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Abstract: Osteogenesis imperfecta is a heritable bone fragility disease with a heterogenic genetic
origin. Most cases result from mutations of either the COLIA1 gene or the COLIA2 gene. We
identified a novel COLI1A2 gene mutation in a Czech patient, born to unaffected parents, who was
diagnosed according to clinical and anthropometric findings and radiographic features as having type
3 osteogenesis imperfecta, which is a severe form of this disease. The identified Gly814Trp mutation
was predicted by a number of complementary bioinformatic programs to result in functional alteration
of the protein. This case report provides both evidence of a novel COLIA42 mutation resulting in type
3 osteogenesis imperfecta and a genotype:phenotype correlation in this affected individual.
Keywords: osteogenesis imperfecta type 3, collagen, alpha-2 (I) chain, substitution, sequencing

Introduction
Osteogenesis imperfecta (Ol) is a disorder of bone formation with a worldwide prevalence
of 1:16-20,000. In addition to typical skeletal signs, such as low bone density, high risk
for fractures, and bone deformities, there are many clinical signs observed in affected
patients. These include the blue color of the sclera, dentinogenesis imperfecta, joint
hypermobility, skin hyperlaxity, and hearing loss, among others. The clinical picture
of Ol is heterogenic, and the presence of individual signs differs from type to type and
patient to patient.! The most autosomal-dominant forms of OI result from mutations of
two genes coding the collagen type 1 protein (COLIAI and COL1A2). Other dominantly
or recessively inherited OI types are caused by mutations in eleven different genes
(wingless-type mouse mammary tumor virus [MMTV] integration site family, member 1
[WNT1] interferon-induced transmembrane protein 5 [[FITM35]; serpin peptidase inhibi-
tor, clade F, member 1 [SERPINF 1], cartilage-associated protein [ CRTAP]; leucine- and
proline-enriched proteoglycan 1 [LEPREI]; peptidyl-prolyl isomerase 1 [cyclophilin
B; PPIB]; serpin peptidase inhibitor, clade H, member 1 [SERPINH1]; FK506-binding
protein 10 [FKPB10]; osteoblast-specific transcription factor SP7 [SP7]; bone morpho-
genetic protein 1 [BMPI]; and transmembrane protein 38B [TMEM38B]).!®

OI type 3 is the most severe autosomal dominant form of OI. First fractures are
described as occurring in the perinatal period and at birth. Patients are of subnormal
stature and have deformed short and long bones. Radiographic findings include low
mineralization of the skull, with the presence of Wormian bones, and popcorn-like cal-
cification of meta- and epiphyses, especially of the long bones, which, when compared
with the diaphysis, are broad and flattened. In some severe sporadic cases, Ol type 3 or
4 can present with a secondary basilar impression (BI) in the second to fourth decade
of life. It was presumed that BI occurs equally in all types of OL.° Other clinical signs
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observed in patients affected by OI type 3 include triangular ~ Table I Sequences of used primers

face, dentinogenesis imperfecta, blue sclera (the color could  Exon Fp/Rp Sequence
turn to white with age), barrel-shaped chest, weak muscles, | Fp tctgegacacaaggagtctg
hyperlaxity of joints and ligaments, and severe scoliosis. Rp tgagagtctgeectecaagt
.. 2 Fp tcectgecatacttttgace
Deformities of the chest are the most common reason for R
i o} ttattcagtagccccgectat
pulmonary deﬁc1ency.1’1° 3 Fp caccaaaatggaagctgtttt
Rp acagatgattccagaagataattaaac
Materials and methods 4 ;‘; :ﬁiﬁtczz:;‘::;:::;;m
In this study, we analyzed the DNA sample of a single Czech g Fp aatttccaccctacttgeaca
individual diagnosed with a severe type of Ol originally diag- Rp ccacaataaacctictttcaactg
nosed according to clinical and anthropometric findings and ~ © Fp grgreggecaagrrettgac
. . A Rp aaatggcgtggtaaaatgtga
radiographic features as type 3 OL" This study was approved Fp atatctgaccccagecaaca
(project 83/14) by the Ethics committee of General University Rp caggtccttggaaacctga
Hospital, Prague. 8 Fp agctggagccccagtaagta
. . . R
Genetic analysis was focused on the coding sequence of P a1sgagacceatcattca
} ] 9 Fp tcaaggtttccaaggacctg
the COL1A2 gene coding the alpha-2 (I) chain of the collagen Rp geatattcagcttttggeaga
type 1. The genomic DNA was isolated from the leucocytes 10 Fp gattcccccattttgectga
of the peripheral blood. The quality of isolated samples was Rp fgecticgattcargtratgag
. . Il Fp tttggagggaagaagtcactg
measured by gel electrophoresis, and the quantity was detected Rp tgcaccecactttactttca
spectrophotometrically. DNA samples were amplified, using 12 Fp actgagtttgctgggacctg
a polymerase chain reaction and specially designed 100% Rp gaggtcatggggaatttcaa
1 . Table 1). S fel 13 Fp gaggtcatggggaatttcaa
complementary primers (Table 1). Sequences of electro- Rp actgaaggatacagtgattageaa
phoretically checked polymerase chain reaction products  14-15 Fp aaagcaaatgatgcctgtga
were obtained on the ABI PRISM 3730x1 Genetic Analyzer Rp tectttcaaactecceagtg
. . . 16 F
automated sequencer (Applied Biosystems, Foster City, CA, R|:> :z:zz:gt::tzzzgg:ag:;a
USA), using the BigDye Terminator v3.1 chemistry. 17 Fp ttgetggttaattectiggtet
Obtained data were compared with the wild-type sequence, Rp teccecatactecacctteg
as submitted to Ensembl (accession no ENST00000297268 '8 Fp gsgtcaaagaagaaccgana
) . . 5 Rp gtggtccattagggaggtga
http://www.ensembl.org/Homo_sapiens/Transcript/Exons? | Fp gEgtcaraguagaacegana
db=core;g=ENSG00000164692;r=7:94394561-94431232; Fp gaaatgatggcagaggtggt
t=ENST00000297268). Nucleotides are numbered from the ~ 20 Fp trgtectttgaccactgectg
R t tt tta
first base of the start codon (ATG) of the complementary DNA P cagaficcagetiecee
21 Fp gtaacaagggtgagcecgta
reference sequence, according to GenBank NM_000089.3. Rp tgttagggtattgggageat
Amino acid residues were numbered from the start codon for 22 Fp gggttgggtgaagtgtrteg
methionine (ATG) of the alpha-2 chain of type 1 collagen Rp taatgacacacceaccacca
23 Fp ctggttctegtggtettect
(reference sequence GenBank NP_000080.2). Rp taatgccaggtgtgatitge
Novel mutation was identified by absence from the Type 1~ 24 Fp acaaaaagtcgggggaaaag
Collagen Mutation Database (https:/oi.gene.le.ac.uk/variants. Rp ctetgeatteccagatgarg
hp?action= h . &limit=100&order=Variant% 25 Fp atccgtggcagcatcataag
php?action=search unique&limit= order=Variant% Rp actggactgattcgcaggag
2FDNA%2CASCé&page=1), the Human Genome Mutation 26 Fp caagcaggattcaacattge
Database (https://portal.biobase-international.com/hgmd/pro/ Rp ggatgecatcttgaaaagaaa
. 27 Fp tgggaacccacaatgagttt
allmut.php), agd the Ensem?l database. (http://www.ensembl. Rp aaatggagatggccagtttg
org/Homo_sapiens/Transcript/Exons?db=core;g=ENSG0000  »g Fp ctcaaactggccatctecat
0164692:r=7:94023873-94060544;t=ENST00000297268) Rp tgeaccttctetgetteag
29 Fp accacccccaaactcaatta
Rp ggctcattctctccatcage
The case 30 Fp gccaggtttatttcactctttee
A diagnosis of OI, type 3, of the female patient was estab- Rp gacttgttgcagggtcatca
lished at the birth of the individual, and she has been followed (Continued)
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Table | (Continued)

Exon Fp/Rp Sequence
31 Fp ggctcggaagctacacaaat
Rp gggtctacttattccaggeaga
32 Fp tttcaaagcaggcaagaage
Rp aaaacttgggcatccttgtg
33 Fp aaaacttgggcatccttgtg
Rp agacccaggagagaaaggaa
34 Fp ccaaccagagtgcagtgaaa
Rp aaatgaattgctggggctct
35-36 Fp tctcecteccagtectttga
Rp cctttggetectctttctee
37 Fp cctaagttggggagtagagtgg
Rp gttgcatagcaggeacttga
38 Fp agagatgcgggaatgatcc
Fp cggaattgctctgaatagaatg
39 Fp tatgggcattgcaactggta
Rp ctgaaaggggactggtgttc
40 Fp ggcecttggtgattaacaga
Rp cataaggtattaagaaagaggagttgg
41 Fp caatcttcaagccaacctgtg
Rp cacatttgaagtggcagettt
42 Fp gttgttttggaggggaaggt
Rp cacacaatgaaatcctgctca
43 Fp gctacaacataggggctggt
Rp gcatcaatctgggttgeatt
44 Fp tgcaacccagattgatgcta
Rp agaagtgaagcccacgagaa
45 Fp gagtggggaggggtatcttg
Rp caattctcagcatggactgaa
46 Fp gtggtgaagtgagtgecatt
Rp tgtgcgagatggctacagtt
47 Fp tgacatgtgctctgaaagtgtg
Rp cactgctcgetttagectct
48 Fp aggctaaagcgageagtgag
Rp cattccttaggtcegtgatett
49/1 Fp gaaaatctgctgecatggat
Rp tgcgagctgggttetttcta
49/2 Fp cagacccaaggactatgaagttg
Rp gctggttgggagaagatgac
50 Fp agaatctgtgttctgctcaatg
Rp gcagaaggagaggtgtttgtg
51/1 Fp tcttagtatctgagtecttctecactt
Rp agagccctgtagaatgacage
51/2 Fp cctaccactgcaagaacage
Rp ccttgggggcagtctaagtt
52/1 Fp cacatgccaaacagtggttc
Rp ggccaatgtccacaaagaat
52/2 Fp tattgcacctttggacatcg
Rp gcacaatgctctgatcaatee
X X X

Abbreviations: Fp, forward primer; Rp, reverse primer.

up and treated by the same orthopedic surgeon (and pediatri-
cian) to date.

The patient comes from the second gravidity (one miscar-
riage) of healthy parents. At her delivery, by C-section at term,
with a weight of 2,450 g and a length of 45 cm, the patient

was resuscitated, and oxygen therapy was applied in the incu-
bator for 24 hours. A mild icterus neonatorum disappeared
spontaneously. After birth, a triangular face; incomplete
mineralization of the calvaria, with multiple Wormian bones
in the occipital region; healed fractures of ribs and the left
clavicle; and fresh fractures of both femurs were verified
with X-rays. Before age 15 years, the patient suffered from
16 fractures (both femurs and the left tibia were repeatedly
treated, as well as the right clavicle, right tibia, left humerus,
right and left ulna or radius, right scapula, and ribs).

Starting when she was 2 years old, the patient has under-
gone a lot of surgeries, especially corrective and multiple
osteotomies of both femurs and forearms (usually fixation
with intramedullary nailing, according to Kiintscher nail
technique'?). As a result of surgery and the orthotic fitting of
her legs, she was able to walk from age 6 to 11 years, using
support aids. Later, she was confined to a wheelchair. Her
mental development was normal.

Medication was indicated with the aim of decreasing bone
turnover. From age 7—11 years, calcitonin was administrated,
and from age 1416 years, bisphosphonates were adminis-
trated, together with vitamin D and calcium.

Physical examination at the age of 10 years revealed severe
shortening of the trunk and neck, a barrel-shaped thorax,
narrow shoulders, and a small umbilical hernia. There was
dextroscoliosis of the lower thoracic part of the spine, as well
as accentuation of thoracic kyphosis. Rhizomelic shortening
of the legs and saber-shaped right humerus were noticeable,
as was both tibia being saber-shaped. Scars on both thighs
are sheer (Figure 1 A). Permanent teeth were healthy, without
dentinogenesis imperfecta. A triangular face with a prominent
nose and protuberant eyes with bluish sclera are presented
(Figure 1A and B). The shape of the hands and feet was
normal. Examination of the range of joint motion revealed
bilateral flexion contractures of the hips (approximately 40°).

Figure | The patient aged 10 years.

Notes: (A) Short stature. Note shortening of the trunk and neck, barrel-shaped
thorax and narrow shoulders, saber-shaped deformities of the left arm, forearm,
and both tibias. (B) Abnormal face with prominent nose and protuberant eyes with
bluish sclera, healthy permanent teeth without dentinogenesis imperfecta.
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Figure 2 X-rays of the presenting osteogenesis imperfecta patient.

Notes: (A) Thorax, 5 months: multiple healed fractures of the ribs (dorsally) with good callus remodeling. (B) Thorax, |5 years: deformed, barrel-shaped thorax with thin
and deformed ribs and a fracture of the right scapula that is not fully healed. (C—G) X-rays of the lower extremities. (C) Legs, 5 months: there is osteopenia with severe
bowing of the shafts of the long bones. The transverse diameter of the tubular bones is not yet reduced. Note the insufficient lateral drift of the right femur. (D) Left femur
in anterior projection (AP), 5.5 years: the shafts of the tubular bones are thin; note that the extremely varus of femoral neck, in the middle of diaphysis is still visible in the
callus, which is not fully remodeled after a double-level osteotomy. (E) Left femur in AP, 8 years: irregular “popcorn-like” calcification of epi- and metaphyses (marked by a
red arrow). (F and G) Shanks in AP (F) and left shank in lateral (G) projections, |5 years: saber-shaped deformity of the tibia and fibula (the shafts are thin, with a narrow
medullary canal), incorrect fracture healing in distal third of the left tibia, and irregular calcification of meta- and epiphysis of long bones (so-called “popcorn-like” calcification).
(H-)) Spine, AP (H) and lateral (I and J) projections, 15 years: “S” scoliosis of thoracic spine (Cobb’s angle: Thoracic vertebra 2-37° to the left - Thoracic vertebra 9-30° to
the right - Lumbar vertebra 1); a varying degree of osteoporosis is associated with a collapse of the vertebral bodies and kyphosis in the thoracic part of the spine (l); striking
contours of the “codfish” vertebrae are visible as in thoracic (l) as in the lumbar (J) spine. This is presumably a consequence of bisphosphonate therapy.

Other big and small joints were hypermovable. The patient
was able to crawl on all fours. She did not suffer from hearing
loss, and her mental development was normal.

Anthropological examination at age

|5 years

Body length according to the right leg was 90 cm (—11.7 standard
deviation [SD]), body weight was 21 kg (—8.6 SD), and body
weight to height was above norm, but skinfold thickness was
normal, between the 50th and 75th percentiles. Both the trunk
and the extremities were severely shortened: sitting height was
52 ¢cm (—11.6 SD), subischial length of the right leg was —9.9
SD, and the left leg was shortened by 10 cm (-12.5 SD).

The patient had a barrel-shaped thorax with a thoracic
index of 104. Her head circumference was 56 cm (0.8 SD;
75th centile), and her skull was hyperbrachycephalic (cephalic
index, 88.1), with a very wide forehead, wide nasal bridge,
and triangular face.

At 25 years of age, her body weight was 31.7 kg; her
body length according to the right leg was 87 cm; her arm
span, measured by segments, was 118 c¢cm; and her sitting
height was 57.5 cm.

Radiographic examination at different ages shows gen-
eralized skeletal changes, such as typical deformities of long
bones, spine, thorax, and bone structure that are consistent
with a severe Ol type (Figure 2A-J).

The routine blood and urine examinations during the
patient’s growth period were all normal. Markers of bone
formation and resorption repeatedly proved higher bone
turnover. Vitamin D and parathormone in serum were in the
reference values.

Genetic examination determined that the family history
was negative, and the affected girl represents an isolated
case in the family. Karyotype 46, XX was ascertained.
We supposed an autosomal dominant and/or recessive
inheritance.

Figure 3 Whole-body scans. The scans approximately document both the skeleton
deformities and disproportionate stature of the patient at the age of 25 years (A)
and her fat tissue distribution (B).
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Figure 4 The p.Gly814Trp substitution.
Note: Site of the substitution is marked by a red box.

Densitometric examination, Hologic, Discovery A (S/N
850406), at 22 years of age proved the patient has significant
low bone density in the lumbar region, as well as the low
whole-body density (7-score, —3.2 SD, and 7-score, —5.0
SD, respectively). Her fat tissue percentage was 38.4%, or
in the 65th percentile (according to a reference database of
the American population).'

At the whole-body scan (Figure 3A and B), the
severe skeletal deformities, disproportionate stature, and

shortening of the left lower extremity and the right upper
extremity are well-documented (Figure 3A). The patient’s
fat tissue distribution and muscle hypotrophy are visible
in Figure 3B.

After puberty, only a few fractures were diagnosed, and
they were conservatively treated. At 25 years of age, the
woman did not suffer from hearing loss, dentinogenesis
imperfecta, BI or pulmonary insufficiency. She is in a wheel-
chair and is self-sufficient. She lives alone in a barrier-free
flat. She draws a disability pension, but she successfully
studied at a technical high school. At present, she works
half-time as a clerk.

A diagnosis of OI type 3 was established at birth and
confirmed at 15 years of age on the basis of typical clinical
and anthropological findings and radiographic features that
presented. This case was one of a cohort 55 Czech Ol patients
who were evaluated in the frame of a PhD thesis.!* All col-
lected patient data were gathered into the complex database
and statistically evaluated. The patients were reclassified
on the basis of clinical and radiological signs of OI types
defined by Sillence.!>!¢

Anthropological characteristics within OI types were
specified. Types of OI differed from each other remarkably.
Type 3 (3/2B) was the most severe type and was diagnosed
in nine cases."!

Report for mutation NM_000089.3(COL1A2):c.2440G>T

Warning: This repart is based on knowledge and data that are not firmly established. Consequently, medical decisions must

not be made on the basis of this report.

COL1A2 variation

Class 3-unknown pathogenicity

Transversion from G to T in exon 40.
Missense substitution.
Gly at position 814 is changed to Tip.

HGVS version 2.0 nomenclature

cDNA Level:
gDNA Level:
Protein Level:

NM_000089.3:¢.2440G>T
Chr7(GRCh37):9.94052305G>T
p.Gly814Trp

Pathogenicity clues

© Highly conserved nucleotide (phyloP: 5.94 [-14.1;6.4])

* Highly conserved amino acid, up to Zebrafish (considering 11 species)
® Large physicochemical difference between Gly and Trp (Grantham dist : 184 [0-215])

® Align GVGD: C65 (GV: 0.00 - GD: 183.79)
© SIFT: Deleterious (score: 0, median: 4.32)
* MutationTaster: disease causing (P-value: 1)

Figure 5 Alamut mutation analysis.

Notes: PhyloP, score of separate measurement of conservation at each base (ignoring neighboring bases in its calculation); Align GVGD, method that combines GV and GD
scores to predict the transactivation activity of each missense substitution; prediction of possible defect of protein function due an amino acid substitution. Grantham dist is

Grantham distance, the physicochemical parameterization of evolutionary propensities.

Abbreviations: c., complementary DNA position; cDNA, complementary DNA; Chr7, chromosome 7; g., genomic DNA position; G, guanine; GRCh37, Genome Reference
Consortium Human genome build 37; gDNA, genomic DNA; GD, Grantham deviation; GV, Grantham variation; Gly, glycine; HGVS, Human Genome Variation Society; p.,
protein sequence position; sIFt, sorting intolerant from tolerant; T, tyrosine; Trp, tryptophan.
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Results

Molecular genetic analysis identified a mutation of the
coding sequence the COL1A2 gene in the presented case
of OI type 3. This mutation results in the substitution of
glycine by tryptophan at position 814 of the alpha-2 (I) chain
(p.Gly814Trp, ¢.2440G>T, g.7:940522305) (Figure 4). This
mutation was using the program Alamut (used algorithms:
SpliceSiteFinder, MaxEntScan, NNSPLICE, GeneSplicer,
Human Splicing Finder) predicted as a disease-causing
(P=1.0). The substituted nucleotide is situated in the highly
conserved region (phylo-P=5.94) (Figure 5).

Discussion

Identified mutation p.Gly814Trp (¢.2440G>T, g.7:940522305)
was found in an individual of a family with a negative OI family
history. The mutation is presented in the heterozygote state and
is localized in exon 40 of the COL1A2. From the molecular
point of view, glycine is a crucial amino acid that occurs in 338
Gly-X-Y repetitive sequences and, in this way, ensures the tight
approach of collagen type 1 alpha chains. This increases the
stability of the protein molecule. Furthermore, the mutation of
Gly814 is situated in the o1 31 integrin binding region of the
alpha chains. Integrins are a family of proteins that mediate
cell-extracellular matrix interaction. Another function of these
molecules is participation in tissue morphogenesis, matrix
assembly, and cell signaling. Integrins are also a crucial part
of collagen type 1 fibrillogenesis and induce conformation
changes in collagen, and thereby accelerate the fibrillogenesis.
Integrins are situated on the plasma membrane and support
the close proximity of collagen molecules.!”!®

Glycine 814 is situated in multiligand binding region 2
(MLBR?2), which is defined by codons 656—824. This area
includes a part of coding sequence of exons 38 and 42 and
the whole coding sequences of exons 39—41 of the COL1A2
gene. The clinical outcome of mutations localized in this part
of the gene is in most of cases a severe form of OI (com-
pared with this, mutations of MLBR2 of the alpha-1[I] chain
especially result in type 2 OI, the lethal form of the disease).
Identified substitution of glycine at position 814 corresponds
with the phenotype picture of other mutations localized in
the MLBR2 region.

The Gly814Trp mutation affects the structure of the
final protein, and therefore the bone formation. Affected
morphogenesis could also result from interrupted integrin
o131 binding.

Comparing databases, we concluded that the p.Gly814Trp
substitution is a novel mutation identified in the cohort of
Czech Ol affected individuals.

Conclusion

In conclusion, a novel candidate COL1A2 Gly814Trp muta-
tion was identified in a female Czech patient diagnosed with
OI type 3. The possibility always exists that mutations in
other genes related to an autosomal recessive form of OI
may have caused this individual’s disease and necessitates
consideration of this possibility in genetic counseling of the
family. We believe, however, that the in silico analysis sug-
gesting a pathogenic role for the Gly814Trp mutation we
identified in this individual supports an autosomal dominant
mode of transmission. Now that this candidate mutation has
been described in this individual, it should provide useful
information for helping diagnose others with the same muta-
tion and for establishing transmission patterns.
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