Received: 19 January 2022

Revised: 14 May 2022

Accepted: 19 June 2022

DOI: 10.1002/ajmg.a.62887

ORIGINAL ARTICLE

AMERICAN JOURNAL OF JNE
medical genetlcs WILEY

Clinical and molecular features of patients with COL1-related
disorders: Implications for the wider spectrum and the risk of
vascular complications

Ryojun Takeda®3® | Tomomi Yamaguchi*>® | Shujiro Hayashi® |
Shinichirou Sano” | Hiroshi Kawame®%1° | Sachiko Kanki'*® | Takeshi Taketani'?
1,2,4,5,15

Hidekane Yoshimura®® |

Yukio Nakamura®® |

Tomoki Kosho

1Department of Medical Genetics, Shinshu University School of Medicine, Matsumoto, Japan

2Division of Medical Genetics, Nagano Children's Hospital, Azumino, Japan

SLife Science Research Center, Nagano Children's Hospital, Azumino, Japan

4Center for Medical Genetics, Shinshu University Hospital, Matsumoto, Japan

SDivision of Clinical Sequencing, Shinshu University School of Medicine, Matsumoto, Japan

®Department of Dermatology, Dokkyo Medical University, Japan

7Division of Endocrinology and Metabolism, Shizuoka Children's Hospital, Shizuoka, Japan

8Division of Genomic Medicine Support and Genetic Counseling, Tohoku Medical Megabank Organization, Tohoku University, Sendai, Japan

“Miyagi Children's Hospital, Sendai, Japan

1%Division of Clinical Genetics, Jikei University Hospital, Tokyo, Japan

Department of Thoracic and Cardiovascular Surgery, Osaka Medical and Pharmaceutical University, Osaka, Japan

12Department of Pediatrics, Shimane University Faculty of Medicine, Izumo, Japan

13Department of Otorhinolaryngology, Shinshu University School of Medicine, Matsumoto, Japan

14Department of Orthopaedic Surgery, Shinshu University School of Medicine, Matsumoto, Japan

15Research Center for Supports to Advanced Science, Shinshu University, Matsumoto, Japan

Correspondence

Ryojun Takeda, Division of Medical Genetics,
Nagano Children's Hospital, 3100 Toyoshina,
Azumino, Nagano 399-8288, Japan.

Email: ryojun_takeda@icloud.com

Tomoki Kosho, Department of Medical
Genetics, Shinshu University School of
Medicine, 3-1-1 Asahi, Matsumoto, Nagano
390-8621, Japan.

Email: ktomoki@shinshu-u.ac.jp

Funding information

BML Inc.; Initiative on Rare and Undiagnosed
Diseases, Grant/Award Number:
19ek0109301h0002; Japan Agency for
Medical Research and Development; Life
Technologies Japan Ltd.; Ministry of Health,
Labour and Welfare; Program for an Integrated
Database of Clinical and Genomic Information,

Abstract

Abnormalities in type | procollagen genes (COL1A1 and COL1A2) are responsible for
hereditary connective tissue disorders including osteogenesis imperfecta (Ol), specific
types of Ehlers-Danlos syndrome (EDS), and COL1-related overlapping disorder
(C1ROD). C1ROD is a recently proposed disorder characterized by predominant EDS
symptoms of joint and skin laxity and mild Ol symptoms of bone fragility and blue
sclera. Patients with CIROD do not carry specific variants for COL1-related EDS,
including classical, vascular, cardiac-valvular, and arthrochalasia types. We describe
clinical and molecular findings of 23 Japanese patients with pathogenic or likely path-
ogenic variants of COL1A1 or COL1A2, who had either Ol-like or EDS-like pheno-
types. The final diagnoses were Ol in 17 patients, classical EDS in one, and C1ROD in

five. The Ol group predominantly experienced recurrent bone fractures, and the EDS

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any
medium, provided the original work is properly cited, the use is non-commercial and no modifications or adaptations are made.
© 2022 The Authors. American Journal of Medical Genetics Part A published by Wiley Periodicals LLC.

2560 wileyonlinelibrary.com/journal/ajmga

Am J Med Genet. 2022;188A:2560-2575.


https://orcid.org/0000-0003-1654-9463
https://orcid.org/0000-0003-4681-2808
https://orcid.org/0000-0002-8344-7507
mailto:ryojun_takeda@icloud.com
mailto:ktomoki@shinshu-u.ac.jp
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://wileyonlinelibrary.com/journal/ajmga

TAKEDA ET AL.

medical genetics B W1 LEY_[ 2%

group primarily showed joint hypermobility and skin hyperextensibility, though vari-
ous clinical and molecular overlaps between OIl, COL1-related EDS, and C1ROD as
well as intrafamilial phenotypic variabilities were present. Notably, life-threatening
vascular complications (vascular dissections, arterial aneurysms, subarachnoidal hem-
orrhages) occurred in seven patients (41% of those aged >20 years) with Ol or

C1ROD. Careful lifelong surveillance and intervention regarding bone and vascular

COL1A1, COL1A2, COL1-related overlap disorder, Ehlers-Danlos syndrome, osteogenesis

Grant/Award Number: 16kk0205001h0501;

16kk0205012h1001
fragility could be required.
KEYWORDS
imperfecta

1 | INTRODUCTION

Pathogenic variants in genes encoding two alpha chains of type | col-
lagen (COL1A1 or COL1A2) are associated with several hereditary
connective tissue disorders (HCTD), including autosomal dominant
osteogenesis imperfecta (Ol) type | — IV (MIM #166200, 166210,
259420, 166220) (Lim et al., 2017; Marini et al., 2017), postmeno-
pausal osteoporosis (MIM #166710) (Grant et al., 1996), Caffey dis-
ease (MIM #114000) (Gensure et al., 2005), and four types of Ehlers-
Danlos syndrome (EDS): classical type (cEDS, MIM #130000), cardiac
valvular type (cvEDS, MIM #225320), a subset of vascular type (VEDS,
MIM #130050), and arthrochalasia type (aEDS, MIM #130060,
617821) (Brady et al., 2017; Malfait et al., 2017).

Ol is characterized by bone fragility with multiple bone fractures,
skeletal deformity, growth impairment, blue sclera, dentinogenesis
imperfecta, late-onset hearing loss, and normal intellectual develop-
ment (Forlino & Marini, 2016). The clinical phenotypes of Ol are highly
variable, ranging from prenatally lethal with extremely severe bone
deformities and multiple bone fractures to relatively asymptomatic
with low bone mass and susceptibility to fractures. Approximately
85%-90% of Ol cases show autosomal dominant inheritance caused
by heterozygous pathogenic variants in COL1A1 or COL1A2 (Lim
et al., 2017).

EDS is characterized by generalized joint hypermobility (GJH),
skin hyperextensibility, and tissue fragility. cEDS is characterized by
three major symptoms: joint hypermobility, skin hyperextensibility,
and delayed wound healing. The majority of cEDS cases are caused by
heterozygous pathogenic variants in COL5A1 or COL5A2, while a spe-
cific variant in COL1A1 (p.Arg312Cys) gives rise to cEDS with vascular
fragility including rupture and dissection of medium-sized arteries
(Adham et al., 2020). VEDS is characterized by thin and translucent
skin and tissue fragility of arteries and intestine; serious complications
including vascular rupture and dissection as well as intestinal and uter-
ine rupture occur in about 70% of patients. The main cause of VEDS is
the presence of heterozygous pathogenic variants in a gene encoding
type Il procollagen (COL3A1); however, heterozygous pathogenic var-
iants in COL1A1 (p.Arg312Cys; p.Arg574Cys; p.Arg1093Cys) are also

associated with VEDS. aEDS is caused by heterozygous pathogenic
variants that give rise to partial or complete loss of exon 6 in COL1A1
or COL1A2, leading to the inhibition of procollagen N-terminal site
cleavage and disruption of collagen fibril assembly and cross-linking.
Symptoms of aEDS include severe congenital GJH and bilateral hip
dislocation, joint subluxation and dislocation, and hyperelastic or
redundant skin. In addition to three major symptoms of cEDS, cvEDS
is characterized by severe cardiac-valvular defects, including aortic
valve regurgitation, mitral valve prolapses, and subsequent left ven-
tricular hypertrophy. Homozygous or compound heterozygous patho-
genic variants in COL1A2 were found to be causal for cvEDS, which
leads to the complete absence of pro-alpha-2 collagen chains and the
generation of pro-alpha-1 homotrimers.

Recently, patients with mixed phenotypes of both Ol and EDS
have been found to harbor heterozygous pathogenic variants in
COL1A1 or COL1A2 (Cabral et al., 2005; Malfait et al., 2013). In the
series by Malfait et al. (2013), EDS-related symptoms were more
prominent than Ol-related symptoms in these patients. All variants
were located near the N-terminal helical region of the type | collagen
alpha-1 or alpha-2 chain and were postulated to interfere with the
cleavage of the procollagen N-propeptide, which did not correspond
to the variants of the other known COL1-related types of EDS (cEDS,
VEDS, aEDS, and cvEDS). Therefore, Malfait et al. (2013) proposed to
name the condition “OI/EDS overlap syndrome.” Morlino et al. (2020)
described another cohort of patients with similar features and sug-
gested the term “COL1-related overlap disorder (C1ROD),” consider-
ing a wide spectrum of bridging phenotypes between Ol and EDS.
Major criteria for molecular testing were proposed as follows: (1) blue
sclera, (2) flat feet with valgus deformity of the hindfoot, (3) general-
ized joint hypermobility according to the age, and (4) significantly soft
and doughy, and/or hyperextensible skin. Although many of the vari-
ants found in C1ROD were located in the N-terminal helical region,
several variants were located outside the region. Additional patients
with C1IROD have been described (Budsamongkol et al., 2019; Foi
et al.,, 2021; Gnoli et al., 2021).

The delineation of a wide clinical spectrum of C1ROD is insuffi-

cient because previously reported cohorts have recruited either
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patients with Ol-like phenotypes or those with EDS-like phenotypes.
Here, we report detailed and comprehensive clinical and molecular
features of patients who met the criteria of CIROD from a unique
cohort, including both patients with Ol-like phenotypes and those
with EDS-like phenotypes. In addition, it is noteworthy that life-
threatening vascular events seemed to be associated with the

condition.

2 | MATERIALS AND METHODS

2.1 | Ethical considerations

Blood samples and clinical information were collected after obtaining
written informed consent from patients and/or their parents. This
study was approved by the Ethics Committee at Shinshu University
School of Medicine (Matsumoto, Japan) (#628, #4171).

2.2 | Patient enroliment

Japanese patients who were clinically suspected to be patients with
Ol or EDS and were found to have pathogenic or likely pathogenic
variants in COL1A1 or COL1A2 through our genetic investigation were
enrolled. Clinical suspicion of Ol was made based on the occurrence
of recurrent bone fractures and/or family history of Ol, and that of
EDS was made based on the presence of joint hypermobility (indi-
cated as Beighton score > 4 points) and skin hyperextensibility with

or without bone fragility.

2.3 | Genetic investigation

Genomic DNA was extracted from peripheral blood leukocytes of
the patients using Gentra Puregene Blood Kit or QlAamp DNA Blood
Mini Kit on QIAcube (Qiagen, Hilden, Germany). Next-generation
sequencing was performed on an lon PGM™, lon PGM™ Dx, or lon
GeneStudio™ S5 (Thermo Fisher Scientific, Waltham, MA, USA),
using lon AmpliSegq™ custom panels designed with lon AmpliSeq™
Designer (https://www.ampliseq.com/) for 17 genes (version 1),
54 genes (version 2), 52 genes (version 3), 71 genes (version 4), and
52 genes (version 5) associated with HCTD, including COL1A1 and
COL1A2 (Table S1). The sequencing data were mapped to human
genome hgl19 using Torrent Suite™ software (Thermo Fisher Scien-
tific), and single-nucleotide variants and small insertions/deletions
were detected from the mapped data using the Torrent Suite™ plug-
in. The variants were annotated using SnpEff (http://pcingola.github.
io/SnpEff/) (Cingolani et al., 2012). The candidate variant was con-
firmed by Sanger sequencing on an ABI 3130xI Genetic Analyzer
using a BigDye™ Direct Cycle Sequencing Kit using M13 tailed
primers and BigDye™ XTerminator Purification Kit (Thermo Fisher

Scientific).

3 | RESULTS

3.1 | Clinical findings

Detailed and comprehensive clinical and molecular findings of the
patients are shown in Table 1. Twenty-three patients from 15 fami-
lies aged 3-67 years were described: Eight were males (35%), and
15 were females (65%). Initial clinical suspicion was Ol in
18 patients (#1 — #18; 78%) predominantly showing bone fragility
and EDS in the remaining five patients (22%), who presented joint
hypermobility and/or skin hyperextensibility: aEDS (patients #19,
#20), cEDS (patient #21), VEDS (patient #22), and VEDS or Ol
(patient #23).

In family #12, patient #19 was first clinically suspected to have
aEDS based on two major criteria (congenital bilateral hip disloca-
tion and skin hyperextensibility) plus GJH (without multiple dislo-
cation/subluxation) and three minor criteria (kyphoscoliosis,
atrophic scars, and easy bleeding). Later, her younger brother,
patient #20, was also suspected of having aEDS based on symp-
toms similar to patient #19 including skin hyperextensibility, GJH
(without multiple dislocation/subluxation), atrophic scars, and easy
bleeding though he did not have congenital hip dislocation. How-
ever, her father, patient #18, was suspected of having Ol type |
because his main medical condition included multiple bone frac-
tures. He had blue sclerae while also showing GJH and skin
hyperextensibility.

Patient #21 was suspected of having cEDS based on two major
criteria (skin hyperextensibility and atrophic scars, GJH) plus two
minor criteria (easy bleeding and soft and doughy texture). Patient
#22 was suspected of having VEDS based on an episode of internal
carotid artery dissection and skin translucency. Though patient #23
was suspected of having VEDS based on an episode of vertebral artery
dissection and congenital clubfeet, she also presented Ol-related
symptoms (significant reduction of bone mineral density with an epi-
sode of bone fracture and blue sclera) and joint and skin features (joint
hypermobility, easy bleeding, and soft and doughy texture) not typical
for vEDS.

The final diagnosis was classical Ol in 17 patients (#1 — #17,
74%), classified into “the Ol group.” The final diagnoses were
C1ROD in five patients (#18, #19, #20, #22, and #23; 22%) and
COL1-related cEDS in one patient (#21; 4%), both classified into “the
EDS group.” All five patients with CIROD met the criteria for sub-
mitting molecular testing to the diagnosis, as proposed by Morlino
et al. (2020). Thirteen patients in the Ol group were subclassified as
having Ol type | without long bone deformity and with blue sclerae.
The remaining four patients (#5, #9, #11, and #12) were considered
unclassified because they had both long bone deformities (also with
short stature <2.0 SD in adult cases) and blue sclerae. The median
height SD score was —1.2 in both groups, with the heights of five
patients including one in the EDS group, below —2.0 SD. Only one
patient in the Ol group (#1) deceased due to vascular complications

as mentioned below.
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3.2 | Molecular findings

Fifteen pathogenic or likely pathogenic variants were identified:
11 variants were in COL1A1 (NM_000088.3) (Figure 1a), and the
remaining four were in COL1A2 (NM_000089.3) (Figure 1b). All vari-
ants were located within the triple helical domain of COL1A1 or
COL1A2.

Among the COL1A1 variants, six were missense variants, four
were nonsense or frameshift variants that resulted in premature stop
codons, and one was a splice-site variant. The final diagnoses of rele-
vant patients were as follows: CIROD in patient #22 with a nonsense
variant (p.Arg220*) and patient #23 with a missense variant (p.-
Gly191Cys); cEDS in patient #21 with a missense variant (p.-
Arg312Cys) and Ol in the remaining 13 patients (eight families) with
four missense variants (p.Gly191Val, p.Gly257Arg, p.Gly260Asp, and
p.Gly788Ser), three variants  (p.-
Arg187Valfs*78, p.Arg415*, and p.Gly560Valfs*20), or one splice-site
variant (c.2829 + 1G > A). Two missense variants (p.Gly191Cys and
p.Gly191Val) and two frameshift variants (p.Arg187Valfs*78 and p.-
Gly560Valfs*20) were novel. According to the 2015 American College
of Medical Genetics and Genomics (ACMG) and the Association for
Molecular Pathology (AMP) guidelines (Richards et al., 2015), “p.-
Gly560Valfs*20” was classified as pathogenic and “p.Gly191Cys,”
“p.Gly191Val,” and “p.Arg187Valfs*78” were classified as likely path-
ogenic. “p.Arg220*” associated with CIROD (patient #22) was previ-

nonsense or frameshift

ously reported in a patient with Ol type | (Kérkkoé et al., 1998), and
“p.Argd15* associated with Ol (patient #3, #4) was previously
reported in patients with Ol type | or CIROD (Morlino et al., 2020;
Willing et al., 1996).

Among the COL1A2 variants, two were missense variants (p.-
Gly655Arg and p.Gly772Ser), one was a splice-site variant (c.693 +-
1G>A), and the
(c.432 + 4_432 + 7del). “p.Gly655Arg” was a novel variant, classified
as pathogenic, according to the ACMG/AMP guidelines (Richards
et al., 2015), and the others were reported previously. The final diag-

remaining was a small deletion

noses of relevant patients were Ol in patients with “p.Gly655Arg,”
“p.Gly772Ser,” or “c.693 + 1G> A” A small deletion variant
(c.432 + 4_432 + 7del) was found in a family with a final diagnosis as
C1ROD, including a father suspected of having Ol (patient #18) and
two children suspected of having aEDS (patients #19, #20). The vari-
ant was previously reported in patients with Ol or C1IROD (Malfait
et al., 2013; Marini et al., 2007).

3.3 | Vascular complications

A total of ten vascular complications, including arterial dissections,
vascular aneurysms, and/or arterial-arterial/arterial-venous fistulas,
were identified in seven patients, 41% of those aged >20 years: five
patients with the final diagnosis as Ol type | (patients #1, #2, #3, #7,
and #9) and two patients with C1ROD(patients #22, #23). All the
seven patients had pathogenic or likely pathogenic variants in

COL1A1: Three were missense variants (patient #1, p.Gly260Asp;

patient #9, p.Gly191Val; and patient #23, p.Gly191Cys), three were
nonsense/frameshift variants (patient #3, p.Arg415*; patient #7, p.-
Gly560Valfs*20; and patient #22, p.Arg220*), and one was a splice-
site variant (patient #2, c.2829 + 1G > A).

Vascular complications included a left middle cerebral artery
aneurysm (Figure 2a), resulting in a left temporal and occipital lobe
subarachnoid hemorrhage (SAH) (Figure 2b), and an acute aortic dis-
section (Figure 2c—e) in patient #1; SAH due to a ruptured internal
carotid artery aneurysm in patients #2 and #3; an unruptured aneu-
rysm of the right middle cerebral artery (Figure 2f) in patient #7; a cor-
onary to pulmonary artery fistula in patient #9; bilateral internal
carotid artery dissections (Figure 2g—j) in patient #22; and bilateral
vertebral artery dissections, two saccular abdominal aortic aneurysms,
and an aneurysmal-type arteriovenous malformation in the left kidney
in patient #23. Detailed clinical courses of patients #1, #2, #3, #7,
#22, and #23 are provided in the Supplemental Information.

3.4 | Histopathological investigation

Transmission electron microscopy (TEM)-based histopathological eval-
uation of the skin specimens was performed on patients #22
(Figure 3a) and #23 (Figure 3b). Abnormal cauliflower-like collagen
fibrils with irregular margins were occasionally observed in both
patients, similar to previous reports regarding C1ROD (Cabral
et al., 2007; Malfait et al., 2013; Morlino et al., 2020).

4 | DISCUSSION

We have presented clinical and molecular features of 23 patients from
15 families with pathogenic or likely pathogenic variants in COL1A1
or COL1A2, recruited based either on Ol-like or EDS-like phenotypes.
Whereas the initial clinical suspicion was OI, aEDS, cEDS, or VEDS,
the final diagnoses were Ol (type | or unclassified), COL1-related
cEDS, and C1ROD according to clinical and molecular findings. Phe-
notypic and molecular overlaps among patients in the Ol group
(patients #1 — #17) and those in the EDS group (patients #18 — #23),
as well as intra-familiar phenotypic variabilities, were noted. Life-
threatening vascular complications including arterial dissections and
aneurysms occurred in both groups.

Patients in the Ol group tended to show similar skeletal features
to those in the EDS group besides recurrent bone fractures. Patients
in the EDS group tended to show markedly higher frequencies in skin
hyperextensibility, soft and doughy skin, and piezogenic papules than
those in the Ol group. Intrafamilial phenotypic variabilities included a
presumably age-dependent severity in a family in the Ol group (family
#4) and an age-independent one in a family in the EDS group (family
#12). In addition, patient #19 had a bilateral hip dislocation, a charac-
teristic finding of aEDS, which suggests a phenotypical overlap
between C1ROD and aEDS, as described by Morlino et al. (2020).

Regarding the variants identified both in the current study and in

previous publications, six were found only in patients with Ol
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(a) ¢.559del,p.Arg187Valfs*78 (Ol: #10, #11)
¢.571G>T,p.Gly191Cys (C1ROD #23)
©.572G>T,p.Gly191Val (Ol #9)
¢.658C>T p.Arg220* (C1ROD #22)
.769G>A,p.Cly257Arg (Ol #5, #6)
¢ 779G>A,p.Gly260Asp (Ol #1)
.934C>T,p.Arg312Cys (cEDS #21)

€.1243C>T,p.Arg415* (Ol #3, #4)
¢.1679del,p.Gly560Valfs*20 (Ol #7,#8)

Loz T T e Jle e Jr Je Lo Jloo Jlun e Jloo Jlow Jlos JLao JLor [ oo Jloo [ o2 [0 J oo [ o [ 0]

signal " N-propeptide awewems N-anchor region e > Triple helical domain
peptide
¢.326G>A,p.Gly109Asp (C1ROD with arterial rupture) ¢.934C>T,p.Arg312Cys (cEDS) ¢.1243C>T,p.Arg415* (C1ROD, Ol type 1)
¢.935G>T,p.Arg312Leu (C1ROD)

Skip ex6 (aEDS) ¢.1720C>T,p.Arg574Cys
¢.563G>A,p.Gly188Asp (C1ROD with arterial rupture) (VEDS, Osteopenia with arterial rupture)
¢.572G>Ap.Gly191Asp (C1ROD)
¢.572G>C,p.Gly191Ala (C1ROD with cervical artery dissection)
¢.581G>A p.Gly194Ala (Ol type 3, C1ROD)
¢.588+4A>T, Skip ex7 (C1ROD)

¢.590G>A,p.Gly197Asp (C1ROD)
¢.607G>T,p.Gly203Cys (C1ROD)
¢.608G>T,p.Gly203Val (C1ROD)
¢.634G>C,p.Gly212Arg (C1ROD)
€.658C>T p.Arg220* (Ol type 1)
©.670G>A,p.Gly224Ser (C1ROD)
¢.671G>A,p.Cly224Asp (C1ROD)
¢.761G>A,p.Gly254Glu (C1ROD)
¢.769G>A,p.Gly257Arg (Ol type 1)
€.779G>A,p.Gly260Asp (Ol type 4)
€.797G>A,p.Gly266Glu (C1ROD)

©.2362G>A,p.Gly788Ser (Ol #16,#17)  ¢.2829+1G>A, Intron 39 (Ol #2)

* v
ln les "29 ]IaoJ[ 31 Jl 31JI 33 " 34J| 35 H 39" 37 ]l 33Jlsg 40“41J[42 ﬂuJ[u JlAS "4le47 "43“49 ]lsoﬂnl

Triple helical domain " C-propeptide |

¢.2073del ,p.Gly692Valfs*74, (C1ROD) .2829+1G>A, Intron 39 (Ol type 4)
¢.2362G>A,p.Gly788Ser (Ol type 3/4) ¢.3106C>T,p.Arg1036Cys (C1ROD)
¢.3150_3158del,p.Ala1053_Gly1055del (C1ROD)
¢.3196C>T,p.Arg1066Cys (C1ROD)
¢.3277C>T,p.Arg1093Cys (VEDS, Osteopenia with arterial rupture)
.3521C>T,p.Ala1174Val (C1ROD)
¢.3790C>T,p.Met1264Val (C1ROD)

(b)

©.432+4_432+7del (C1ROD #18, #19, #20)

€.693+1G>A, Intron 14 (Ol #13)

Lol e e s e [ e Lo oo Jlon Jloe Jlos Jroo Jos Jlao Jlor Jlom oo oo [ [ e s s |
5i3“?' " N-propeptide e N-anchor region s > Triple helical domain
peptide
¢.133G>T,p.Gly45Cys (C1ROD) Skip ex14 (C1ROD)
¢.197G>A,p.Gly66Asp (C1ROD) ¢.693+1G>A, Intron 14 (Ol type1)

Skip exon 6 (aEDS)
¢.316G>A,p.Gly106Arg (C1ROD)
Skip ex7 (C1ROD)
¢.326G>A,p.Gly109Asp (C1ROD)
¢.335G>T,p.Gly112Val (C1ROD)
c.432+4_432+7del (Ol type 4, CIROD)
€.432+5G>A (C1ROD)
Skip ex9 (C1ROD with intracerebral hemorrhage)
Skip ex11 (C1ROD)
¢.577G>A,p.Gly193Ser (C1ROD)
¢.587G>T,p.Gly196Val (C1ROD)

¢.1963G>C,p.Gly655Arg (O #12)

©.2314G>A,p.Gly772Ser (Ol #14, #15)

| :
|27||28]|Z9"30"31"32"33”34"35"36||37"38"39I40]|41"42"43"44"45"46"47"48"49"50"51||52|

Triple helical domain " C-propeptide |

€.1963G>C,p.Gly655Glu (Ol type 4) €.2314G>A,p.Gly772Ser (Ol type 4)
¢.1963G>C,p.Gly655Val (Ol) €.2701G>A,p.Gly901Ser (C1ROD)
€.2755G>A,p.Gly919Ser (C1ROD)
¢.3105+2T>C (C1ROD)
©.3296G>A,p.Gly1099Glu (C1ROD)

FIGURE 1 Schematic structure, location of domain organizations, and distribution of the mutations in COL1A1 (a) and COL1A2 (b). The
numbers in the upper center rectangles indicate the exon numbers, and the rectangles in the lower center indicate the domain organizations of
the proteins. Variants found in the current study are shown above the exon rectangles; unpublished variants are displayed in red, and previously
published variants are displayed in blue. Variants in previous publications are shown below the domain rectangles. Variants both identified in the
current study and previous publications are displayed in blue. aEDS, Ehlers-Danlos syndrome arthrochalasia type; CIROD, COL1-related overlap
disorder; Ol, osteogenesis imperfecta; cEDS Ehlers-Danlos syndrome classical type; VEDS, Ehlers-Danlos syndrome vascular type
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FIGURE 2 Radiographic findings of three patients with vascular complications. (a—e, patient #1) A brain enhanced computed tomography
(CT)-based angiography (a) shows a left inner carotid artery aneurysm (arrowhead). A brain CT reveals an occipital subarachnoid hemorrhage (b).
Chest CT images (c, d) and chest to abdominal CT-based angiography (e) show an extensive aortic dissection from the ascending aorta, aortic
arch, and descending thoracic to abdominal aorta (arrowheads). (f, patient #7) A magnetic resonance imaging (MR)-based angiography shows a
right inner carotid artery aneurysm of 2 mm in diameter (f). (g—j, patient #23) A diffusion-weighed brain MR imaging (g, h) shows a high intensity
area in the left middle cerebral artery region. A digital subtraction angiography shows stenotic lesions (arrowheads) of the right (i) and left (j) inner
carotid arteries

(COL1A1: p.Gly257Arg, p.Gly260Asp, p.Gly788Ser, ¢.2829 + 1G > A,
COL1A2: c.693 + 1G > A, and p.Gly772Ser), three in both OI and
C1ROD (COL1A1: p.Arg220*, p.Arg415*, and COL1A2: c.432 +-
4_432 + 7del), and one in cEDS (COL1A1: p.Arg312Cys). Pathogenic
or likely pathogenic variants of patients with C1ROD included a mis-
sense (p.Gly191Cys) (patient #23) and a nonsense (p.Arg220*) (patient
#22) variants in COL1A1 and a small deletion variant (c.432 +-
4432 + 7del) in COL1A2 (patients #18, #19, #20), all of which were
located within the first 85 N-terminal residues of the type | collagen
helical domain. This region functions as the N-terminal anchor for the
stabilization and adequate folding of the collagen triple helix. Patho-
genic variants in this lesion give rise to the conformational change of
the procollagen N-proteinase cleavage site and inhibition of normal
N-propeptide processing, leading to the decreased collagen fibril
diameter and strength, ultimately resulting in the development of both

Ol and EDS overlap phenotypes (Cabral et al., 2005; Makareeva

et al., 2006; Malfait et al., 2013). According to the current study and
previous reports, most of the variants located in the N-terminal pro-
peptide or near the N-terminal helical region (upstream of exon 14)
were glycine substitution missense or exon skipping variants except
for a nonsense (p.Arg220*) and arginine substitution missense vari-
ants. On the other hand, variants downstream of exon 14 included
glycine and nonglycine substitution missense, nonsense, frameshift,
and in-frame deletion variants (Budsamongkol et al., 2019; Foi
et al., 2021; Gnoli et al., 2021; Morlino et al., 2020). In view of these
findings, a genotype-phenotype correlation underlying C1ROD
seemed weaker than that in COL1-related EDS. Multiple intralocus,
extralocus, or epigenetic factors as well as nongenetic modifiers might
contribute to the prominent EDS phenotype as the key features of
C1ROD.

In the current study, four patients in the Ol group and two in the

EDS group suffered significant vascular complications (vascular
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Patient #22

Patient #23

FIGURE 3 Transmission electron microscopic findings of skin specimens from patient #22 (a) and #23 (b). Occasional abnormal cauliflower-
like collagen fibrils with irregular margins (arrowheads) are noted in both images

dissection, arterial aneurysm, and subarachnoidal hemorrhage). Espe-
cially three patients with Ol (patients #1, #2, and #3) developed SAH,
and one (patient #1) developed aortic dissection leading to death.
Vascular complications have been described as a rare but serious life-
threatening event in COL1-related Ol (Balasubramanian et al., 2019;
Gaberel et al., 2016) and C1ROD (Feshchenko et al., 1998; Malfait
et al,, 2013; Mayer et al., 1996). Type | collagen, highly expressed in
the myocardium, heart valves, chorda tendinea, and arterial walls,
plays key role in maintaining the structural integrity and tensile
strength of arterial walls (Folkestad et al., 2016; Vouyouka
et al., 2001). Mimata et al. (1997) reported that type | and type Il col-
lagens are diffusely and homogeneously distributed in the luminal and
abluminal layers in the cerebral aneurysmal wall. Etminan et al. (2014)
revealed that structural remodeling of type | collagen is accelerated in
a cerebral aneurysm, which contributes to the formation and progres-
sion of cerebral aneurysm. Moreover, McNeeley et al. (2012) revealed
the histological change of cystic medial degeneration in the dissected
aortic wall tissue of a patient with Ol. Therefore, both COL1-related
Ol and C1ROD, caused by defects in type | collagen biosynthesis, are
likely to develop serious vascular complications. It remains challenging
to explain the underlying pathology of the differences between the
phenotypic severity and the prevalence of life-threatening vascular
complications; however, two independent contributing factors have
been reported to affect the formation of cerebral aneurysms.
Yoneyama et al. (2004) described that COL1A2 rs42524 single-
nucleotide polymorphism (SNP) in the triple-helical domain was
strongly related to the occurrence of cerebral aneurysms in a
Japanese cohort; however, the SNP was not found in the current
cohort. Moreover, Perrone et al. (2015) suggested autosomal domi-
nant polycystic kidney disease (ADPKD) to be associated with an

increased risk of cerebral aneurysm and aneurysmal SAH. The

formation of cerebral aneurysms in patient #1 may have been derived
and accelerated not only by a vascular fragility associated with the
defect of type | collagen but also by ADPKD. An unruptured middle
cerebral artery aneurysm detected in patient #7 could have been coin-
cidental. In the general adult population cohort, the prevalence of
unruptured intracranial aneurysms was 0.5%-3%, with a male-to-
female ratio of 1:3 (Brown & Broderick, 2014). In contrast, in the cur-
rent cohort, four of 13 adult patients (31%) were complicated by
intracranial aneurysms. It is difficult to prove whether aneurysms
developed due to the presence of the COL1A1 frameshift variant;
however, given the high prevalence of the intracranial aneurysm in
the current small cohort, we consider the occurrence of vascular
events to be related to the pathogenic variants of COL1A1 or
COL1A2.

There is no consensus regarding the use of beta-blockers for the
treatment or prevention of vascular complications in patients with
COL1-related Ol or CIROD. However, the efficacy of beta-blockers
has been recognized in the management of vascular lesions in patients
with other HCTDs including Marfan syndrome, Loeys-Diez syndrome,
and VEDS (Baderkhan et al., 2021; MacCarrick et al., 2014; Shores
et al., 1994). Beta-blockers prevent hypertension and pulsatile aortic
wall stress (Goldfinger et al., 2014), which could contribute to reduc-
ing the progression of arterial aneurysm and dissection in patients
with HCTDs. Therefore, beta-blockers might be a reasonable thera-
peutic or prophylactic option for vascular complications in patients
with COL1-related Ol or C1ROD.

Several limitations exist for this study. First, the number of
patients, especially in the EDS group, was small. Statistical compari-
son between the Ol and EDS groups was considered difficult. How-
ever, the tendency of clinical symptoms could be recognized, such
as high

frequencies of joint hypermobility and skin
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hyperextensibility and a considerable frequency of vascular compli-
cations. Second, the collection of clinical symptoms and events
could be incomplete, especially regarding possible age-dependent
events in younger patients. Children (patients #6, #11, #17, #19,
and #20) of affected parents with recurrent bone fractures could
experience fractures during adulthood. Still, other factors
(e.g., optimization of life-styles, pharmacological intervention) could
have some effects on the occurrence of such events. In addition,
patient #21, aged 18 years, with a recurrent variant “p.Arg312Cys”
for cEDS susceptible to severe vascular involvement, could develop
vascular complications in his adulthood. Further clinical and molec-
ular investigations, including larger patient numbers from variable
recruitment like the current study as well as longitudinal data col-
lection, would be required to clarify the comprehensive picture of
COL1-related disorders.

In conclusion, the current cohort included additional patients with
C1ROD, and various clinical and molecular overlaps between Ol and
C1ROD as well as intra-familial phenotypic variabilities were present.
Notably, life-threatening vascular complications (vascular dissections,
arterial aneurysms, and subarachnoidal hemorrhages) occurred in
seven patients (41% of those aged >20 years), independently from
the background HCTD-related phenotypes. Careful lifelong surveil-
lance and intervention could be required.
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