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Abstract

Background Mutations within the COLI2A1 gene have been linked with the onset of congenital Ullrich muscular dystro-
phy 2 (UCMD?2) and Bethlem myopathy. The severity of the symptoms exhibited is dependent on the mutation’s type and
whether it is heterozygous or homozygous.

Methods We used whole-exome sequencing to identify disease-causing variants in a nine-year-old Iranian patient who had
weakness, joint contractures, delayed motor development, and other symptoms. We confirmed the pathogenicity of the iden-
tified variant using in silico tools and verified its novelty using various databases. We also performed a co-segregation study
and confirmed the presence of the variant in the patient’s parents by Sanger sequencing.

Results Our analysis identified a novel homozygous missense variant in the affected patient in COL1241 (c.8828 C>T;
p.Pro2943Leu). This is the second reported family with UCMD2 caused by a mutation in COLI12A1. Our findings confirm
that this mutation results in significantly more severe symptoms than Bethlem myopathy.

Conclusion Our investigation contributes to the expanding body of evidence that links mutations in COL12A41 with UCMD?2.
Our findings confirm that the homozygous mutation in COLI2A1 caused this condition and suggest that genetic testing for
this mutation may be useful for diagnosing patients with this disease.

Keywords COL12A1 - Ullrich congenital muscular dystrophy 2 - WES - Novel mutation

Introduction

Collagen XII belongs to the interrupted triple helices
(FACIT) family of fibrous-associated collagens and is
mainly found in tissues abundant in collagen I, such as
ligaments, perichondrium, periosteum, dermis, and skeletal
muscle [1]. It consists of three ol chains that are encoded
by the COL12A41 gene. Each chain contains two adjacent
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helical collagen domains (COL1 and COL2), two short car-
boxy-terminal non-collagenous domains (NC1 and NC2),
and an essential amino-terminal non-collagen domain
(NC3) [2]. The NC3 domain is composed of 18 fibro-
nectin type III repeats with four von Willebrand factor A
domain insertions. It also has a thrombospondin domain at
the N-terminus and folds into three arms extending from a
trunk formed by two short triple-helical collagen domains,
forming trimers [3]. Mutations in several genes, including
COL6AI [4], COL6A2 [5], COL6A3 [6], and COL1241 [7],
lead to a spectrum of diseases ranging from severe Ullrich
congenital muscular dystrophy to Bethlehem myopathy.
Figure 1 displays a spectrum of variants in COLI2A41, the
majority of which are missense and splice site mutations,
classified as variants of uncertain significance (VUS) and
likely benign variants [8]. Patients with collagen VI-asso-
ciated myopathy exhibit clinical features overlapping both
myopathy and Ehlers-Danlos syndrome (EDS), such as
distal joint hypermobility and progressive contractures of
large joints, which are not typically observed in EDS [9]. In
contrast, patients with typical Ullrich symptoms of collagen
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Vl-related myopathy present with neonatal hypotonia, pro-
nounced joint hypermobility, tender skin on the hands and
feet, and prominent heel bones [10]. Initially, progressive
myopathy appears mostly atrophic but gradually devel-
ops a dystrophic appearance upon histological examina-
tion, leading to a progressive loss of muscle strength [11].
In this study, we present the identification of a mutation in
the COL12A1 gene in a patient exhibiting a notable overlap
phenotype characterized by joint hypermobility syndrome
and myopathy. This represents the second reported case of a
recessive mutation in COL12A] causing Ullrich congenital
muscular dystrophy 2 (UCMD2) (OMIM: 616,470).

Materials and methods
Patient

In this study, we conducted an examination of a nine-year-
old boy who was born to first cousin consanguineous parents.
The boy presented with cerebral palsy, weakness, delayed
motor development, and joint contractures. These specific
criteria were utilized to select the initial study sample. Prior
to the commencement of the study, informed written consent
was obtained from all participants, including the patient’s
parents, siblings, and other subjects. For genetic testing, a
volume of five to ten mL of blood was drawn into tubes
containing EDTA from each individual. This research was
conducted in compliance with the regulations established
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by the Ethics Committee of Golestan University of Medical
Sciences (Ethics Code: IR.GOUMS.REC.1399.382).

DNA extraction

We extracted DNA samples from 1 pl of mononuclear cells
extracted from blood using the Kowsar kit (cat# K1135)
following the completion of informed consent form. The
concentration and purity of DNA were determined using
the Nanodrop device after extraction. Sequencing was per-
formed using DNA extracted from whole blood.

Whole exome sequencing

High-quality genomic DNA samples were subjected to ran-
dom fragmentation using Covaris, resulting in library frag-
ment sizes primarily ranging from 150 to 200 base pairs
(bp). Adapters were subsequently ligated to both ends of
the resulting fragments. The adapter-ligated template was
then purified using Agencourt AMPure SPRI beads, and
a fragment with an approximate insert size of 176 bp was
isolated. This extracted DNA was then amplified using
ligation-mediated PCR (LM-PCR) and purified before
undergoing hybridization to Sure Select biotinylated RNA
libraries (BAITS) for enrichment. Following a 24-hour
incubation, hybridized fragments were bound to streptavi-
din beads while non-hybridized fragments were removed
through washing. The LM-PCR products obtained from this
process were analyzed using an Agilent 2100 Bioanalyzer
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to assess the level of accumulation. Subsequently, each
captured library was loaded onto the HiSeq2000 platform,
and high-throughput sequencing was performed to obtaini
the normal sequencing depth for each sample. Raw image
files were processed using Illumina software 1.7 and base-
called with default parameters, producing paired-end reads
of 90/100 bp in length. Bioinformatics analyses were con-
ducted using the sequence information (referred to as “raw
data”) obtained from the Illumina pipeline. Initially, adapter
sequences and low-quality reads were removed to obtain
“clean data.“ The Burrows-Wheeler Aligner (BWA) was
then employed to align the clean reads with the published
GRCh37/UCSC hgl9 human genome build. Picard was
used to add read groups, flag duplicates, and sort the aligned
reads, resulting in final BAM files that were used for variant
calling with the GATK haplotype caller. This process dis-
tinguished between single nucleotide variants (SNVs) and
insertions/deletions (indels).

In silico analysis of variants

To validate the pathogenicity of the identified variant, we
utilized multiple tools including SIFT [12], CADD [13],
Mutation Taster [14], and Polyphen-2 [15], and PANTHER
[16]. Moreover, I-Mutant [17] and MUpro [18] web servers
were used to evaluate effect of the identified variant on the
protein stability.

Protein—protein interaction analysis using STRING

The interaction of COL12A41 with other proteins within the
collagen chain terimerization super pathway, were investi-
gated utilizing the online tool STRING [19]. This database
uses a combination of gene fusion, co-expression, function
and experimental data to predict protein interactors. The
results are combined scores of each interactor ranging from
0 to 1, representing highest and lowest confidence in the
interaction. To visualize the obtained interaction data, we
used the NetworkX python package (https:/github.com/
networkx).

Conservation analysis

The conservation analysis of the protein sequence of
COL12A1 was performed using Clustal Omega [20], and
ConSurf [21] web servers. The amino acid sequences of
COLI12A1 protein of various species, including the west-
ern clawed frog (Xenopus tropicalis), red jungle fowl (Gal-
lus gallus), domestic cow (Bos taurus), rhesus macaque
(Macaca mulatta), house mouse (Mus musculus), brown rat
(Rattus norvegicus), European rabbit (Oryctolagus cunicu-
lus), horse (Equus caballus), domestic cat (Felis catus),

human (Homo sapiens), Sumatran orangutan (Pongo abelii),
and olive baboon (Papio Anubis), were retrieved from the
Uniprot database [22] and submitted to Clustal Omega for
multiple sequence alignment. The aim of this analysis was
to identify conserved amino acids within the COL12A41 pro-
tein sequence across different species. The ConSurf web
server is a tool that analyses the evolutionary pattern of
amino acids and nucleic acids by predicting the structural
and functional regions. The results are conservation scores
that range from 1 to 9, with 1 indicating variable regions, 5
indicating mildly conserved regions, and 9 indicating highly
conserved regions. Additionally, exposed residues with high
scores are predicted as functional residues, while buried res-
idues with high scores are predicted as structural residues.
The obtained results provide valuable insights into the func-
tional and structural characteristics of the identified variant.

Sequencing and co-segregation study

To confirm the reported variant in the parents, sanger
sequencing was performed. Forward and reverse primers
were designed with Oligo 7 software to amplify the variant
sites, specifically targeting exon 63. Subsequently, we eval-
uated the resulting sequence chromatograms using Codon
Code Aligner.

Result
Clinical finding

The patient was a six-year-old boy born into a consanguine-
ous family of Persian descent. During the last week of gesta-
tion, decreased fetal movement was noted. The patient was
delivered at 37 weeks of gestation with a birth weight of
2700 g. Seizures occurred on the third day of life, along with
poor feeding and progressive spasticity leading to a promi-
nent delay in motor development. The patient’s motor devel-
opment continued to be severely delayed, as evidenced by
inability to sit, profound weakness, lack of speech, and mild
strabismus, as well as poor swelling for solid foods. Other
symptoms included pectus excavatum, multiple attacks of
pneumonia, proximal contractures, and mild microcephaly
(Fig. 2). Unfortunately, the patient passed away at the age
of ten years. Neither parent exhibited any symptoms related
to the condition.

Genetic testing
After initial diagnosis by a neurologist and orthopaedist,

whole exome sequencing (WES) was performed to iden-
tify genetic variation. Analysing WES data involved four
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Fig. 2 Nine-year-old patient with Ullrich congenital muscular dystro- (b), narrow shoulders, muscle dystrophy (¢) and curved spine. It’s
phy 2 (UCMD?2). The patient’s body appears dysmorphic, with physi- important to note that patients with UCMD?2 may experience a range
cal characteristics like slim and elongated torso (a), absence of teeth of symptoms beyond those shown in this figure

Fig. 3 Genomic location of the a
¢.8828 C> T mutation in the

COLI1241 gene, from chromo-

somal to the nucleotide level. Chr. 6

(a) The effect of the mutation

on protein level, identified as

p-Pro3943Leu (b) V& — N
COLI12A1
Gene
r ¢.8828C>T
.... GTCAGATGAACAGATTCAATCA CTGAATCAGATTCCAAATGAT
Exon 63 TACCAGTCCAGTCGCAACCAGCCAGGC CCGGGTCCACCGGGACCTC
CTGGTAGCGCAGGAGCCAGAGGEAGAACCTGGGCCTGGGGGGCGGCCA
GGCTTCCCGGGCACACCAGGGATGCAGGGACCCCCTGGGGAACGAG....
b
Small Isoform p-Pro2943Leu
N Large Isoform F
1 Cor2 COL1
Protein NeB NCI
Von Willebrand Factor A Domain Fibronectin Type lll Domain Thrombospondin N-Terminal Domain

steps: (1) Removal of synonymous variants, (2) Removal of  shown in Fig. 3, related to UCMD?2 was identified as the
benign variants (CADD Phred < 20), (3) Removal of minor  disease-causing variant.

allele frequency <0.001, and (4) Retention of homozygous

variants. Ultimately, a homozygous mutation in COLI2A1:

NM 001399.5 exon 63, ¢.8828 C>T (p.Pro2943Leu), as
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In silico analysis of pathogenicity and protein
stability

Given that the identified mutation is novel and has not been
previously reported, we utilized bioinformatics tools to
determine its pathogenicity. The Variant of Uncertain Sig-
nificance (VUS) was designated in the Varsome database.
Table 1 presents the results obtained from SIFT, CADD,
Mutation Taster, Polyphen-2, PANTHER, I-Mutant, and
MUpro analyses.

Protein-protein interaction

We used the STRING web server and NetworkX python
library to demonstrate the impact of COL/2A1 in the colla-
gen chain trimerization superpathway. Figure 4 was created
after applying the concept of ‘betweenness centrality’ (BC)
to the STRING output. In graph theory, BC demonstrates
which nodes are more important or the absence of which
causes more disruption in the network. In this graph, the
size of the nodes indicates their BC, and a color range from
dark blue to white indicates the degree (number of edges
connected to the node). Thus, darker and larger nodes have
a more significant impact on the network. Also, a greater
width and darker color indicate a higher interaction score
between a pair of proteins.

Conservation of amino acids

The Clustal Omega tool was utilized to perform multiple
sequence alignment of the COLI2AI protein sequence
across various species, and the obtained results revealed
that amino acid 2943 (Proline), which is the point of varia-
tion, was highly conserved in all other species. This finding
suggests that the residue plays a crucial evolutionary and
functional role in the protein. The results are highlighted in
Fig. 5a. Furthermore, the ConSurf tool was used to iden-
tify the evolutionary conservation pattern of the COLI2A41
protein sequence. This tool predicts each residue’s struc-
tural or functional role based on their conservation and sol-
vent accessibility. Residues that are highly conserved and
exposed are expected to be functional, while those that are
highly conserved and buried are deemed structural. The
analysis indicated that amino acid 2943 had a conservation
score of 8 (normalized score= -0.696), which was predicted
to be functional. Supplementary Material 1 and Fig. 5b con-
tain more details.

Co-segregation study

To confirm the segregation of the identified novel variant,
sanger sequencing was performed for the proband and his

Table 1 Results of in silico analysis of ¢.8828 C>T mutation in COL12A1 using ACMG, SIFT, CADD, Mutation Taster, and Polyphen-2, PANTHER, I-Mutant, and MUpro

MUpro

I-Mutant 2

PANTHER

Mutation Taster Polyphen-2

ACMG CADD SIFT
VvUS 25.1

Protein

Mutation

Gene

Decrease

Decrease (DDG:-0.83)

Possibly

Probably

Disease-

Damaging

c.8828 C>T p.Pro2943Leu

COL12A1

(DDG:-0.1095)

Damaging

Damaging

causing
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Fig. 4 Prediction of protein—protein interaction based on STRING data, visualized by NetworkX.

parents. As shown in Fig. 6, the results confirmed that both
parents were carriers of the variant.

Discussion
In this study, we present a case of a nine-year-old boy from an

Iranian family who was suspected of having an inborn error
of metabolism and clinically diagnosed with UCMD2. We

@ Springer

report the second family affected by UCMD?2 and confirm
a novel missense mutation, ¢.8828 C>T, in the COLI12A41
gene through genetic sequencing. This mutation has not been
previously reported. After the patient’s initial evaluation by
aneurologist and orthopaedist, WES was performed to iden-
tify any underlying genetic causes. The analysis revealed
the ¢.8828 C > T mutation in the COL1241 gene, which was
also confirmed in the patient’s parents. Since this is a novel
mutation and has not been reported, its pathogenicity was
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Fig.5 Evolutionary conservation
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assessed using bioinformatics tools. This study confirms
that UCMD? is caused by a homozygous mutation in the
COLI12A1 gene. Collagen type XII is a structural protein
crucial for maintaining the integrity and stability of connec-
tive tissue, including skeletal muscle [23]. Mutations in the
COLI12A1 gene can result in an abnormal or dysfunctional
collagen type XII protein, disrupting the normal structure
and function of connective tissue [24]. Ullrich-like congeni-
tal muscular dystrophy (ULCMD) is clinical a term used to
describe a sopectrum of muscular dystrophy disorders that
share similarities with Ulrich congenital muscular dystrophy
(UCMD) but are caused by mutations in genes other than the
collagen VI genes (COL6A1, COL6A42, and COL6A3) [25,
26]. COLI12A41 gene mutations have been identified in indi-
viduals with UCMD-like symptoms, leading to the inclu-
sion of COL12A 1-related UCMD in the spectrum of UCMD
disorders. Clinical features of COL12A4I-related UCMD
resemble those of other forms of UCMD and typically
include muscle weakness, joint contractures, and respiratory
involvement. The case we present shares similarities with a
study by Zou et al., involving two siblings born to consan-
guineous Turkish parents with clinical features indicative of

Average Conserved

congenital Ullrich-type muscular dystrophy. The patient in
our case also presented with proximal joint contracture and
kyphosis in addition to mild facial weakness, a high arched
palate, and lack of deep tendon reflexes. Additionally, the
patient experienced severe delayed motor development,
requiring non-invasive nocturnal ventilation before the age
of three and eventually relying on an electric wheelchair for
mobility. At nine years old, the patient developed progres-
sive scoliosis that required surgical intervention for spinal
stabilization. The patient’s younger brother exhibited simi-
lar symptoms at birth, including weakness, significant distal
hyperflexia, mild proximal contracture, and an inability to
stand or walk [9]. However, it should be noted that unlike
the case in the study by Zou et al., the parents of our patient
do not exhibit any signs of the disease, even in a mild form.
In summary, congenital Ullrich muscular dystrophy is a rare
genetic disorder primarily affecting skeletal muscles. The
association between the COL6A41, COL6A2, and COL6A3
genes and congenital Ullrich muscular dystrophy is well-
established, as pathogenic variants in these genes can lead
to the development of UCMD, a severe form of congenital
muscular dystrophy characterized by muscle weakness and
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Fig.6 This figure illustrates the first

cousin consanguineous pedigree of an a

Iranian family with Ullrich congenital

muscular dystrophy 2, a rare genetic I-1 T2

disorder (a). It also depicts the homo-
zygous and heterozygous mutations
identified in affected and unaffected
members, respectively (b)
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contractures [27].The study mentioned above represents the
only reported correlation between homozygous mutationsin ~~ Conclusion
COL12A1 and UCMD?2. Further research and genetic stud-
ies are necessary to gain a better understanding of the spe-  Our research presents the second family of UCMD2 associ-
cific role of the COLI12A1 gene in UCMD?2. ated with a homozygous mutation in the COLI2A1 gene,

which has only been reported in one other family. The simi-
larities in symptoms between the two cases strengthen the
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connection between this gene and the disease. Using WES,
we identified a novel mutation in COL12A41 (c.8828 C>T).
However, further research is required to fully understand the
relationship between homozygous mutations in COLI2A41
and UCMD2.
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