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1 | INTRODUCTION

Abstract

Background: Distal arthrogryposis (DA) is a group of congenital autosomal-
dominant disorders secondary to defects in joint and muscle function, character-
ized by multiple joint contractures of the hands and feet. DA can be divided into
10 types according to clinical features. DA has been confirmed to be caused by
mutations in genes encoding components of the contractile apparatus of skeletal
muscle fibers, such as troponin 12 (TNNI2).

Methods: In this study, we report a three-generation DA family belonging to
the DA2B type. The clinical characteristics of affected members are genetically
stable and consistent, with severe deformities in hands and feet, and two affected
adults had short stature. None exhibited facial abnormalities. Blood from three
affected and three healthy members were collected for whole-exome sequencing
and Sanger sequencing.

Results: A missense variant in TNNI2 (NM_003282.4: ¢.525G>T: p.K175N) was
successfully identified, which resulted in the substitution of amino acid at posi-
tion 175 of TNNI2 from lysine to asparagines.

Conclusion: The variant ¢.525G>T in TNNI2 explains the cause of DA in the
family. This variant was identified in Chinese people for the first time, and the
same variant had been reported in another study but no description of clinical
symptoms. Our study comprehensively characterized the ¢.525G>T variant in
TNNI2.
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Patients with DA typically present with two or more of the
following deformities: camptodactyly, vertical talus, ulnar

Distal arthrogryposis (DA) is a group of clinically and ge- deviation, clubfoot, overlapping fingers or toes, congenital
netically heterogeneous disorders characterized by multi- flexion of the wrist, elbow, and knee. In addition, some
ple joint contracture deformities in the distal extremities. patients may be accompanied by abnormalities in the face,
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height, spine, hip, and skin texture, such as the triangular
face, small mouth, arched palate, scoliosis, and short stat-
ure (Bamshad et al., 1996, 2009).

DA can be classified into 10 different types (DA1, DA2A,
DA2B, DA3, DA4, DAS5, DA7, DA8, DA9, and DA10) based
on clinical characteristics, with some overlapping features
among them (Bamshad et al., 1996, 2009). DA1 (OMIM
108120) and DA2B (OMIM 601680) are the two most com-
mon types of DA. The hallmarks of DA1 include limb de-
formities, such as camptodactyly and clubfoot, with no
other abnormalities. DA2B is also known as Sheldon-Hall
syndrome (SHS), which has more severe clinical character-
istics than DA1, with deeper involvement of extremities, as
well as facial deformities such as the triangular face, small
mouth, prominent nasolabial folds, downslanting palpebral
fissures, and prominent chin, and some patients are accom-
panied by scoliosis (Krakowiak et al., 1998). Some research-
ers have suggested that DA1 and DA2B may be considered
phenotypic extremes of the same disorder because they
share similar phenotypes, and the same mutation caused
DA1 in some families, but DA2B in others (Beck et al., 2013).

Mutations in TNNI2 can cause DA1 or DA2B (Jiang
et al., 2006; Shrimpton & Hoo, 2006; Wang et al., 2016).
Located at 11p15.5 in the human genome, TNNI2 en-
codes the fast-twitch skeletal muscle isoform of troponin
I (TnI), which is specifically expressed in fast-twitch skel-
etal muscle fibers (Barton et al., 1997). As an inhibitory
subunit, TnI forms a ternary troponin complex (Tn) with
two other subunits, a calcium-binding subunit: troponin
C (TnC) and a tropomyosin (TM)-binding subunit: tropo-
nin T (TnT). Tn is required for the regulation of calcium-
dependent fast-twitch muscle skeletal fibers contraction
and relaxation (Ochala, 2008), and abnormalities in any
of its subunits may disturb muscle function.

In our study, we identified a three-generation Chinese
family with DA2B. The proband was a 2-month-old female
infant whose mother and grandfather were symptomatic.
To screen the pathogenic variants, we performed whole-
exome sequencing and Sanger sequencing and found a
missense variant in the TNNI2 gene (¢.525G>T: p.K175N).
To our knowledge, this is the first report confirming that
this variant occurred in Chinese people with a detailed
clinical description.

2 | MATERIALS AND METHODS
2.1 | Genomic DNA preparation and
whole-exome sequencing

A total of six peripheral blood samples from patients and
their relatives were collected for genomic DNA extraction,
including three affected individuals (I-1, II-4, and III-4)

and three unaffected individuals (II-1, II-3, and III-1).
Peripheral blood was collected with an EDTA anticoagu-
lation vacuum blood collection tube, and the peripheral
blood was stored in a refrigerator at —80°C. According to
the protocol, genomic DNA was extracted from periph-
eral blood samples using a DNA extraction kit (GBCBIO,
D1105).

For whole-exome sequencing, genomic DNA samples
were sonicated into DNA fragments of 150-300bp. After
purification of the DNA fragments, adaptor ligation and
end repair were performed on the exonic DNA fragments.
The DNA library was constructed according to standard
Illumina protocols. After the library was qualified, it was
sequenced, and the raw data was collected using Illumina
Base Calling software. Variants with a frequency >1%
were excluded, nonexonic and spliced region variants
were excluded, synonymous variants were excluded, and
the remaining variants were subjected to pathogenicity
prediction using SIFT, Polyphen2, and Mutation Taster
software.

2.2 | Variant verification

A variant in TNNI2 was confirmed by Sanger sequencing.
Genomic DNA sequences were amplified according to
the Takara rTaq protocol. PCR products were sequenced
by Shanghai Sangon Biotechnology (Shanghai, China).
Primers (Forward: GGAGGACATGAACCAGAAGCTATT;
Reverse: TCAAATCCTTTATTGACGGTGGTG). TNNI2
reference sequence: NM_003282.4.

2.3 | Construction of protein structure
The amino acid sequence of Homo sapiens TNNI2 pro-
tein was obtained from UniProtKB Database (TNNI2_
HUMANP48788). AlphaFold Protein Structure Database
website (https://alphafold.ebi.ac.uk/) was used to pre-
dict the 3D structure of protein and generate a PDB file.
Pymol, Swiss PDB-viewer software, and Missense3d web-
site (http://missense3d.bc.ic.ac.uk/~missense3d/) were
used to evaluate the structural changes of the mutated
amino acid.

3 | RESULTS

3.1 | Clinical report

In a three-generation Chinese family, five members suf-
fered from DA (Figure 1a). The proband was a 2-month-old
female Chinese infant (ITI-4). She was born with obvious
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FIGURE 1 (a)Pedigree tree of a three-generation Chinese family with DA2B. The III-4 is the proband, a 2-month-old female infant.
(b) The right hand of proband shows overlapping fingers. (c,d) The feet of proband's mother (II-4) and grandfather (I-1) shows severe ulnar
deviation, camptodactyly, vertical talus and clawed lateral toes. (¢) The left foot of proband showing clubfoot

symptoms on the distal limb including overlapping fin-
gers (Figure 1b), congenital vertical talus on the right foot,
and clubfoot on the left foot (Figure 1le). Similar clinical
features were also found in her mother (I1I-4) and grandfa-
ther (I-1). Mother and grandfather appeared short stature.
Their hands showed severe ulnar deviation and campto-
dactyly. Their feet showed congenital vertical talus charac-
terized by nonweight-bearing heel, elongated and convex
medial longitudinal column, and elevated and clawed lat-
eral toes (Figure 1c,d). The mother had two boys (I1I-2 and
I11-3) previously who were also found with phenotypes of
DA. None of the affected individuals exhibited any addi-
tional facial abnormalities. We concluded that this family
was affected by DA2B.

3.2 | Variant analysis

To identify the genetic factors responsible for DA in this
family, we collected genomic DNA samples from six fam-
ily members and performed whole-exome sequencing. A
total of 340,062 genetic variants were initially detected.
After filtering out noncompliant variants according to
the pipeline (Figure 2a), 49 variants were retained. We
then examined whether the screened variants matched
the phenotypes of DA. A missense heterozygous variant
(c.525G>T; p.K175N) in TNNI2 was the only eligible vari-
ant. In addition, according to the criteria of the American
College of Medical Genetics and Genomic (ACMG), this
TNNI2 variant was classified as a “Likely Pathogenic”.
Finally, this variant was verified by Sanger sequencing in
three affected individuals (Figure 2b).

The ¢.525G>T variant in TNNI2 results in the substi-
tution of amino acid at position 175 of TNNI2 from lysine
to asparagines, the basic amino acid (lysine) changing to
the acidic amino acid (asparagines). To examine the influ-
ence of p.K175N on TNNI2 protein, we generated a PDB
file of TNNI2 protein (Figure 3a) and analyzed the pro-
tein structure using Pymol, Swiss PDB-viewer software,
and the Missense3d website. The results showed that the
lysine at position 175 would form hydrogen bonds with
the adjacent amino acids at positions 171, 172, 178, and
179 (Figure 3b). And the mutated asparagines at position
175 would not change the connection and distance of
these hydrogen bonds (Figure 3c). However, the p.K175N
substitution would disrupt the salt bridge detected at the
wild-type amino acid between NZ atom of lysine at posi-
tion 175 and OE1 atom of Glutamate at position 179 (dis-
tance: 4.330A) (data not shown).

4 | DISCUSSION

DA is an autosomal-dominant disorder with genetic and
phenotypic heterogeneity that primarily affects the distal
extremities. DA1 and DA2B are two DA types with similar
clinical phenotypes. DA1 is characterized by mild deform-
ities of the hands or feet. DA2B also is featured with limb
deformity features, but the involvement is much deeper.
The major subtyping features of DA2B are facial abnor-
malities, oropharyngeal abnormalities, spinal deformities,
and short stature, with facial abnormalities being the most
common. In this study, we recruited a three-generation
DA family. All affected individuals exhibited severe
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deformities of the hands and feet, but none exhibited fa-
cial abnormalities. At first, we thought they could be iden-
tified as DA1. But considering that both the mother and
the grandfather were accompanied by short stature and
severe limb deformities, they were eventually diagnosed
as DA2B.

Through whole-exome sequencing and screening, a
heterozygous missense variant (c.525G>T: p.K175N) in
TNNI2, a causative gene of DA, was identified to coseg-
regated with DA phenotypes in the family. The variant

FIGURE 3 (a)3D structure of TNNI2
protein. The black region is the position
of the mutated amino acid. (b,c) Lysine
and mutated asparagines at position 175
would form hydrogen bonds with the
adjacent amino acids at positions 171, 172,
178, and 179 (hydrogen bonds are shown
by a yellow dashed line and numbers
indicate hydrogen bond distances)

was classified as “Likely pathogenic” according to ACMG
criteria (Richards et al., 2015). The pathogenic evidence
included one strong pathogenic evidence (PS1), one mod-
erate pathogenic evidence (PM2), and three supporting
pathogenic evidence (PP1, PP3, and PP5).

Multiple pathogenic variants in the TNNI2 had been
widely reported. And the same variant was identified in
2013 in a Western patient who was also diagnosed with
DAZ2B, but no case report and detailed clinical descrip-
tion were available (Beck et al., 2013). Thus, we believed



LIET AL.

€.525G>T variant in TNNI2 is responsible for DA in the
Chinese family. To our knowledge, this study for the first
time comprehensively described the clinical features
caused by this variant which was identified for the first
time in Chinese people.

TNNI2 encodes the fast skeletal muscle isoform of Tnl
containing 182 amino acids. Tnl, a subunit of the hetero-
meric protein complex Tn, plays an inhibition role in con-
trolling calcium-dependent skeletal muscle contraction.
In the presence of low Ca*" concentration, TnI binds to
actin, which inhibits the interaction between actin and
myosin, and actomyosin ATPase activity, consequently
muscle keeping relaxation state. When the concentration
of Ca®" increases and exceeds the threshold, TnC binds to
Ca** and induces a conformational change of Tnl, caus-
ing Tnl to dissociate from actin, then myofilaments sliding
relatively, thereby muscle contraction.

In previous reports of DA caused by TNNI2 variants,
all pathogenic variants were located at the C-terminus of
TNNI2 (Table S1). The C-terminus of TNNI2 contains the
binding domain of TnI to actin and TnC, which are re-
quired for the inhibitory function of TnI (Ramos, 1999) and
are highly conserved in the amino acid sequences among
the three Tnl isoforms (Zhang et al., 2011). In this study,
€.525G>Tvariant in TNNI2 resulted in the replacement of
amino acid at position 175 of Tnl from lysine to asparagines,
which also located in the actin- and TnC-binding domain.
Through structural bioinformatics analysis, we found that
the amino acid substitution would not destroy the hydro-
gen bonds with adjacent amino acids and its own protein
structure, but disrupt the salt bridge between an atom of
amino acids at positions 175 and 179. We suggested that
the variant may alter the surface properties of the protein
and impair its molecular function, such as affecting the
molecular interaction of Tnl with actin and TnC, affecting
the sensitivity of Tn to calcium ions (Robinson et al., 2007),
consequently affecting the muscle contractile function.
The specific mechanism is expected to be further explored.
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