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Abstract

Summary We have sought the molecular diagnosis of OI in 38 Brazilian cases through targeted sequencing of 15 candidate
genes. While 71% had type 1 collagen-related OI, defects in FKBP10, PLODZ2 and SERPINF 1, and a potential digenic P3H1/
WNT interaction were prominent causes of Ol in this underrepresented population.

Introduction Defects in type 1 collagen reportedly account for 85-90% of osteogenesis imperfecta (OI) cases, but most available
molecular data has derived from Sanger sequencing-based approaches in developed countries. Massively parallel sequencing
(MPS) allows for systematic and comprehensive analysis of OI genes simultaneously. Our objective was to obtain the molecular
diagnosis of Ol in a single Brazilian tertiary center cohort.

Methods Forty-nine individuals (84% adults) with a clinical diagnosis of OI, corresponding to 30 sporadic and 8§ familial cases,
were studied. Sixty-three percent had moderate to severe Ol, and consanguinity was common (26%). Coding regions and 25-bp
boundaries of 15 OI genes (COLIA1, COLIA2, IFITMS [plus 5'UTR], SERPINF1, CRTAP, P3H1, PPIB, SERPINHI, FKBPI0,
PLOD2, BMP1, SP7, TMEM38B, WNT1, CREB3LI) were analyzed by targeted MPS and variants of interest were confirmed by
Sanger sequencing or SNP array.

Results A molecular diagnosis was obtained in 97% of cases. COLIA1/COLI1A?2 variants were identified in 71%, whereas 26%
had variants in other genes, predominantly FKBP10, PLODZ2, and SERPINFI. A potential digenic interaction involving P3H1
and WNTI was identified in one case. Phenotypic variability with collagen defects could not be explained by evident modifying
variants. Four consanguineous cases were associated to heterozygous COLIA1/COLIA?2 variants, and two nonconsanguineous
cases had compound PLOD? heterozygosity.

Conclusions Novel disease-causing variants were identified in 29%, and a higher proportion of non-collagen defects was seen.
Obtaining a precise diagnosis of OI in underrepresented populations allows expanding our understanding of its molecular
landscape, potentially leading to improved personalized care in the future.

Keywords Gene panel - Molecular diagnosis - Osteogenesis imperfecta - Phenotypic variability - Type 1 collagen - Targeted
massively parallel sequencing
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Introduction

Osteogenesis imperfecta (OI) is a clinically and genetically
heterogeneous group of hereditary bone dysplasias leading
to bone fragility, deformities, and short stature [1, 2]. The
severity of bone fragility ranges widely from individuals with
few fractures, no deformities, and normal stature, to those with
more than a hundred fractures and incapacitating bone defor-
mities. Clinical diagnosis of Ol is often made upon a history of
multiple low-trauma fractures starting in childhood and low
bone mass as assessed by DXA and can be aided by family
history and extraskeletal features such as blue sclerae,
dentinogenesis imperfecta, and hearing impairment, if present
[1]. However, in face of outstanding heterogeneity, clinical
diagnosis is not always straightforward, potentially resulting
in missed diagnosis and inadequate counseling and follow-up.

Until the advent of massively parallel sequencing (MPS),
achieving a molecular diagnosis of Ol was equally challeng-
ing. Autosomal dominant OI most commonly results from
quantitative or qualitative defects in type 1 collagen, but au-
tomated Sanger sequencing of the coding regions of COLIA1
and COLIA2, with 51 and 52 exons, respectively, is burden-
some and has been somewhat restricted to major research
centers. Moreover, the elucidation of rarer, mainly autosomal
recessive cases of OI has led to the identification of several
other causative factors, unraveling its complex molecular het-
erogeneity [3]. Currently, at least five different pathophysio-
logical mechanisms involving 17 candidate genes are consid-
ered to lead to OI: (a) defects in the synthesis or structure of
type 1 collagen due to variants in COLIAI or COLIA2; (b)
altered collagen posttranslational modification due to variants
in CRTAP, P3H]I [previously known as LEPRE!] or PPIB; (c)
compromised collagen processing and assembly due to vari-
ants in SERPINH 1, FKBP10, PLOD2, or BMP1; (d) impaired
bone mineralization due to variants in /FITM5 or SERPINF I,
and (e) impaired osteoblast differentiation and function due to
variants in SP7, TMEM38B, WNTI, CREB3LI, SPARC, or
MBTPS? [2]. Importantly, there is a considerable overlap in
clinical presentation arising from these different molecular
defects, meaning that a molecular cause cannot be assumed
solely based on clinical elements, with the notable exception
of autosomal dominant /FITM5-related OI, which can have
distinctive clinical and radiologic features [4, 5]. Therefore,
molecular analysis becomes essential for a precise diagnosis
of OL

The relative frequency of the different genetic causes of Ol
has been mainly ascertained based on curated molecular data
compiled into the OI variant database [6, 7], and on published
reports of the molecular diagnosis of OI in major research
centers cohorts, mostly deriving from Sanger sequencing-
based candidate gene approaches in developed countries
[8-10]. Collectively, a notion that defects in COLIAI and
COLIA2 account for 85-90% of OI cases and that autosomal
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dominant /FITM5-related OI would be the main form of non-
collagen OI has prevailed [2, 11]. Since 2017, studies
implementing MPS gene panel approaches in underrepresent-
ed populations have revealed diverse relative frequencies of
the genetic causes in these settings [12—15]. The application of
MPS for the molecular diagnosis of OI is not only advanta-
geous in terms of throughput, but also allows for systematic
and simultaneous analysis of all OI candidate genes, poten-
tially improving accuracy in the attribution of pathogenicity.

The aim of this study was to identify the molecular diag-
nosis in Brazilian cases of Ol using an MPS gene panel, hop-
ing to obtain a precise diagnosis of OI that could refine the
clinical management of patients and their relatives and pro-
vide a better understanding of the genetic architecture of OI in
the underrepresented and highly admixtured Brazilian
population.

Materials and methods
Subjects

Brazilian patients with a clinical diagnosis of OI followed at
the Endocrine Division of Hospital das Clinicas HCFMUSP,
Faculdade de Medicina, Universidade de Sao Paulo, a major
tertiary academic hospital in Sdo Paulo, Brazil, were invited to
participate and included following informed consent. The
study was carried out according to the principles of the
Declaration of Helsinki and was approved by the local ethics
committee (Comissdo de Etica para Andlise de Projetos de
Pesquisa, Hospital das Clinicas HCFMUSP, CAAE
#43319415.2.0000.0068). Both sporadic and familial cases
of OI were included. In familial cases, provided that samples
could be obtained at the beginning of the study, all affected
family members were individually analyzed through the MPS
gene panel, aiming to identify modifying variants that could
explain phenotypic variability within each family.

Clinical diagnosis of OI was based on the history of multi-
ple fragility fractures since childhood and low bone mass
(DXA Z-score <—2.0 in the lumbar spine ot total body), as-
sociated or not to bone deformities, short stature (Z-score < —
2.0), family history, and current or previous blue sclerac or
dentinogenesis imperfecta. A detailed history of nonvertebral
fractures was obtained from all subjects, and vertebral frac-
tures were ascertained through lateral thoracic and lumbar
spine radiographs. OI severity was attributed according to
the criteria proposed by Mrosk and colleagues in 2018, a
phenotypic scoring system that integrates fracture frequency
(1 to 3 points), total number of fractures (1 to 3 points) and the
presence of vertebral fractures (1 point), bowing (up to 4
points) and scoliosis (1 point) [14]. Total scores between 1
and 4 render classification as mild OI, between 5 and 8 as
moderate OI and from 9 to 12 as severe Ol. When available,
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retrospective data pertaining to audiometric testing and cardi-
ac evaluation by echocardiography were also collected.

DNA extraction

DNA was extracted from peripheral blood leukocytes using an
in-house variation of the salting-out method. All DNA sam-
ples were submitted to quality control before further genetic
analyses.

Massively parallel sequencing

A gene panel was designed including all coding regions and 25-
bp boundaries of 15 OI candidate genes, based on human refer-
ence genome GRCh37: COLIAI (Ensembl transcript
ENST00000225964), COLIA2 (ENST00000297268), CRTAP
(ENST00000320954), P3H1 (ENST00000236040), PPIB
(ENST00000300026), SERPINHI (ENST00000524558),
FKBPI10 (ENST00000321562), PLOD2 (ENST00000282903),
BMPI1 (ENST00000306385), IFITM5 (ENST00000382614),
SERPINFI (ENST00000254722), WNTI
(ENST00000293549), TMEM38B (ENST00000374692), SP7
(ENST00000536324), and CREB3L1 (ENST00000529193).
The S'untranslated region of /FITMS5 was also included.

Targeted regions were captured using specifically designed
probes (3% minimum tiling) and the SureSelect™" kit (Agilent
Technologies, Santa Clara, CA), according to manufacturer’s
instructions. Barcoded libraries were prepared from 3 pg of
genomic DNA and sequenced on a NextSeq500 system
(Illumina, San Diego, CA). Resulting paired-end reads were
aligned to the human reference genome GRCh37/hgl9 using
Burrows-Wheeler alignment tool (BWA). Variant calling was
performed with Platypus in all BAM files, and the resulting
variants were annotated with ANNOVAR.

Variant filtering was performed to prioritize rare variants
(allele frequency < 0.5% in all three databases 1000 Genomes
Project [16], EXAC [17], and the Online Archive of Brazilian
Mutations ABraOM [18]) expected to impact on protein func-
tion, including loss-of-function variants resulting in stop gain,
frameshift, or splice site abnormalities, and nonsynonymous
variants predicted to be deleterious according to SIFT [19],
PolyPhen2 [20], or CADD [21]. Additional data on variants of
interest were obtained from ClinVar, the Human Gene
Mutation Database (HGMD), OMIM, PubMed, and the
Osteogenesis Imperfecta Variation Database (OIVD) [6, 7].

CNV analysis

In cases where point variants or small indels were not identi-
fied, copy number variation (CNV) analysis of MPS data was
performed using the COpy Number Targeted Resequencing
Analysis (CONTRA) tool [22]. Potential CNVs were verified
by BAM file visualization using the Integrative Genomics

Viewer (Broad Institute). Verified CNVs were further ana-
lyzed by SNP array using CytoSNP-850 K arrays (Illumina).
Briefly, DNA amplification, hybridization, staining and wash-
ing were performed according to manufacturer’s instructions,
and arrays were scanned using the iScan System (Illumina).
Raw data were analyzed using the BlueFuse Multi v1.1 soft-
ware (Blue Gnome). CNVs confirmed by SNP array were
interrogated in UCSC genome browser and the database of
genomic variants (DGV) in order to retrieve previous reports.

Sanger sequencing

Automated Sanger sequencing was carried out to confirm var-
iants of interest identified in the MPS gene panel. Starting
from 50 ng of genomic DNA, PCR-amplified regions were
purified enzymatically with Illustra ExoProStar (GE
Healthcare Life Sciences, Little Chalfont, UK) and sequenced
using the BigDye Terminator v.3.1 kit (Thermo Fisher
Scientific, Waltham, MA) on an ABI 3130 % 1 automated
DNA sequencer (Thermo Fisher). Oligonucleotide sequences
and reaction conditions are available upon request.

Segregation analysis

First-degree relatives of study subjects were invited to partic-
ipate. After informed written consent, a detailed medical his-
tory was obtained aiming to identify a history of fragility
fractures, previous diagnosis of osteoporosis or low bone
mass, blue sclerae, dentinogenesis imperfecta, or cardiopa-
thies. Segregation analysis was performed using Sanger se-
quencing, as described above, when family samples were
available. In isolated cases with a suspected autosomal dom-
inant de novo variant, the variant was only considered to have
segregated if it was not found in both unaffected parents. In
cases with suspected autosomal dominant inheritance, if the
variant was found in an affected parent, it was also considered
to segregate, but if one of the parents was unavailable for
study and the variant was not found in the other (unaffected)
parent, the analysis was deemed inconclusive. In cases with
suspected autosomal recessive defect and a history of consan-
guinity where a homozygous variant was identified, if one of
the parents was unavailable but the other carried the heterozy-
gous variant, segregation was affirmed. In familial cases,
when affected individuals had the variant and unaffected ones
did not, segregation was also affirmed.

Association between molecular findings and clinical
features

In order to explore associations between molecular findings
and clinical characteristics such as disease severity, blue
sclerae, dentinogenesis imperfecta, impaired hearing, and
echocardiographic abnormalities, Pearson’s Chi-squared was
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used in PASW Statistics v.17 (IBM). When > 20% of cells had
values lower than the expected minimum, violating the test’s
assumptions, Fisher’s exact test (2 x 2 tables) was used. An
association was considered significant when p < 0.05.

Results

Molecular analysis with the MPS gene panel was carried out
in 49 subjects, corresponding to 30 sporadic and 8 familial
cases, rendering a total of 38 index cases. Clinical character-
istics of the full cohort are presented on Table 1. Notably,
adults composed 82% of the cohort, and the median age of
subjects was 24 years (range 7—69 years). In terms of disease
severity, 37% had mild OI, 30% had moderate OI, and 33%
had severe OI. A higher proportion of mild OI was seen
among familial cases (74%) in comparison to sporadic cases
(13%), who mostly had moderate to severe disease.

Ten out of 38 cases (26%) had a history of consanguinity.
Thirty-two percent of cases were originally from Sao Paulo while
58% were from other states in Brazil, and, overall, 24% were
originally from small cities (population < 50,000 inhabitants).

The mean sequencing coverage ranged from 354 to 1382x,
and in all samples, >99% targeted regions were sequenced >
50x%. Altogether, 42 disease-associated variants were identi-
fied (Table 2). Twenty-three of these have already been report-
ed in association with OI, while 19 are novel variants. Point
variants and small indels were confirmed by Sanger

Table 1 Clinical characteristics of the OI cohort studied in a Brazilian
tertiary service

Number (%)
Cohort 49 (100%)
Female 29 (59%)
Male 20 (41%)
Children (< 12 years old) 2 (4%)
Adolescents (12—18 years old) 7 (14%)
Adults (> 18 years old) 40 (82%)
Mild OI 18 (37%)
Moderate OI 15 (30%)
Severe Ol 16 (33%)
Short stature 38 (78%)
Bone deformities 36 (76%)
Independent walking 23 (47%)
Aided walking 6 (12%)
‘Wheelchair user 19 (39%)
Bed bound 1 (2%)
Current dentinogenesis imperfecta 10 (20%)
Previous dentinogenesis imperfecta (infancy only) 4 (8%)
Current blue sclerae 33 (67%)
Previous blue sclerae (infancy only) 6 (12%)

@ Springer

sequencing, with the exception of the PLOD2 p.(Trp561%)
variant detected in 386 of 853 MPS readings in Pt 6, which,
despite several attempts, could not be PCR-amplified for tra-
ditional sequencing. Seventy-four percent of identified vari-
ants were classified as pathogenic or likely pathogenic (57%
and 17%, respectively) according to the ACMG-AMP guide-
lines [23], and 26% were classified as variants of uncertain
significance (VUS). Most VUS were identified in combina-
tion, and in four cases, the molecular diagnosis was solely
attributed to single or combined VUS (Pt 12, Pt 14, Pt 20,
and F4).

A molecular diagnosis was obtained in 37 cases (97%).
Heterozygous type 1 collagen defects were identified in 71%
of cases, 47% in COLIAI (n=18) and 24% in COLIA2 (n=
9). All familial cases had collagen defects. In three collagen-
related OI cases, a combination of variants was found: Pt 9
and F6 had combinations of two COL/A[ variants and F4 had
a combination oftwo COLIA?2 variants (Table 2). Of note, one
sporadic case (Pt 14) and 3 familial cases (F3, F6, and F7) had
a history of consanguinity and, still, heterozygous collagen
defects were causing OI. In 10 sporadic cases, variants were
found in non-collagen candidate genes: IFITM5 (n=1, Pt23),
P3HI (n=1,Pt8), SERPINFI (n=2,Pt 1 and Pt 5), FKBPI0
(n=2, Pt 3 and Pt 12), PLOD2 (n=2, Pt 6 and Pt 20),
TMEM38B (n=1, Pt 16), and a combination of WNTI +
P3HI (n=1, Pt 17). One sporadic case remained without a
molecular diagnosis (Pt 15).

The identified heterozygous variants in COL1A1 and
COL1A2 were dispersed along the proteins, with variable
phenotypic expression (Fig. 1). Forty-two percent of
COL1A1 variants and 88% of COL1A?2 variants were glycine
substitutions. Two variants recurred in the cohort, in apparent-
ly unrelated cases: COLIAI ¢.334-9A > G was found in Pt 30
and F1, and COL1A2 p.(Gly772Ser) was found in Pt 13, Pt 25
and F3. Individuals bearing the COLIAI ¢.334-9A > G vari-
ant presented with mild OI; however, clinical variability was
remarkable among bearers of COL1A2 p.(Gly772Ser): while
Pt 13 had moderate OI characterized by 50 fractures and se-
vere short stature (Z=—15.7) at 31 years of age, 48-year-old
F3d had very mild OI with only 1 fracture and normal stature
(Z=-1.6). Along similar lines, OI severity was discordant
among individuals F2a and F2b bearing the COL1A2
p-(Gly319Arg) variant. In all these cases, additional sequence
variants in OI candidate genes that could be modifying skele-
tal fragility and, thus, help explain phenotypic variability were
not found.

The 10 sporadic cases with non-collagen defects had severe
(n=8) and moderate (n=2) OL In five cases, homozygous
point variants were found in SERPINFI (Pt 1 and Pt 5),
FKBPI10 (Pt 3 and Pt 12) and P3HI (Pt 8); only Pt 1 did not
have a history of consanguinity but his parents were both from
a 11,000 inhabitants town where other OI cases resulting from
the same SERPINFI defect have been described [24].
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AMP

Allele frequency CADDp Segregation analysis Previous reports ACMG-

Age (years) Ol severity Fractures Height Z Consanguinity Genetic variant

Table 2 (continued)

Id

@ Springer

No VUS

Segregates

7.7
9.7
7.7

1
1
1

COLI1A2 p.(Pro230GlIn)
COLI1A2 p.(Gly229Asp
COL1A2 p.(Pro230GIn)
COL1A1 p.(Gly527Ala)

VUS

VvUS

No
No

Segregates

No

5 -3.1

Moderate

54

F4b

Segregates

n/a

Likely P

Yes

20.7

No

-23
-4.6
-23

Mild 2

16
50
20

F5a
F5b
Fé6a

No

12
20

Mild

Pathog
VuS

Yes

Segregates

42

1

COLIALI p.(Argl141%*)

Yes

Moderate

No

Segregates

7.7

0.0008°

COLIAI p.(Arg528His)
COLI1AI p.(Argl141%)

Pathog
VUS

Yes

Segregates

42

1

Yes

50 -4.1

Moderate

F6b 48

No
Yes

Segregates

7.7

0.0008°

COLIAI p.(Arg528His)

Pathog

Segregates

n/a

COLI1ALI p.(Ser271Glnfs*16)

Yes

-1.0
-13
=37
-29
=29

14
15

Yes

Pathog

Yes

n/a

28.6

COLIAL p.(Gly257Arg)

No

No

No

A

20

F7a
F7b
F8a

25

32

F8b 29
F8&¢

54

The highest allele frequency found in either * 1000g, ® EXAC, or © ABraOM is shown. CADDp: PHRED-like scaled C-score according to the CADD framework; a suggested threshold for deleteriousness is

> 15 [21]. ACMG-AMP: variant classification according to the American College of Medical Genetics and Genomics—American Molecular Pathology guidelines [23] in pathogenic (Pathog), likely

pathogenic (Likely P) or variant of uncertain significance (VUS)

Notably, the P3H ¢.[1080 + 1G> T];[1080 + 1G > T] variant
identified in Pt 8 has been previously reported to be relatively
prevalent in African Americans [25]. In two cases, without a
history of consanguinity, compound heterozygous defects in
PLOD?2 were identified (Pt 6 and Pt 20), and in only one case
(3%), the heterozygous [FITMS5 c.-14C > T variant was found.

In Pt 16, born to consanguineous parents, a homozygous
deletion involving whole exons 1 and 2 of TMEM38B was
found. Analysis of MPS data with CONTRA indicated a CNV
in the TMEM38B locus in chromosome 9, and visualization of
BAM files in IGV confirmed the absence of reads for exons 1
and 2. The homozygous deletion from chr9:108,449,986 to
chr9:108,474,679 was further confirmed by SNP array.
Deletion of exons 1 and 2 of TMEM38B has already been de-
scribed as the cause of Ol in an Albanian patient [26].

One case of non-collagen Ol stood out for its peculiar digenic
findings. In Pt 17, who was born to nonconsanguineous parents
and had severe O, four heterozygous variants were found in two
different candidate genes, two in P3H! and two in WNT1, both
genes associated to recessive Ol (Fig. 2). These variants are
absent or very rare in the population and predicted to impact on
protein function. Segregation analysis revealed that in each gene,
each variant was inherited from one of his unaffected parents,
configuring a double compound heterozygote, and, potentially, a
digenic cause of OL

Finally, we sought to associate molecular findings to clin-
ical characteristics, such as OI severity, blue sclerae, and
dentinogenesis imperfecta (for which information was avail-
able in all subjects), hearing loss (audiometry available in 34/
49 subjects) and cardiac abnormality (echocardiogram avail-
able in 39/49 subjects). Comparing collagen to non-collagen
O, a significant association with disease severity was found,
with a higher prevalence of moderate to severe OI in non-
collagen defects (p = 0.008, Fisher’s exact test). Within colla-
gen defects, COL1A1 variants were more frequently associ-
ated to blue sclerae (p = 0.006, Fisher’s exact test), and glycine
substitutions were more frequently associated to
dentinogenesis imperfecta (p =0.003, Fisher’s exact test).
Other significant associations were not found.

Discussion

In a Brazilian tertiary service cohort, molecular analysis with
an MPS gene panel including 15 candidate genes was able to
identify a molecular diagnosis of OI in 37 out of 38 cases
(97%). This high diagnostic yield may derive from the high-
throughput approach taken and is comparable to that of recent
reports implementing MPS to the molecular diagnosis of OI
[12, 14, 15]. Even though most cases (71%) had COLIAI or
COL1A?2 defects, a substantial 26% of cases had non-collagen
Ol, and defects in FKBP10, PLODZ2, and SERPINF1 were
prominent causes.
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Fig. 1 Representation of variants identified in COL1A1 and COL1A2.
Proteins are represented by gray bars, and numbers at the ends denote the
initial and final residues, respectively. Variants are shown according to
their relative position in the protein; the color denotes the severity of Ol

Subjects presented with heterogeneous clinical features,
ranging from a few fractures without bone deformities to >
150 fractures and multiple deformities, but moderate to severe
presentation predominated (63%). In fact, 53% had impaired
mobility. The clinical setting of a referral tertiary center jus-
tifies this patient profile (referral bias), which may not neces-
sarily reflect the severity of Ol in the Brazilian population, in
which large clinical and molecular studies of OI are still lack-
ing. Another characteristic of the studied cohort is being com-
posed predominantly by adults, with only 9 out of 49 individ-
uals younger than 18 years of age. Most published OI studies
have been performed in children and adolescents, since the
disease tends to manifest more pronouncedly at these stages
[8, 27]. This peculiarity of the present study may bring addi-
tional information about the clinical evolution into adulthood
for the identified genetic causes of OI. While we believe that
bridging the gap on adult OI in the literature is essential, we
must acknowledge that historical findings in our cohort, such
as number of fractures, scleral hue, and dental health during
childhood and adolescence, could have been affected by recall
bias, as their ascertainment depended on patient recollection.

Twenty-six percent of our cases reported a history of con-
sanguinity. The overall prevalence of consanguineous unions
in Brazil has been estimated at 1.6%, with high variability
between states [28]. Even though all our cases were followed
in our institution in Sao Paulo, 58% originated from other
states in Brazil and from small cities in rural settings in
24%. It has been proposed that consanguinity in Brazil results
mainly from geographical and social isolation, rather than
cultural or religious tradition [28-30]. In fact, in our study,
80% of cases bearing homozygous variants were originally
from small cities in remote locations.

with which the variant was associated in the cohort, according to the
legend. Above the bars are single variants identified, and below the bars
are those identified in combination in the same case; the # marker
preceding the variant name denotes combination pairs

The advent of MPS has greatly facilitated molecular diag-
nosis in several genetic diseases, including OI [31, 32], but also
resulted in the identification of a large number of variants to
which biological or clinical significance is difficult to assign
[23, 33]. In this sense, the ACMG-AMP guidelines have
sought to establish stringent criteria upon which the pathogenic
potential of allelic variants can be derived for diagnostic reports
[23]. Here, in 4 of the 37 cases for which a molecular diagnosis
was attributed, single or combined VUS were found (Pt 12, Pt
14, Pt 20, and F4). In these cases, nonsynonymous variants
were mainly classified as VUS because they had never been
associated to OI before (novel) and segregation analysis was
incomplete or unavailable. Nevertheless, several elements sup-
ported a pathogenic role: they were very rare or absent in pop-
ulation databases, predicted to be deleterious by in silico tools,
and, in the case of two collagen variants (Pt 14 and F4), were
glycine substitutions, which generally have great impact on the
formation of type 1 collagen triple helix [34]. If these diagnoses
were to be disregarded, the success rate of molecular diagnosis
would drop from 97 to 87%. However, in view of supportive
elements described above, it was considered that these VUS
were potentially pathogenically implicated in these cases, and,
therefore, a molecular diagnosis was attributed. It should be
noted that out of the nine largest OI molecular studies published
between 2015 and 2019, which will be detailed below, only one
classified variants according to the ACMG-AMP guidelines,
and also reported VUS in the diagnostic assignment [14].

In only one case (Pt 15) the molecular diagnosis was not
identified. The clinical diagnosis of OI in this individual was
reviewed and confirmed. It is unlikely that a molecular diag-
nosis was missed due to technical reasons since target region
coverage in this sample was > 50x. It is possible, however,

@ Springer
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Fig. 2 Potential digenic defect
involving P3H1 and WNT1.
Imaging of Pt 17 through total
body DXA scanning in bone
densitometry (upper left panel),
anteroposterior spine radiography
(upper central panel), and lower
limb scanning (upper right panel)
reveals severe bone involvement
with multiple deformities and
scoliosis. The table shows
characteristics of the
heterozygous variants identified
in P3HI and WNT1, with a
peculiar inheritance pattern in
double compound heterozygosity.
PP2, PolyPhen2; CADDp,
PHRED-like scaled C-score ac-
cording to the CADD framework;
D, deleterious; n/a, not available;
HTZ, heterozygous; WT, wild-
type

e
¥
-,

' i .

Allelic In silico prediction

frequency giFT pPP2 CADDp

Pt 17 Mother Father

p.(Cys483Tyr) 0.000008 D D  17.0
P3

p.(Alal17Cysfs*64) 0 n/a n/a n/a

p.(Asn103Thr) 0 D D 23.9
WNT1

p.(Gly259_Gly262dup)

0.0008 n/a n/a n/a

that the variant lies in non-coding areas (intron, promoter),
which were not analyzed, or that it results from novel genetic
mechanisms in OI or from variation in SPARC or MBTPS2,
two novel OI candidate genes that were not represented in the
MPS gene panel [35, 36].

In accordance with the literature, all mild OI cases in this
cohort were due to collagen defects. Interestingly, about half
of the variants leading to mild OI were quantitative type 1
collagen defects, while the other half were qualitative defects
caused by non-synonymous variants, including glycine sub-
stitutions. This finding corroborates the recent molecular un-
derstanding that mild OI is not always associated to
haploinsufficiency of one of the type 1 collagen chains
(Forlino & Marini, 2016). Indeed, Lindahl et al. analyzed
clinical and genetic characteristics of 99 patients with mild
OI due to defects in COLIAI or COLIA2, reporting 62%
quantitative and 32% qualitative defects [9].

Still in regard to COLIAI and COLIA?2 variants identified
here, no correlation was observed between the position of the
variant and clinical presentation, since variants associated with
mild, moderate and severe OI were dispersed throughout the
proteins (Fig. 1). Additionally, remarkable phenotypic variability
was observed among individuals bearing a similar collagen

@ Springer

variant. In family 2, in which COL1A2 p.(Gly319Arg) was iden-
tified, subject F2a presented with mild OI while subject F2b had
moderate presentation. In the 6 carriers of the recurrent COL1A2
p-(Gly772Ser) variant (Pt 13, Pt 25, and F3a to d), clinical vari-
ability was also striking. We did not find evident modifying
variants in all 15 candidate genes that could explain this pheno-
typic variability, which also remains unexplained in the literature.

Notably, in families 3, 6 and 7 and in Pt 14 a history of
consanguinity was reported, but causative heterozygous var-
iants in COLIAI or COLIA2 were identified, highlighting
the advantage of an unbiased diagnostic approach through
the MPS gene panel. Particularly in family 7, subjects F7a
and F7b were the only two offspring of consanguineous
parents, and no other case of OI was referred in the family,
initially directing the suspicion to recessive Ol. It was later
discovered that their deceased father also had the COL1A1
p-(Ser271GInfs*16) variant, and that although he had never
fractured, he had short stature and cardiac valve disease,
compatible with the OI spectrum. In two other cases (Pt
25 and Pt 27) the molecular diagnosis of the index individ-
uals also allowed recognition of affected relatives, with mild
manifestations and without a previous clinical diagnosis of
OL Collectively these findings demonstrate the importance
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of obtaining a molecular diagnosis for enabling precision
medicine.

Historically, collagen-related OI is considered to ac-
count for 85-90% of cases, while 10-15% are attributed
to non-collagen OI [2, 3, 32]. Since 2015, nine major
studies have sought to identify the molecular diagnosis
of OI in cohorts of different countries [8—10, 12—15, 37,
38]. As shown in Table 3, these studies were heteroge-
neous in terms of experimental design, methodology,
candidate genes analyzed and cohort composition.
Even so, the collective analysis of their results allows
contextualizing our findings.

With regard to the proportion of collagen-related OI
in these cohorts, the studies by Lindahl et al., Bardai
et al.,, and Maioli et al., carried out, respectively, in
Swedish, Canadian, and Italian populations, and mainly
employing Sanger sequencing of COLIAI and COLIA2
for molecular analysis, type 1 collagen defects were
seen in 85 to 88% of cases [9, 10, 38]. Of note, mild
OI phenotypes predominate in the studies of Lindahl
et al. and Maioli et al., and approximately half of the
cohort in Bardai et al. also had mild disease, potentially
influencing these results.

On the other hand, studies by Liu et al., Mrosk et al., and
Mohd Nawawi et al. in Chinese, Indian, and Malaysian cohorts,
respectively, with predominantly moderate to severe OI and
using MPS gene panels, found smaller proportions of type 1
collagen defects, from 49 to 73% [12, 14, 15], resembling
our finding of 71% collagen-related cases. In this sense, it
could be that ethnic and sociocultural aspects influence the
relative prevalence of OI molecular causes. In addition, it is
possible that the concomitant analysis of the various candidate
genes by MPS allows better accuracy in attributing the
molecular diagnosis. Nevertheless, it is more likely that the
composition of our cohort, with 63% of moderate to severe
O, has influenced the finding of non-collagen defects in 26%
of cases. In previous studies and also here, it is evident that
within the cohort, moderate to severe Ol was associated with
non-collagen defects and mild OI to defects in COLIAI and
COLIA2 [10].

Regarding the distribution of non-collagen causes in the
various cohorts, it is noteworthy the great heterogeneity
among the studies (Table 3). It has been reported that
IFITM5-related OI could account for 5% of cases, being the
most common non-collagen cause of OI [4, 5, 11]. In our
cohort, the heterozygous /FITM5 c.-14C > T variants was on-
ly found in one subject, making it a less frequent non-collagen
cause than defects in SERPINF1, FKBP10, PLOD?2 and
P3H]. In the cohorts of Caparros-Martin et al., Mrosk et al.,
and Li et al., IFITM5 was also not shown to be the main non-
collagen OI cause, suggesting that there is diversity in the
molecular basis of OI, particularly in underrepresented popu-
lations [13, 14, 37].

@ Springer

Finally, Ol is still regarded as a monogenic disorder [2, 32]. In
our cohort, we identified one sporadic case with a potential
digenic cause involving P3H] and WNT1. On the basis of clin-
ical presentation, we could not differentiate which candidate gene
was mostly implicated in this case, because phenotypic presen-
tation of defects in P3H 1 and WNT1 overlap. Even though we do
not have functional data to support that all 4 variants have a
biological effect, the peculiarity of the inheritance pattern, as a
double compound heterozygote, and genetic/in silico data are
supportive. It may be that with the increasing availability of
MPS, allowing for simultaneous analysis of all Ol candidate
genes, more cases of potential digenic cause will surface and
change our understanding of Ol

Conclusions

A diagnostic approach with an MPS gene panel has ef-
fectively allowed establishing the molecular basis of OI
in this cohort, unraveling novel disease-causing variants
in 29% of cases, and potentially reflecting new aspects
of OI pathogenesis in Brazil. Most cases (71%) had
COLIAI or COLIA2 defects, and phenotypic variability
among individuals bearing similar collagen defects was
not explained by evident modifying variants. Non-
collagen defects were found in 26% of cases, with a
higher prevalence of FKBPI10, PLOD2, SERPINFI de-
fects, a potential digenic interaction involving P3H1
and WINTI, and a lower prevalence of [FITM5-related
OL. Inferring the molecular diagnosis from a family his-
tory of consanguinity was misleading in this setting.
Obtaining a precise diagnosis of OI in underrepresented
populations allows expanding our understanding of its
molecular landscape and may lead to improved personal-
ized care in the future.
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