). These in vitro studies suggest that homozygous
truncating variants in FILIP] leading to a premature stop
of protein synthesis and probably to a loss of protein func-
tion result in significant impairment in embryonic muscle
differentiation giving rise to a congenital disorder with
multiple joint contractures in our patient cohort.

In summary, we provide clinical and genetic evidence
that bi-allelic deleterious variants in the FILIP1 gene
cause a novel autosomal recessive arthrogryposis pheno-
type with microcephaly. The contractural features in com-
bination with microcephaly in our patients strongly sup-
port that FILIP1 plays a significant role in both, skeletal
muscle cell differentiation and brain development, during
embryonic development. However, further functional stud-
ies are necessary to clarify the detailed pathophysiological
mechanisms leading to arthrogryposis; this might pave the
way for novel treatment strategies.



Human Genetics (2023) 142:543-552

551

Acknowledgements We are grateful to all patients and their families
for their participation in this study. This work was supported by the
India Alliance through Center for Rare Disease Diagnosis, Research
and Training (IA/CRC/20/1/600002) to K.M.G., by the National Insti-
tutes of Health, USA (1RO1HD093570-01A1) to A.S. and K.M.G.,
by the German Research Foundation (DFG, Deutsche Forschungsge-
meinschaft) under Germany’s Excellence Strategy (EXC 2067/1-
390729940), the DZHK (German Centre for Cardiovascular Research;
partner site Gottingen) and by the Niedersédchsisches Ministerium fiir
Wissenschaft und Kultur (grant ZN3136) to B.W. One of the authors
of this publication is a member of the European Reference Network
on Rare Congenital Malformations and Rare Intellectual Disability
ERN-ITHACA [EU Framework Partnership Agreement ID: 3HP-HP-
FPA ERN-01-2016/739516]. This work was partly done within the
Center for Undiagnosed Congenital Syndromes and Clinical Genome
Medicine of the Center of Rare Diseases Gottingen (ZSEG).

Author contributions All the authors contributed to the study con-
ception and design. Material preparation, data collection and analysis
were performed by ES, AA-M, AC, SS, AA-K, GSLB, AS, JA, PN,
SB, KMG, YL, FS, BW and GY. The first draft of the manuscript was
written by Franziska Schnabel and all the authors commented on previ-
ous versions of the manuscript. All the authors read and approved the
final manuscript.

Funding Open Access funding enabled and organized by Projekt
DEAL. India Alliance through Center for Rare Disease Diagnosis,
Research and Training (IA/CRC/20/1/600002); National Institutes of
Health (US) (1RO1HD093570-01A1); Deutsche Forschungsgemein-
schaft (EXC 2067/1-390729940); Deutsches Zentrum fiir Herz-Krei-
slaufforschung, Niedersédchsisches Ministerium fiir Wissenschaft und
Kultur.

Data availability statement The raw exome sequencing data are not
publicly available due to privacy or ethical restrictions. Processed
genetic data generated or analyzed within this study are available upon
request.

Declarations

Conflict of interest The authors have no relevant financial or non-fi-
nancial interests to disclose.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes
were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Blom M, Reis K, Heldin J et al (2017) The atypical Rho GTPase RhoD
is a regulator of actin cytoskeleton dynamics and directed cell
migration. Exp Cell Res 352:255-264. https://doi.org/10.1016/j.
yexcr.2017.02.013

Cachecho S, Elfassy C, Hamdy R et al (2019) Arthrogryposis multiplex
congenita definition: Update using an international consensus-
based approach. Am J Med Genet C Semin Med Genet 181:280—
287. https://doi.org/10.1002/ajmg.c.31739

Dalkilic I, Schienda J, Thompson TG, Kunkel LM (2006) Loss of
FilaminC (FLNc) results in severe defects in myogenesis and
myotube structure. Mol Cell Biol 26:6522-6534. https://doi.org/
10.1128/MCB.00243-06

Gad AKB, Nehru V, Ruusala A, Aspenstrom P (2012) RhoD regulates
cytoskeletal dynamics via the actin nucleation-promoting factor
WASp homologue associated with actin Golgi membranes and
microtubules. Mol Biol Cell 23:4807-4819. https://doi.org/10.
1091/mbc.E12-07-0555

Girisha KM, von Elsner L, Neethukrishna K et al (2019) The homozy-
gous variant ¢.797G>A/p. (Cys266Tyr) in PISD is associated
with a Spondyloepimetaphyseal dysplasia with large epiphyses
and disturbed mitochondrial function. Hum Mutat 40:299-309.
https://doi.org/10.1002/humu.23693

Hall JG (2014) Arthrogryposis (multiple congenital contractures):
diagnostic approach to etiology, classification, genetics, and gen-
eral principles. Eur J] Med Genet 57:464—472. https://doi.org/10.
1016/j.ejmg.2014.03.008

Hall JG, Kimber E, Dieterich K (2019) Classification of arthrogryposis.
Am J Med Genet C Semin Med Genet 181:300-303. https://doi.
org/10.1002/ajmg.c.31716

Janzen HL, Obrzut JE, Marusiak CW (2004) Test Review: Roid, G. H.
(2003). Stanford-Binet Intelligence Scales, Fifth Edition (SB:V).
Itasca, IL: Riverside Publishing. Can J Sch Psychol 19:235-244.
https://doi.org/10.1177/082957350401900113

Kiefer J, Hall JG (2019) Gene ontology analysis of arthrogryposis
(multiple congenital contractures). Am J Med Genet C Semin
Med Genet 181:310-326. https://doi.org/10.1002/ajmg.c.31733

Kiselev A, Vaz R, Knyazeva A et al (2018) De novo mutations in FLNC
leading to early-onset restrictive cardiomyopathy and congenital
myopathy. Hum Mutat 39:1161-1172. https://doi.org/10.1002/
humu.23559

Klambauer G, Schwarzbauer K, Mayr A et al (2012) cn.MOPS: mixture
of Poissons for discovering copy number variations in next-gen-
eration sequencing data with a low false discovery rate. Nucleic
Acids Res 40:e69. https://doi.org/10.1093/nar/gks003

Le Tanno P, Latypova X, Rendu J et al (2021) Diagnostic workup
in children with arthrogryposis: description of practices from a
single reference centre, comparison with literature and suggestion
of recommendations. ] Med Genet. https://doi.org/10.1136/jmedg
enet-2021-107823

Leber Y, Ruparelia AA, Kirfel G et al (2016) Filamin C is a highly
dynamic protein associated with fast repair of myofibrillar micro-
damage. Hum Mol Genet 25:2776-2788. https://doi.org/10.1093/
hmg/ddw135

Livak KJ, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2—AACT method.
Methods 25:402-408. https://doi.org/10.1006/meth.2001.1262

Lowry RB, Sibbald B, Bedard T, Hall JG (2010) Prevalence of mul-
tiple congenital contractures including arthrogryposis multiplex
congenita in Alberta, Canada, and a strategy for classification
and coding. Birt Defects Res A Clin Mol Teratol 88:1057-1061.
https://doi.org/10.1002/bdra.20738

Mao Z, Nakamura F (2020) Structure and function of Filamin C in the
muscle Z-Disc. Int J Mol Sci 21:E2696. https://doi.org/10.3390/
ijms21082696

Militello G, Hosen MR, Ponomareva Y et al (2018) A novel long non-
coding RNA Myolinc regulates myogenesis through TDP-43 and
Filipl. J Mol Cell Biol 10:102—117. https://doi.org/10.1093/jmcb/
mjy025

Moutton S, Fergelot P, Naudion S et al (2016) Otopalatodigital spec-
trum disorders: refinement of the phenotypic and mutational

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1016/j.yexcr.2017.02.013
https://doi.org/10.1016/j.yexcr.2017.02.013
https://doi.org/10.1002/ajmg.c.31739
https://doi.org/10.1128/MCB.00243-06
https://doi.org/10.1128/MCB.00243-06
https://doi.org/10.1091/mbc.E12-07-0555
https://doi.org/10.1091/mbc.E12-07-0555
https://doi.org/10.1002/humu.23693
https://doi.org/10.1016/j.ejmg.2014.03.008
https://doi.org/10.1016/j.ejmg.2014.03.008
https://doi.org/10.1002/ajmg.c.31716
https://doi.org/10.1002/ajmg.c.31716
https://doi.org/10.1177/082957350401900113
https://doi.org/10.1002/ajmg.c.31733
https://doi.org/10.1002/humu.23559
https://doi.org/10.1002/humu.23559
https://doi.org/10.1093/nar/gks003
https://doi.org/10.1136/jmedgenet-2021-107823
https://doi.org/10.1136/jmedgenet-2021-107823
https://doi.org/10.1093/hmg/ddw135
https://doi.org/10.1093/hmg/ddw135
https://doi.org/10.1006/meth.2001.1262
https://doi.org/10.1002/bdra.20738
https://doi.org/10.3390/ijms21082696
https://doi.org/10.3390/ijms21082696
https://doi.org/10.1093/jmcb/mjy025
https://doi.org/10.1093/jmcb/mjy025

552

Human Genetics (2023) 142:543-552

spectrum. ] Hum Genet 61:693-699. https://doi.org/10.1038/jhg.
2016.37

Nagano T, Yoneda T, Hatanaka Y et al (2002) Filamin A-interacting
protein (FILIP) regulates cortical cell migration out of the ven-
tricular zone. Nat Cell Biol 4:495-501. https://doi.org/10.1038/
ncb808

Nagano T, Morikubo S, Sato M (2004) Filamin A and FILIP (Fil-
amin A-Interacting Protein) regulate cell polarity and motility in
neocortical subventricular and intermediate zones during radial
migration. J Neurosci off J Soc Neurosci 24:9648-9657. https://
doi.org/10.1523/JNEUROSCI.2363-04.2004

Nagase T (1999) Prediction of the coding sequences of unidentified
human genes.XV. The complete sequences of 100 new cDNA
Clones From Brain Which Code For Large Proteins In Vitro. DNA
Res 6:337-345. https://doi.org/10.1093/dnares/6.5.337

Nakamura F, Stossel TP, Hartwig JH (2011) The filamins: organizers
of cell structure and function. Cell Adhes Migr 5:160-169. https://
doi.org/10.4161/cam.5.2.14401

Parrini E, Ramazzotti A, Dobyns WB et al (2006) Periventricular het-
erotopia: phenotypic heterogeneity and correlation with Filamin
A mutations. Brain J Neurol 129:1892-1906. https://doi.org/10.
1093/brain/awl125

Reimann L, Schwible AN, Fricke AL et al (2020) Phosphoproteom-
ics identifies dual-site phosphorylation in an extended basophilic
motif regulating FILIP1-mediated degradation of filamin-C. Com-
mun Biol 3:253. https://doi.org/10.1038/s42003-020-0982-5

Richards S, Aziz N, Bale S et al (2015) Standards and guidelines for
the interpretation of sequence variants: a joint consensus recom-
mendation of the American College of Medical Genetics and

@ Springer

Genomics and the Association for Molecular Pathology. Genet
Med off ] Am Coll Med Genet 17:405—-424. https://doi.org/10.
1038/gim.2015.30

Sato M, Nagano T (2005) Involvement of Filamin A and Filamin
A-interacting protein (FILIP) in controlling the start and cell
shape of radially migrating cortical neurons. Anat Sci Int 80:19—
29. https://doi.org/10.1111/j.1447-073x.2005.00101.x

Sheen VL, Feng Y, Graham D et al (2002) Filamin A and Filamin B are
co-expressed within neurons during periods of neuronal migra-
tion and can physically interact. Hum Mol Genet 11:2845-2854.
https://doi.org/10.1093/hmg/11.23.2845

Sobreira N, Schiettecatte F, Boehm C et al (2015) New tools for Men-
delian disease gene identification: PhenoDB variant analysis mod-
ule; and GeneMatcher, a web-based tool for linking investigators
with an interest in the same gene. Hum Mutat 36:425-431. https://
doi.org/10.1002/humu.22769

Thompson TG, Chan YM, Hack AA et al (2000) Filamin 2 (FLN2):
a muscle-specific sarcoglycan interacting protein. J Cell Biol
148:115-126. https://doi.org/10.1083/jcb.148.1.115

Zhou J, Kang X, An H et al (2021) The function and pathogenic mecha-
nism of filamin A. Gene 784:145575. https://doi.org/10.1016/j.
gene.2021.145575

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.


https://doi.org/10.1038/jhg.2016.37
https://doi.org/10.1038/jhg.2016.37
https://doi.org/10.1038/ncb808
https://doi.org/10.1038/ncb808
https://doi.org/10.1523/JNEUROSCI.2363-04.2004
https://doi.org/10.1523/JNEUROSCI.2363-04.2004
https://doi.org/10.1093/dnares/6.5.337
https://doi.org/10.4161/cam.5.2.14401
https://doi.org/10.4161/cam.5.2.14401
https://doi.org/10.1093/brain/awl125
https://doi.org/10.1093/brain/awl125
https://doi.org/10.1038/s42003-020-0982-5
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1038/gim.2015.30
https://doi.org/10.1111/j.1447-073x.2005.00101.x
https://doi.org/10.1093/hmg/11.23.2845
https://doi.org/10.1002/humu.22769
https://doi.org/10.1002/humu.22769
https://doi.org/10.1083/jcb.148.1.115
https://doi.org/10.1016/j.gene.2021.145575
https://doi.org/10.1016/j.gene.2021.145575

	Homozygous loss-of-function variants in FILIP1 cause autosomal recessive arthrogryposis multiplex congenita with microcephaly
	Abstract
	Introduction
	Materials and methods
	Patients
	Genetics analysis

	Results
	Clinical description
	Genetic results

	Discussion
	Acknowledgements 
	References




