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Abstract
Background Clubfoot, a congenital deformity that presents
as a rigid, inward turning of the foot, affects approximately 1
in 1000 infants and occurs as an isolated birth defect in 80%of
patients. Despite its high level of heritability, few causative
genes have been identified, andmutations in known genes are
only responsible for a small portion of clubfoot heritability.
Questions/purposes (1) Are any rare gene variants
enriched (that is, shared) in unrelated patients with isolated

clubfoot? (2) Are there other rare variants in the identified
gene (Filamin B) in these patients with clubfoot?
Methods Whole-exome sequence data were generated
from a discovery cohort of 183 unrelated probands with
clubfoot and 2492 controls. Variants were filtered with
minor allele frequency < 0.02 to identify rare variants as
well as small insertions and deletions (indels) resulting in
missense variants, nonsense or premature truncation, or in-
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frame deletions. A candidate deletion was then genotyped in
another cohort of 974 unrelated patients with clubfoot (a
replication cohort). Other rare variants in the candidate gene
were also investigated. A segregation analysis was performed
in multigenerational families of individuals with clubfoot to
see if the genotypes segregate with phenotypes. Single-
variant association analysis was performed using the Fisher
two-tailed exact test (exact p values are presented to give an
indication of the magnitude of the association).
Results There were no recurrent variants in the known genes
causing clubfoot in this study. A three-base pair in-frame
codon deletion of Filamin B (FLNB) (p.E1792del,
rs1470699812) was identified in 1.6% (3 of 183) of probands
with clubfoot in the discovery cohort compared with 0% of
controls (0 of 2492) (odds ratio infinity (inf) [95% CI 5.64 to
inf]; p = 3.18 x 10-5) and 0.0016% of gnomAD controls (2 of
125,709) (OR 1.01 x 103 [95% CI 117.42 to 1.64 x 104]; p =
3.13 x 10-8). By screening a replication cohort (n = 974 pa-
tients), we found two probands with the identical FLNB de-
letion. In total, the deletion was identified in 0.43% (5 of
1157) of probands with clubfoot compared with 0% of con-
trols and 0.0016% of gnomAD controls (OR 268.5 [95% CI
43.68 to 2.88 x 103]; p = 1.43 x 10-9). The recurrent FLNB
p.E1792del variant segregatedwith clubfoot, with incomplete
penetrance in two families. Affected individuals were more
likely to be male and have bilateral clubfoot. Although most
patients had isolated clubfoot, features consistent with Larsen
syndrome, including upper extremity abnormalities such as
elbow and thumb hypermobility and wide, flat thumbs, were
noted in affected members of one family. We identified 19
additional rare FLNB missense variants located throughout
the gene in patients with clubfoot. One of these missense
variants, FLNB p.G2397D, exhibited incomplete penetrance
in one family.
Conclusion A recurrent FLNB E1792 deletion was iden-
tified in 0.43% of 1157 isolated patients with clubfoot.
Given the absence of any recurrent variants in our dis-
covery phase (n = 183) for any of the known genes causing
clubfoot, our findings support that novel and rare missense
variants in FLNB in patients with clubfoot, although rare,
may be among the most commonly known genetic causes
of clubfoot. Patients with FLNB variants often have iso-
lated clubfoot, but they and their family members may be at
an increased risk of having additional clinical features
consistent with Larsen syndrome.
Clinical Relevance Identification of FLNB variants may
be useful for determining clubfoot recurrence risk and
comorbidities.

Introduction

Talipes equinovarus [26], commonly referred to as club-
foot, is one of the most common congenital

musculoskeletal birth defects, with a prevalence of one to
two affected individuals per 1000 births [34]. Clubfoot pre-
sents as a rigid, inward turning of the foot. Approximately
80% of affected individuals have clubfoot as an isolated birth
defect, and the remaining 20% have known chromosomal
abnormalities or genetic syndromes [9, 18]. Although the
etiology of isolated clubfoot is not completely understood,
there is strong evidence that genetic factors play a role in
abnormal foot development. Pedigree analyses and studies of
twins show that clubfoot is heritable, with a recurrence rate
among families of approximately 25% and concordance of
0.32 in monozygotic twins compared with only 0.029 in di-
zygotic twins [6, 12, 22, 28].

Candidate gene association studies, genome-wide associ-
ation studies, copy number analysis, and exome sequencing
have identified the genetic causes of isolated clubfoot. These
studies have recognized genes associated with clubfoot in-
cluding those involved in limb bud initiation (Hox genes) [5,
11, 29], hindlimb formation (thePITX1-TBX4 pathway) [1, 2,
4], and muscle contraction (TPM1, TPM2, and TNNC2) [30,
32]. However, despite the identification of genes associated
with clubfoot, gene mutations explain only a very small
percentage of clubfoot heritability.

In this study, we therefore asked: (1) Are any rare gene
variants enriched (that is, shared) in unrelated patients with
isolated clubfoot? (2) Are there other rare variants in the
identified gene, Filamin B (FLNB), in these patients with
clubfoot?

Materials and Methods

Overview of Study Design

To answer our study questions, we performed a whole exome
sequencing analysis to identify new genetic causes of clubfoot
in unrelated patients with isolated clubfoot. In this study, 1157
unrelated Caucasian patients with idiopathic clubfoot were
included. Among these, 183 patients were included in the
discovery cohort for initial whole exome sequencing and the
remaining 974 patients were either genotyped or sequenced as
the replication cohort. A cohort with 2492 Caucasian patients
with unrelated phenotypes was used as the control group. To
address our first question regarding whether any rare gene
variants enriched in unrelated patients with isolated clubfoot,
we analyzed variants that are nonsense, missense, splice-site,
insertion, or deletionwith a gnomADminor allele frequency <
0.02 and only present in three or more individuals (enriched)
with clubfoot (n = 183) and absent in the controls (n = 2492).
The variant of interest was then screened in the replication
cohort (n = 974). Segregation analysis of the variant of interest
was performed if the additional family members were avail-
able. To assess whether there were other rare variants in the
identified gene in these patients with clubfoot, we analyzed
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variants in the identified gene (FLNB) with a gnomADminor
allele frequency < 0.02 and absent in the controls (n = 2492).
Segregation analysis of the variant of interest was performed if
the additional family members were available.

Patient Samples

We recruited 1157 unrelated Caucasian patients with idio-
pathic clubfoot at St. Louis Children’s Hospital in St. Louis,
MO, USA, and Shriners Hospital in Houston, TX, USA. The
composition of the patients contains an approximately 2:1
male to female ratio. The patients were younger than 18 years
old.We included all patients evaluated for idiopathic clubfoot
by an orthopaedic surgeon (MBD), but these patients did not
have an underlying known genetic diagnosis. For this study,
the clubfoot diagnosis required rigid hindfoot equinus, hind-
foot varus, midfoot supination, and midfoot cavus defor-
mities. Patients with additional birth defects, known genetic
syndromes, or a parent-reported developmental delay were
excluded. Blood or saliva samples were obtained from each
patient, and DNA was isolated using DNA Genotek kits
(blood: prepIT-L2PPT-L2P; saliva:Oragene-DiscoverOGR-
500 and ORAcollect for Pediatrics OC-175). DNA quality
was assessed by 260/280 values and by visualizing genomic
DNAvia agarose gel electrophoresis. In all, 183 patients were
included in the discovery cohort for initial analysis of whole
exome sequencing, and the other 974 patients were included
as the replication cohort. The discovery cohort consisted of
patients who were recruited between 2005 and 2012, and the
replication cohort was recruited between 2012 and 2020.
Both cohorts had a 2:1 male to female ratio.

Control Samples

The controls consisted of unrelated Caucasian individuals
with Alzheimer disease, amyotrophic lateral sclerosis, and

adolescent idiopathic scoliosis of equal male and female
representation, and aged 12 to 65 years old.

Whole Exome Sequencing and Analysis

Whole exome sequencing uses next-generation sequencing
technology to sequence the exonic regions of the human ge-
nome. It was performed on unrelated Caucasian patients with
idiopathic clubfoot and unrelated control Caucasian patients.
Raw sequencing reads were aligned to the human genome
reference (GRCh37) usingBurrows-Wheeler Aligner (BWA-
MEM) version 0.7.15 [23]. Binary Alignment Map (BAM)
files were sorted, and polymerase chain reaction duplicate
reads were marked using Picard MarkDuplicates (version
2.9.0). GATK version 3.5 was used for the following data
processing. Small insertions and deletions (indels) were
realigned using GATK RealignerTargetCreator and
IndelRealigner using a known indel variant-sites database
(Mills and 1kg indels from the GATK resource bundle [14]).
The base quality score was then recalibrated using GATK
BaseRecalibrator and PrintReads to generate a final high-
quality BAM file. Variant calling of single nucleotide variants
and indels were finally generated, first for each single sample
and then combining all samples using the joint genotyping
method, described in GATKBest Practices [15]. Variant calls
were then recalibrated and filtered using the GATK Variant
Quality Score Recalibration method. A final Variant Call
Format file with high-quality variants was then annotated
using theGencode version 19 database [13]. The analysis was
restricted to rare, coding sequence-altering variants. For this
study, we defined this as nonsense, missense, splice-site, in-
sertion, or deletion variants with a gnomAD minor allele
frequency < 0.02. For the initial variant enrichment discovery
(shared in multiple individuals), we further winnowed the
variants with the following condition: present in three ormore
individuals with clubfoot (n = 183) and absent in the controls
(n = 2492).

Fig. 1 This figure displays variants in FLNB in patients with clubfoot. Domains where Larsen syndrome mutations have been
reported are highlighted in blue. A color image accompanies the online version of this article.
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Combined Annotation–Dependent Depletion (CADD)
[20] was used to evaluate the predicted variant pathoge-
nicity. The CADD scaled score represents the ranking of
the predicted pathogenicity in order of magnitude, with a
CADD scaled score 20 as top 1% deleterious variants and
CADD scaled score 30 as top 0.1% deleterious variants in
the genome [20].

Polymerase Chain Reaction Screening of the
Replication Cohort

We used a separate cohort of unrelated patients with
clubfoot (n = 974) to test whether the finding in the dis-
covery cohort (n = 183) could be replicated. Two sets of
allele-specific primers were designed to screen this repli-
cation cohort for the in-frame deletion in Filamin B
(FLNB): one annealing to the wild-type sequence
producing a 456-bp amplicon and the other annealing to
sequences producing a 308-bp amplicon. Polymerase chain
reaction (PCR) products were examined by agarose gel
electrophoresis. Samples indicating a deletion were vali-
dated through Sanger sequencing.

Ethical Approval

The study protocol was approved by the institutional re-
view board of Washington University in St. Louis, MO,
USA (number 201102118). All patients and/or parents
gave informed consent.

Statistical Analysis

The single-variant association analysis was performed using
the Fisher two-tailed exact test. Exact p values are presented to
give an indication of the magnitude of the association.

Results

A Recurrent, Rare Indel in FLNB Is Identified in Unrelated
Patients with Idiopathic Clubfoot

From our discovery (n = 183) and control cohorts (n =
2492), we identified 13 rare nonsynonymous or indel
variants presenting in three or more individuals with
clubfoot and absent in the controls. The variant with the
lowest minor allele frequency in gnomAD (8.1 x 10-6)
was a three-base pair, in-frame codon deletion within the
repeat domain of FLNB (p.E1792del; NM_001457.4:
c.5375_5377del) (Fig. 1). This heterozygous variant
resulted in the deletion of a highly conserved glutamine
residue (Fig. 2) that was validated by Sanger sequencing in
all three probands. It was present in 1.6% (3 of 183) of
probands with clubfoot compared with 0% of controls (0 of
2492) (odds ratio infinity (inf) [95% CI 5.64 to inf]; p =
3.18 x 10-5) and 0.0016% (2 of 125,709) of gnomAD
controls (OR 1.01 x 103 [95% CI 117.42 to 1.64 x 104]; p =
3.13 x 10-8). In the replication cohort of 974 unrelated
patients with clubfoot, two individuals were found to have
the exact same codon deletion. When we combined the
replication cohort (n = 974) with the discovery cohort (n =
183), the deletion was identified in 0.43% (5 of 1157) of
probands with clubfoot compared with 0.0016% of con-
trols (gnomAD) (OR 268.5 [95% CI 43.68 to 2.88 x 103];
p = 1.43 x 10-9).

Sanger sequencing revealed that the FLNB codon de-
letion segregated with clubfoot, with incomplete pene-
trance in three families (Fig. 3A-C). This FLNB codon
deletion was found in nine individuals (two female; seven
male) from five families. Clinically, 7 of 8 patients with
genotype-confirmed clubfoot had bilateral clubfoot and
one had unilateral clubfoot (Table 1). Upper extremity
abnormalities, including hypermobile elbows and thumbs,
as well as wide and flat thumbs, were reported in affected
members of one family but were not present in individuals

Fig. 2 Human FLNB E1792 is conserved across species.

424 Quiggle et al. Clinical Orthopaedics and Related Research®



from any other family. One family member reported mild
scoliosis. Our results show that patients carrying FLNB
variants often have isolated clubfoot, but they and their
family members may be at an increased risk of having
additional clinical features consistent with Larsen syn-
drome (Table 1).

Identification of Additional Novel and Rare FLNBVariants
in Clubfoot

To determine whether there are other rare variants in FLNB
in patients with clubfoot, a single novel missense variant,
G2397D, was identified and was absent from the gnomAD
database (Fig. 3D). FLNB G2397D segregated with club-
foot in an affected grandfather and had a CADD scaled
score of 33 [20], which predicted this variant as the top
0.1% of the most deleterious variants in the genome.

In the replication cohort, we further identified five ad-
ditional novel missense variants that were not present in
gnomAD or dbSNP (Table 2). We also identified 13 rare
missense variants that were present in low frequency in
gnomAD or dbSNP while not present in our control group
(Table 3). None were reported as pathogenic in ClinVar

[25], although four were listed as variants of uncertain
significance, and two were listed as likely benign.

Discussion

Talipes equinovarus, or clubfoot, is one of the most com-
mon congenital musculoskeletal birth defects [34].
Previous pedigree analyses and studies of twins showed
that clubfoot is heritable [6, 12, 22, 28], and genes involved
in limb bud initiation (Hox genes) [5, 11, 29], hindlimb
formation (the PITX1-TBX4 pathway) [1 , 2, 4], andmuscle
contraction (TPM1, TPM2, and TNNC2) [30, 32] have been
identified as being associated with clubfoot through dif-
ferent approaches. However, mutations in these genes are
present in only a small percentage of patients with clubfoot.
We identified a recurrent FLNB in-frame codon deletion in
unrelated patients with isolated clubfoot, including whole-
exome data from a discovery cohort of 183 patients and
PCR genotyping data from a replication cohort with 974
patients. This FLNB p.E1792del was also present in other
affected family members with clubfoot (that is, segregated
with clubfoot) in two families, with incomplete penetrance
(that is, some family members without clubfoot also carry

Fig. 3 A-D This figure shows the pedigrees of families with FLNB variants. Black indicates
talipes equinovarus, gray indicates a related phenotype, and the dashed box indicates
genotyped individuals. (A) Depicts Family 1 with E1792del, (B) depicts Family 2 with
E1792del, (C) depicts Family 3 with E1792del, and (D) depicts Family 4 with the novel G2397D
variant.
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this variant). Multiple novel and rare FLNB variants were
identified in patients with or without a family history of
clubfoot. These results suggest that identifying variants in
FLNB in multigenerational families with members who
have clubfoot may be important to determine clubfoot re-
currence risk and to predict comorbidities.

Limitations

This study has several limitations. First, whole exome se-
quencing only covers the coding regions, and variants in
the promoter or intronic region are not included. There may
be other clubfoot-related variants outside the exon regions
that could be identified through whole-genome sequencing
in the future. Second, the sample size was relatively small
(n = 183) in our discovery cohort in the whole exome
sequencing analysis. This may at least partially explain
why we did not find an overall enrichment of FLNB mis-
sense variants in patients with clubfoot compared with
controls. In addition, many patients carrying these mis-
sense variants did not have additional family members to
test for segregation and pathogenicity. Third, the mecha-
nism of how these FLNB variants contribute to the patho-
genesis of clubfoot is not fully understood, although there
are some potential mechanisms (which we discuss later in
the Discussion). These will require additional in vivo and
in vitro studies. Fourth, the oligogenic contribution of
variants was not analyzed in this study, but a large col-
lection of samples will be required to address this. Fifth,
sexwas not considered in our study because the sample size

was too small to be further split by sex. Given that this is a
dicovery study, a later study can investigate the specific
role of sex.

A Recurrent, Rare Indel in FLNB Is Identified in Unrelated
Patients with Idiopathic Clubfoot

In this study, we reported a recurrent FLNB in-frame
deletion in 0.43% of all unrelated patients with isolated
clubfoot. The absence of any recurrent variants in our
discovery phase (n = 183) for any of the known genes
causing clubfoot compared with FLNB as well as our
previously published incidence data [1, 2, 5] suggest this
recurrent deletion may represent as one of the most
common genetic factors for clubfoot. The frequency of
this deletion is likely even higher in families with clubfoot
because the frequency was 1.6% in our exome sequence
discovery cohort, which was enriched in patients (pre-
sented in multiple individuals) with a family history of
clubfoot. Although this recurrent FLNB p.E1792del var-
iant has not been reported to cause clubfoot, three FLNB
variants have been reported in patients with clubfoot [38].
Yang et al. [38] described a large Chinese family with
isolated clubfoot with a missense variant in Repeat 14 of
FLNB that segregated with clubfoot in six affected indi-
viduals. The authors also sequenced the data of 53 pa-
tients with sporadic clubfoot and found two heterozygous
FLNB missense variants in Repeats 4 and 5. None had
phenotypic abnormalities other than clubfoot [38].
However, unlike our FLNB p.E1792del variant, none of

Table 1. Clinical features of families with FLNB variants

Family Individual Variant Clubfoot phenotype Other phenotypes/comorbidities

1 II-1 E1792del Bilateral clubfoot

III-1 (proband) E1792del Bilateral clubfoot

IV-1 E1792del Bilateral clubfoot

IV-2 Not genotyped Bilateral clubfoot

2 I-1 Not genotyped None Toe syndactyly

II-1 Not genotyped None Thumb hypermobility

III-1 E1792del Bilateral clubfoot Mild scoliosis and flat thumbs with
wide nailbeds

III-2 Not genotyped None Toe syndactyly

IV-1 E1792del None Curly or overlapping toes, flat feet, and
thumb hypermobility

IV-2 (proband) E1792del Bilateral clubfoot

3 I-1 Not genotyped Bilateral clubfoot

II-1 (proband) E1792del Left clubfoot

II-2 Not genotyped Right clubfoot

4 I-1 G2397D Bilateral clubfoot

III-1 (proband) G2397D Bilateral clubfoot Elbow hypermobility
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the FLNB variants reported by Yang et al. [38] were
recurrent.

FLNB has been implicated in several types of human
skeletal dysplasia, which further supports its role in club-
foot. The human Filamin family contains three homolo-
gous actin-binding cytoplasmic proteins encoded by
Filamin A (FLNA), Filamin B (FLNB), and Filamin C
(FLNC). Filamin proteins crosslink actin fibrils and link the
extracellular matrix, cell membrane, and cytoskeleton [24,
27, 39]. Filamins interact with numerous cytoplasmic and
transmembrane proteins and play a major role in mecha-
notransduction in the cytoplasm. FLNA and FLNB are
expressed ubiquitously throughout many tissues, and
FLNC is primarily expressed in striated and cardiac mus-
cle. Mutations in FLNA and FLNC lead to disorders in-
volving the central nervous, circulatory, and skeletal
systems [39]. However, to date, mutations in FLNB have
only been associated with skeletal disorders [36]. Similar to
all filamins, the FLNB protein contains an N-terminal
F-actin binding domain and rod segment comprising 24
immunoglobulin-like repeat domains with two flexible
hinge regions between Repeats 15 and 16 and between
Repeats 23 and 24 [17]. These hinge regions confer flexi-
bility on filamin dimers. The C-terminal domain (Repeat
24) facilitates dimerization. Functional FLNB protein is
present as either a homodimer or heterodimer.

Variants in FLNB cause several Mendelian-inherited
skeletal dysplasias, including boomerang dysplasia, ate-
losteogenesis Type I and III, spondylocarpotarsal synos-
tosis, and Larsen syndrome, and have been implicated in
scoliosis [19, 21, 36]. Clubfoot is often an associated
phenotype in these syndromes. However, in these disor-
ders, pathogenic FLNB mutations are primarily found in
the CH2 domain and in domains near hinge-1 [10]. There
are clear genotype-phenotype correlations, with mutations
that cause specific disorders often clustering in the same
domains. Boomerang dysplasia, characterized by dwarfism
and bowed limbs, is lethal in the neonatal period and is
caused by heterozygous missense mutations located ex-
clusively in the CH2 domain of FLNB [8, 36].
Atelosteogenesis Type I and III are perinatally lethal

skeletal dysplasias characterized by severe short-limbed
dwarfism and are caused by mutations in the CH2 domain
of FLNB, as well as mutations in Repeats 14 and 15.
Biallelic truncations of FLNB lead to spondylocarpotarsal
synostosis, which is an autosomal recessive disorder
characterized by fused vertebrae and carpal and tarsal joints
[21, 37]. Larsen syndrome is less severe than the discussed
skeletal dysplasias and is characterized by large-joint dis-
locations, supernumerary carpal and tarsal bones, and
craniofacial abnormalities such as wide-spaced eyes and a
prominent forehead [16, 35]. Larsen syndrome is caused by
missense mutations and in-frame codon deletions; how-
ever, most causative mutations are found in the CH2 do-
main and near the hinge-1 region in Repeats 14, 15, and 17.
Clubfoot is a common, but not essential, feature of Larsen
syndrome.

The FLNB p.E1792del variant identified in our patients
with clubfoot resides near the hinge-1 region in Repeat 16
(Fig. 1). Nearby pathogenic mutations in Repeats 13, 14,
15, 17, and 23 are known to cause Larsen syndrome [16,
36] (Fig. 1). This residue is highly conserved across dif-
ferent species, suggesting that it is an important residue
(Fig. 2), and deleting this residue in FLNB is likely to be
deleterious for the protein function. We suggest that the in-
frame codon deletion observed in our patients with club-
foot results in a less severe phenotype than the nearby
missense mutations that cause Larsen syndrome. Although
patients with Larsen syndrome often have clubfoot as a
phenotype, almost all of our patients and their family
members had no additional phenotypes to support a di-
agnosis of Larsen syndrome. However, members of one of
our families had the variable upper extremity abnormalities
and wide thumbs that are characteristic of Larsen syn-
drome. Of note, the identical FLNB protein p.E1792del
variant was recently reported in ClinVar as likely patho-
genic by a single submitter related to its segregation in
multiple affected family members with autosomal domi-
nant inheritance of knee dislocation, patellar hypoplasia,
and limited knee flexion and extension [25]. Therefore, the
incomplete penetrance and variable expressivity of the
FLNB p.E1792del variant results in a phenotypic spectrum

Table 2. Novel FLNB missense variants in isolated patients with clubfoot

Variant Position Base change ID gnomAD MAF Protein domain CADD phred

A170P chr3:58062988 G>C Novel Novel Repeat 1 28.1

W529C chr3:58089789 G>C Novel Novel Repeat 3 25.0

K611N chr3:58092492 G>C Novel Novel Repeat 4 24.0

R1438G chr3:58116557 C>G Novel Novel Repeat 13 20.6

S2168R chr3:58139238 C>G Novel Novel Repeat 20 24.8

G2397D chr3:58149049 G>A Novel Novel Repeat 23 33

ID = dbSNP identification number; CADD phred = Combined Annotation Dependent Depletion phred scaled score, predicting the
deleteriousness of variants.
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spanning from isolated clubfoot to the complete Larsen
syndrome phenotype. The high frequency of the FLNB
p.E1792del variant in our cohort suggests that isolated
clubfoot may be the most commonly expressed phenotype.

Identification of Additional Novel and Rare FLNBVariants
in Clubfoot

Given the finding of a recurrent FLNB deletion in patients
with clubfoot, we further investigated whether other rare
variants in FLNB are present in patients with clubfoot. In
the same dataset, we identified one novel missense variant
inFLNB that segregated in a small family, and rare or novel
missense variants in 18 patients with sporadic clubfoot that
were not present in the control group (five novel; 13 rare).
Although there was no overall enrichment of FLNB mis-
sense variants in patients with clubfoot compared with
controls, this may be related to the small sample size. We
suspect that some of the rare FLNB missense variants we
identified are pathogenic, as suggested by the segregation
of FLNB p.G2397D with clubfoot in three generations and
its absence in gnomAD. FLNB p.G2397D is located in
Domain 23, which also contains pathogenic variants of
Larsen syndrome. The other novel FLNBmissense variants
we discovered in our patients, which were also absent from
gnomAD, are located in Domains 1, 3, 4, 13, and 20. Many
of these patients did not have additional family members to
test for segregation; therefore, we cannot confirm the
pathogenicity of these variants. The occurrence in appar-
ently nonfamilial individuals with clubfoot suggests that
these alleles may confer an incompletely penetrant risk of

clubfoot. When we combine the two variants reported by
Yang et al. [38] with those described here, seven novel
FLNB missense variants have been reported in patients
with sporadic clubfoot.

There are several proposed mechanisms by which
FLNB variants cause abnormal skeletal development.
In vitro and in vivo studies demonstrated that FLNB de-
ficiency results in delayed ossification in the long-bone
growth plate, ossification of the intervertebral discs, dys-
regulation of chondrocyte development, and hypomobility
of osteoblasts [36]. Interestingly, FLNB has also been im-
plicated in muscle differentiation [7, 31]. As discussed, the
mechanisms underlying clubfoot are not fully understood;
however, there is evidence that altered muscle de-
velopment may play a role. Variations in sarcomeric genes
such as MYH3, MYH8, TNNI2, TNNI3, and TPM2 are
known to cause some types of distal arthrogryposis [3, 30],
which have clubfoot as a common feature. Moreover,
studies have shown that variants in muscle sarcomeric
genes increase the risk of isolated clubfoot [32, 33].

Conclusion

We identified a recurrent FLNB in-frame codon deletion
that accounts for 0.43% of unrelated patients with isolated
clubfoot from a collection of 1157 unrelated patients.
Given the absence of any recurrent variants in our dis-
covery phase (n = 183) for any of the known genes causing
clubfoot, this recurrent deletion may represent one of the
most common genetic causes of clubfoot. Three of these
occurred in patients with a family history of clubfoot who

Table 3. Rare FLNB missense variants identified in isolated patients with clubfoot

Variant Position Base change ID gnomAD MAF Protein domain CADD phred ClinVar

R89G chr3:57994556 C>G rs755518501 3.98E-06 CH1 23.0

I92V chr3:57994565 A>G rs62622011 7.61E-04 CH1 23.2 Likely benign

I430M chr3:58084580 C>G rs147854989 1.38E-04 Repeat 2 25.0 VUS

D435N chr3:58084593 G>A rs781162510 6.38E-05 Repeat 2 20.8

T669A chr3:58094248 A>G rs147481678 7.07E-05 Repeat 5 14.0 VUS

V1195M chr3:58109276 G>A rs200993986 6.51E-04 Repeat 10 23.1 Likely benign

D1396N chr3:58112453 G>A rs766688604 2.83E-05 Repeat 12 27.3

R1438C chr3:58116557 C>T rs1376465311 2.49E-05 Repeat 13 23.4

E1632K chr3:58124041 G>A rs768316224 1.77E-05 Repeat 15 27.3

R2010C chr3:58134516 C>T rs138034708 1.98E-04 Repeat 19 33.0

L2052V chr3:58135639 C>G rs372726521 in dbSNP Repeat 19 13.1 VUS

T2166M chr3:58139231 C>T rs199939739 5.66E-05 Repeat 20 33.0 VUS

R2346C chr3:58148895 C>T rs149638325 6.01E-05 Repeat 22 35.0

ID = dbSNP identification number; MAF =minor allele frequency; CADDphred = Combined Annotation Dependent Depletion phred
scaled score, predicting the deleteriousness of variants; ClinVar = a database with the relationships between human variants and
phenotypes; VUS = variant of unknown significance.
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had autosomal dominant inheritance with reduced pene-
trance, and rarely, variable expressivity with other features
of Larsen syndrome, such as wide thumbs and joint hy-
permobility. We also found a novel FLNB variant segre-
gating with clubfoot and multiple novel and rare missense
variants in patients with sporadic clubfoot. Combining
these results with published data, there are now three
reported FLNB variants that segregate with clubfoot:
p.E1792del (two families and three isolated patients),
G2397D (one family), and D1573Y (one family, from the
study by Yang et al. [38]). Currently, there is insufficient
evidence to determine the mechanism by which FLNB
pathogenic variants may contribute to clubfoot; therefore,
more research is needed. Altogether, there is compelling
evidence supporting an important role for FLNB in the
pathogenesis of familial and isolated clubfoot. Identifying
FLNB variants is important to determine the risk of re-
current clubfoot and may be useful for predicting associ-
ated comorbidities.

This is an open-access article distributed under the terms of the
Creative Commons Attribution-Non Commercial-No Derivatives
License 4.0 (CCBY-NC-ND), where it is permissible to download
and share the work provided it is properly cited. The work cannot be
changed in any way or used commercially without permission from
the journal.
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