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Abstract. Osteogenesis imperfecta (imperfect osteogenesis in the Russian literature) is the most common he-
reditary form of bone fragility, it is a genetically and clinically heterogeneous disease with a wide range of clinical
severity, often leading to disability from early childhood. It is based on genetic disorders leading to a violation of
the structure of bone tissue, which leads to frequent fractures, impaired growth and posture, with the develop-
ment of characteristic disabling bone deformities and associated problems, including respiratory, neurological,
cardiac, renal impairment, hearing loss. Osteogenesis imperfecta occurs in both men and women, the disease is
inherited in both autosomal dominant and autosomal recessive types, there are sporadic cases of the disease due
to de novo mutations, as well as X-linked forms. The term “osteogenesis imperfecta” was coined by W. Vrolick in
the 1840s. The first classification of the disease was made in 1979 and has been repeatedly reviewed due to the
identification of the molecular cause of the disease and the discovery of new mechanisms for the development
of osteogenesis imperfecta. In the early 1980s, mutations in two genes of collagen type | (COLTAT and COL1A2)
were first associated with an autosomal dominant inheritance type of osteogenesis imperfecta. Since then, 18
more genes have been identified whose products are involved in the formation and mineralization of bone tissue.
The degree of genetic heterogeneity of the disease has not yet been determined, researchers continue to identify
new genes involved in its pathogenesis, the number of which has reached 20. In the last decade, it has become
known that autosomal recessive, autosomal dominant and X-linked mutations in a wide range of genes, encoding
proteins that are involved in the synthesis of type | collagen, its processing, secretion and post-translational modi-
fication, as well as in proteins that regulate the differentiation and activity of bone-forming cells, cause imperfect
osteogenesis. A large number of causative genes complicated the classical classification of the disease and, due to
new advances in the molecular basis of the disease, the classification of the disease is constantly being improved.
In this review, we systematized and summarized information on the results of studies in the field of clinical and
genetic aspects of osteogenesis imperfecta and reflected the current state of the classification criteria for diag-
nosing the disease.
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AHHOTauumA. He3aBepLlueHHbI ocTeoreHes (HeCoBEpPLLEHHbIN OCTeOreHe3 B PYCCKOA3bIYHON NUTepaType) — Hau-
6onee pacnpocTpaHeHHan HacNefCTBEeHHAnA GopMa NTOMKOCTU KOCTeN, reHeTUYECKN 1 KNMHUYECKM reTeporeHHoe
3aboneBaHve C WUPOKNM CMEKTPOM KIVHUYECKOW TAXKECTU, OCHOBHOE KIIMHUYECKOe MPOsBNEHNE KOTOPOro —
MHOKeCTBEHHbIe MepesioMbl HauMHasA C HaTaIbHOTO NMepPUoAa KM3HK, 3a4acTylo NpUBOAALLME K MHBANMAN3AL N
C AeTCKOro Bo3pacTa. K OCHOBHbIM KIIMHUYECKMM NPpri3HaKaM He3aBepPLUEHHOrO OCTEOreHe3a OTHOCATCA rony6bble
CK/iepbl, NOTepA Clyxa, aHOManuA AEHTUHA, NOBbIWEHHAA TOMKOCTb KOCTEN, HapyLLUEHNe poCTa U OCaHKM C pas-
BUTMEM XapaKTePHbIX MHBaNNAN3MpYoLWrxX gedbopmaLnii KOCcTel 1 conyTCTBYOLWMX NPobem, BKOUYaoLWmMX Abl-
XaTesibHble, HEBPOJIOTMYECKMe, CEpAEYHbIe, MoYeyHble HapyLlleHna. HesaBeplueHHbI oCcTeoreHe3 BCTpeYyaeTcs
Ny MYXUWH, 1 Y XXeHLWWH, 3aboneBaHne HacegyeTcs Kak no ayToCOMHO-LOMMHAHTHOMY, TaK 1 ayTOCOMHO-pe-
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LIeCCMBHOMY TUMaM, CYLLECTBYIOT CNopaanyeckme cilyyan 3aboneBaHus, 06yCIoBIeHHble MyTaumsmmn de novo,
a TakXKe 0bHapy»eHbl X-cuenneHHble Gopmbl. TEPMUH «HE3aBeEpPLUEHHbIN ocTeoreHes» 6bin BBegeH W. Vrolick B
1840-x rr. MepBasa Knaccudukauma 3abonesaHnsa caenaHa B 1979 r. n HeOQHOKpPATHO NepecMaTpriBanachb M3s-3a
naeHTMOMKaLMN MONEKYNAPHOWN NPUUYMHBI 3a60NeBaHNA U OTKPbITVA HOBbIX MEXaHVW3MOB Pa3BUTUA He3aBep-
LWeHHOro ocTeoreHesa. B Hauane 1980-x rr. myTaumu B ABYyX reHax konnareHa Tuna | (COLTAT n COLTA2) BnepBble
OblIIY ACCOLMMPOBAHBI C AQYTOCOMHO-AOMMHAHTHBIM TUMOM HacNefoBaHUA He3aBepLUeHHOro ocTeoreHesa. C Tex
nop naeHTMPMLMpPOBaHbI ele 18 reHoB, MPOAYKTbl KOTOPbIX yYacTBYIOT B MpoLeccax GopmMrpoBaHnA U MUHepa-
NN3aLUn KOCTHOW TKaHW. [1o CiX Mop He onpeaesieHa CTeMNeHb reHeTNYECKON reTeporeHHOCTN 3aboneBaHus, Uc-
cnefoBartenn NpoaosixKarT le,eHTVI(bVILlVIpOBaTb HOBbIl€ r'eHbl, BOBJIeHYeHHbIe B ero natoreHes, 4Yncao KOTopbixX A0~
cturno 20. B nocnegHee fecAtuneTne CTano N3BeCTHO, YTO ayTOCOMHO-PELIECCUBHbBIE, 3y TOCOMHO-AOMMUHAHTHbIE
1 X-CBA3aHHble MyTaLK B LUIMPOKOM CMEKTPe reHoB, KOAUPYIOLWMX 6enKku, yuyacTByoLimMe B CMHTE3e KonnareHa
TUna |, ero npoueccuHre, cekpeuny 1 NOCTTPAHCAALMOHHON MogudrKaLmnm, a TakKe B 6enkax, perynmpyoLmx
anddepeHLMpPOBKY 1 aKTUBHOCTb KOCTEOOPa3yoLX KNeTOK, Bbi3bIBaloT HECOBEPLUEHHbI ocTeoreHes. bonbluoe
KOMMYECTBO MPUUMHHBIX TEHOB YCIOXKHWIO Knaccuyeckyto Knaccudukaumio 3abonesanus, 1 B CBA3M C HOBbIMY
LOCTUXKEHMAMU B 0651aCTU MONEKYNIAPHBIX OCHOB HE3aBEPLUEHHOMO OCTEOreHe3a NOCTOAHHO COBEPLUEHCTBYETCA
1 Knaccmoukayms. B stom 0630pe mMbl cuctemMaT3npoBanv 1 0606wmnm nidbopmaLmio o pesynbratax Uccneno-
BaHWU B 06/1aCTV N3yUYeHNA KITMHUKO-TeHETUYECKMX acreKTOB He3aBepLUEHHOro OCTeOreHesa U OTPa3usIn CoBpe-
MEHHOE COCTOAHME KNaccUPUKaLMOHHbIX KpUTEPUEB ANArHOCTMKIM 3aboneBaHus.

KntoueBble cnoBa: He3aBepLUEHHbIN (HeCOBEPLUEHHbIN) OCTeOreHes; KossareH; Xpynkoctb Koctew; bucpocdo-

HaTbl; MHOXKeCTBEHHbIE NePeSIOMblI.

Introduction

Osteogenesis imperfecta (OI), also known as brittle bone
disease, is a clinically and genetically heterogeneous heredi-
tary disease of connective tissue, the main cause of which
is a genetically determined violation of the quality of bone
tissue, leading to frequent fractures with the development of
disabling bone deformities and a complex of concomitant
problems on the part of the respiratory, cardiovascular, neu-
romuscular systems.

Worldwide osteogenesis imperfecta occur with a frequency
approximately of 1 in every 30,000 births. The desease affects
both men and women. In Russia osteogenesis imperfecta is the
most common genetic bone disease — one case per 10—20 thou-
sand newborns. According to the ministry of health in 2014
in Russia there are 556 adults and children with osteogenesis
imperfecta (Kruchkova, Kruglov, 2014). In the past decade,
(mostly) recessive, dominant and X-linked defects in a wide
variety of genes encoding proteins involved in type I collagen
synthesis, processing, secretion and post-translational modi-
fication, as well as in proteins that regulate the differentiation
and activity of bone-forming cells have been shown to cause
osteogenesis imperfecta (Marini et al., 2017). Also sporadic
cases of osteogenesis imperfecta are affected by de novo muta-
tions, which frequency is necessary to find out.

Nowadays, 20 genes are responsible for the development
of different types of osteogenesis imperfecta and the search of
new genes that take part in pathogenesis of the disease is still
continuing. In past five years 6 new genes, which take part
in pathogenesis of osteogenesis imperfecta, were identified.
The last gene was identified in 2018 and it is not still known
if the disease clinically and genetically heterogenious. Genetic
defects, that lead to OI, are transformed into the defects of
collagen synthesis, structures of its chains, post-translational
modification of collagen, proper twisting into a triple helix and
stitching (Nadyrshina et al., 2012). Also there are defects of
bone tissue mineralization and osteoblasts differentiation. Due
to the identification of new molecular causes of the disease,
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continuous improvement of diagnostic criteria and revision
of classification of Ol is carried out.

The aim of this article is the review of current state of clini-
cal and genetic aspects of OI and the generalization of the
results of molecular pathogenesis of the disease.

Evolution of classification criteria

of osteogenesis imperfecta

The existance of clinical features, which are corresponded to
osteogenesis imperfecta, had been known from ancient times.
The earliest case of the disease was identified in 1000 BC in
the study of a partially mummified skeleton of an infant from
ancient Egypt (Lowenstein, 2009; Ramachandran, Jones,
2018). Also exist a story about Ivar The Boneless was a Viking
leader who invaded Anglo-Saxon England. According to the
Tale of Ragnar Lodbrok, Ivar’s bonelessnes was the result of a
curse. He was born with weak bones. While the sagas describe
Ivar’s physical disability, they also emphase his wisdom, cun-
ning, and mastery of strategy and tactics in battle (Mahoney,
2017). Different publications of brittle bones and hearing loss
studies have been appearing in medical literature since 1600.
J.F. Lobstein u W. Vrolik were one of the first people, who
could get the etiology of osteogenesis imperfecta. In 1825
J.F. Lobstein got some information about 3 sick children of
different age. They had fractures of tubular bones without any
reason. Author decided to name this disease as “ostepsathy-
rosys” and in his treatise on pathological anatomy devoted
an entire chapter of it.

In 1849 W. Vrolik described “Osteogenesis Imperfecta” as
syndrome of brittle bone with a lot of fractures which hap-
pened in prenatal period or immediately after birth. Search-
ing the literature, we can see how gradually congenital bone
fragility stood out from the concept of rickets. Since 1900 the
authors began to point out the genetic nature of osteogenesis
imperfecta.

J. Spurway in 1896 reported the first instance in which the
condition of fragile bones (fragilitas ossium) was associated
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Table 1. Expanded F.H. Glorieux classification of osteogenesis imperfecta

Type Clinical severity Typical features Inheritance  Associated mutations

| Midnondeforming  Normal height or mild short stature; blue sclera ~ AD couiancoliAz
W perinatallethal Multiple ib and long bone fractures atbbirth A couancotiaz

Rarely AR
WM Severelydeforming  Veryshort;triangular face; grayishsclera A couiancoiaz
W Moderatelydeforming  Moderately short; grayish or white sclera o couiancoiaz
V ........... Moderate|ydeformmgHyperp|ast|cca||usWhltesdera ....................................... AD .................... Unknown ............................................
. V| .......... MOdera te|y toseverely ........ WhltESdera ........................................................................ AR .................... Unkno W n ............................................
deforming

. V" ......... MO derate |y . de formmg ......... WhlteSdera ........................................................................ AR .................... CRTAP ..................................................
V"I ........ Severely d eformmg .’ ............. WhlteSdera ........................................................................ AR .................... LEPRE, .................................................

perinatal lethal

Note. AD - autosomal dominance; AR - autosomal recessivity; COLTAT and COLTA2 - genes encoding type | collagen; CRTAP - cartilage-associated protein;

LEPRET, also known as P3H1, prolyl-3-hydroxylase 1.

with blue scleras. E. Bronson in 1917 and J. Hoeve and
A. Kleyn in 1918 added to syndrome the third feature, deaf-
ness. J.A. Key in 1926 reffered to the syndrome as “hereditary
hypoplasia of the mesenchyme” and called attention to the
hypotonicity of the ligaments with hypermobile joints. The
first classification of osteogenesis imperfecta was made by
E. Looser, in 1906 who divided the condition on two forms,
osteogenesis imperfecta congenita (also known as Vrolik
disease) and osteogenesis imperfecta tarda (also known as
Ekman-Lobstein disease) to distinguish the early and late
forms of the disease.

In the 1970s, Dr. D. Sillence and his team of researchers
in Australia developed the system of categorization using
“Types” that is currently in use. His original four classifica-
tions (Type I, Type II, Type Il and Type IV) combine clinical
symptoms with genetic components. This listing is based on
the number of people in the study who had similar symptoms.
The types do not go from mildest to most severe. This clas-
sification system has been generally accepted world wide since
1979 OI continues to evolve as new information is discovered
(Yakhyayeva et al., 2015b). Later this classification was sup-
plemented by M. Ramachandran et al. (Pigarova etal., 2017),
which also took into account the violation of dentinogenesis,
OI the IV type of OI was subdivided into subtype B, which
is accompanied by defects of dentinogenesis, and subtype A,
which does not have these violations.

In 2000, F.H. Glorieux presented a classification of os-
teogenesis imperfecta, in which, in addition to the already
known types, four more types of OI (V, VI, VII, VIII) were
identified that are not associated with the pathology of type I
collagen. In this classification, modern advances in the field
of molecular genetic studies of the disease were taken into
account (Table 1).

In less than 5 % of patients diagnosed with OI, type V oc-
curs, which is inherited in an autosomal dominant type. The
clinical phenotype of OI type V differs from other types of

OI and is characterized by calcification of the interosseous
membrane of the forearm and the formation of hyperplastic
callus. OI-V has a wide spectrum of disease severity.

Type VI Ol is clinically similar to types II and IV but has
different characteristic histological picture — forming osteoid
due to a violation of mineralization (Glorieux et al., 2002).

Type VII is manifested by deformations of long bones,
shortening of the proximal limbs, coxa vara (varus deformi-
ties of the femoral neck), accompanied by normal dentino-
genesis and the usual color of the sclera. It is characterized
by an autosomal recessive type of inheritance. VII type OI
is caused by a gene mutation in the chromosome 3p22-24.1,
which encodes a protein associated with cartilage (CRTAP).
CRTAP is a co-factor for post-translational modification of
type I collagen. The severity of the disease depends on the
degree of CRTAP deficiency. In the complete absence of
CRTAP protein, prenatal death occurs, or the baby is born
with severe OI (Ward et al., 2002).

Type VIII- a severe type of the desease, clinically similar
to type Il of OI, characterized by an autosomal recessive type
of inheritance, associated with the mutation in LEPRE. Diag-
nosed at perinatal age. Severe bone deformities, white sclera,
are characteristic, accompanied by normal dentinogenesis
(Fratzl-Zelman et al., 2016).

Types I-V are predominantly autosomal dominant inheri-
tance, VI-XVIII are autosomal recessive. When new genes
were discovered, the classification expanded, and by 2015,
the number of forms of the disease reached 18.

Osteogenesis imperfecta type I is characterized by the
presence of a defect in the COLIAI gene, which leads to
a decrease in the amount of type I collagen produced; in
types 1I-1V, due to mutations in the COLIAI and COLIA2
genes, type V is due to mutations in the /FITMS5 gene and
dysregulation of bone mineralization, type VI occurs due to
a mutation in the SERPINFI gene, which leads to a defect in
bone mineralization; types VII (CRTAP gene), VIII (LEPRE1
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Table 2. Modern classification of osteogenesis imperfecta

Modern classification and molecular-genetic
aspects of osteogenesis imperfecta

Type Type name Gene Inheritance type

| Non-deforming type with blue sclera COL1A1,COL1A2,SP7,BMP1,P3H1,PLS3 AD, X-linked

1] Perinatally fatal, severe COL1AT1,COL1A2, CRTAP, P3H1, CREB3L1, PPIB, BMP1 AD, AR

1l Progressively deforming, moderately severe COL1A1,COL1A2,BMP1, CRTAP, FKBP10, P3H1, PLOD2, PPIB, ~ AD, AR
SERPINF1, SERPINH1, TMEM38B, WNT1, CREB3L1, FAMA46A

Y Variable Ol with blue sclera, medium heavy COL1A1,COL1A2, WNTT1, CRTAP, PPIB, SP7, PLS3, TMEM38B,  AD, AR, X-linked
FKBP10, SPARC

Vv Moderate Ol with ossification of the interosseous  IFITM5 AD

membrane of the forearm

Note. AD is an autosomal dominant type of inheritance; AR is an autosomal recessive type of inheritance.

gene, also known as P3H/) and IX (PPIB gene) are the re-
sult of a defect in the collagen 3-hydroxylation process. The
cause of osteogenesis imperfecta of the X and XI types is
a violation of the processing and cross-linking of collagen
due to mutations in the SERPINHI and FKBPI10 genes, re-
spectively. Mutations in the PLOD2 and BMP1 genes lead to
incomplete type XII osteogenesis. These genes are involved in
post-translational modification, processing, folding, secretion,
and crosslinking of type I procollagen. Types XIII-XVIII of
osteogenesis imperfecta are characterized by a violation of
the differentiation of osteoblasts: mutations in the SP7 gene
lead to the manifestation of the XIII type, in the TMEM38B
gene — the XIV type, in WNT1 —the XV type, in CREB3LI —
the XVI type, in SPARC —the XVII type, in MBTPS2 — XVIII
type (Marini et al., 2017).

The classification of the disease, taking into account the
molecular pathogenesis of the disease, complicated the work
of clinical doctors and in 2016 the International committee
of nomenclature of constitutional disorders of the skeleton,
INCDS) reduced the classification to 5 forms, retaining
4 types, which were originally described by silence and add-
ing a 5th type. In total, 5 groups of the disease were identified
using the Arabic digital system, which indicates the unifying
phenotypic characteristics, and individual (characteristic for
a particular type) changes still retained their original Roman
designation (Table 2) (Ignatovich et al., 2018). This charac-
teristic leaves room for the inclusion of new genes found
as the cause of osteogenesis imperfecta until the degree of
heterogeneity of the disease is identified.

Thus, the classification of osteogenesis imperfecta has
undergone a number of fundamental changes associated with
advances in the study of the molecular pathogenesis of the
disease. The degree of heterogeneity of the disease has not
yet been determined, the incidence of de novo cases has not
been estimated, and therefore, it will probably continue to
improve the classification criteria for the diagnosis of osteo-
genesis imperfecta.

Modern views on the etiology

and pathogenesis of osteogenesis imperfecta
Osteogenesis imperfecta is characterized by wide clinical and
genetic heterogeneity; earlier, the disease was referred to as
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collagenopathies, because in most cases, the structure and
function of the main protein of bone tissue — type I collagen,
as well as its stability are disturbed. Later, in patients with
osteogenesis imperfecta, mutations were revealed in genes
that do not participate in the formation of collagen structure
and folding (Tournis, Dede, 2017).

To date, 20 genes responsible for the development of OI
have been identified. The autosomal dominant type of ND
inheritance in most cases is caused by defects in the COLIA I
or COLIA2 genes of type I collagen chains encoding al (I)
and o2 (I) peptide type I collagen chains, respectively (Ignato-
vich et al., 2018). Autosomal dominant disease inheritance
options have also been described in several patients with
mutations in the /FITM5 (MIM: 614757) and P4HB (MIM:
176790) genes.

P4HB encodes the beta subunit of prolyl 4-hydroxylase,
which is involved in prolyl hydroxylation and folding of pro-
collagen (Li et al., 2019), and IFITMS is a gene specific for
osteoblasts associated with matrix mineralization (Glorieux
et al., 2000). The IFITM5 gene is located on chromosome 11
(p15.5) in a cluster of related genes (IFITM1, 2, 3, and 10) and
belongs to the family of genes encoding proteins containing
two transmembrane domains that perform various significant
cellular functions (Yakhyayeva et al., 2014).

Osteogenesis imperfecta is also transmitted in an autosomal
recessive manner of inheritance, which is caused by mutations
in the following genes: BMP1 (MIM: 112264) (Asharani etal.,
2012), CRTAP (MIM: 605497) (Morello et al., 2006), FKBP10
(MIM: 607063) (Barnes et al., 2012), P3HI (MIM: 610339)
(Cabral et al., 2007), PLOD2 (MIM: 601865) (Puig-Hervas
et al., 2012), PPIB (MIM: 123841) (VanDijk et al., 2009),
SEC24D (MIM: 607186) (Zhang et al., 2017), SERPINH]
(MIM: 600943) (Christiansen et al., 2010) and TMEM38B
(MIM: 611236) (Rubinato et al., 2014), which are involved
in post-translational modifications, processing, coagulation,
secretion and cross-linking of procollagen (I). However, there
is another group of Ol loci with AR type of inheritance, which
are not recognized as directly involved in the biosynthesis of
type I collagen, but play a role in the mineralization or deve-
lopment of osteoblasts. This second group of genes includes
CREB3LI1 (MIM: 616215) (Symoens etal., 2013), SERPINF 1
(MIM: 172860) (Becker et al., 2011), SP7 (MIM: 606633)
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(Lapunzina et al., 2010), SPARC (MIM: 182120) (Mendoza-
Londono et al., 2015) and WNTI (MIM: 164820) (Laine et
al., 2013; Pyott et al., 2013). Finally, mutations in the PLS3
(MIM: 300131) genes (Costantini et al., 2018) and MBTPS?2
(MIM: 300294) were associated with two different forms of
X-linked forms of OI.

It is known that there are two genes that encode proteins that
are part of the metabolic chain that regulate intramembrane
proteolysis (RIP) in osteoblasts, leading to the formation of
the phenotype of osteogenesis imperfecta. During the intra-
membrane proteolysis, endopeptidases SIP (encoded by the
MBTPS1 gene) and S2P (encoded by the MBTPS2 gene) in
the Golgi membrane sequentially cleave regulatory proteins
transported from the endoplasmic reticulum during stress
endoplasmic reticulum or sterol metabolite deficiency. In
patients with mutations in the MBTPS?2 gene, lysine hydroxy-
lation of the a1 (I) chain and a2 (I) chain is reduced, collagen
crosslinking is altered, and bone tissue strength is impaired.
One of the transcription factors activated by RIP is a specific
astrocyte-induced substance (OASIS; encoded by CREB3L]I).
A deficiency of this substance has been reported in association
with a family with severe osteogenesis imperfecta. OASIS is
a stress transducer of the endoplasmic reticulum, which regu-
lates the transcription of genes involved in the development,
differentiation and maturation of osteoblasts. In mice with the
knocked out CREB3L1 gene, severe osteopenia was observed
with spontaneous fractures and a decrease in the production
of type I collagen in the bone (Lindert et al., 2016).

In 2018, another gene was discovered — FAM46, which also
leads to osteogenesis imperfecta with an autosomal recessive
type of inheritance. FAM46A is a member of the superfamily
of nucleotidyl transferase folded proteins, but its exact func-
tion is currently unknown. However, there is some evidence
pointing to the corresponding role of F4M46A4 in bone de-
velopment. Using RT-PCR analysis, specific FAM464 exp-
ression was detected in human osteoblasts and, interestingly,
a nonsense mutation in FAM46A was recently discovered in
a mouse model derived from ENU (N-ethyl-N-nitrosourea),
characterized by a decrease in body length, limbs, deformation
of the ribs, pelvis and skull and a decrease in the thickness
of the cortex in long bones (Doyard et al., 2018) (Table 3).

About 90 % of the 3,000 people from the incomplete os-
teogenesis database (http://www.le.ac.uk/ge/collagen/) have
changes in either the COL1A1 gene or COL1A42, and the re-
maining 10 % show homozygous or heterozygous mutations
in other genes involved in the pathogenesis of Ol. However,
major sequencing centers that offer a panel of causal muta-
tions associated with incomplete osteogenesis identify a lower
frequency of structural mutations in the COLIAI and COL1A2
genes in patients with a moderate to severe clinical presenta-
tion of the disease. For example, heterozygous mutations in
the COLIAI or COL1A2 genes were identified in 77 % of
598 patients with ND from the Shreiners Clinic (Montreal,
Canada), 9 % had one mutation in the /FITM5 gene, and the
rest had homozygous or heterozygous mutations in other genes
causing incomplete osteogenesis. Lethal mutations in the col-
lagen gene could be lost in this study. In populations with a
high level of blood relationship, the frequency of incomplete
osteogenesis is higher, for example, among African Ameri-
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cans in the United States of America, the frequency of the
mutant variant in the P3H gene (previously called LEPRE]
encoding shedding 3-hydroxylase 1) is about 1 in 240 people.
Homozygosity for this so-called West African allele accounts
for 25 % of all cases of incomplete lethal osteogenesis in this
population, which may be clinically erroneously classified
as type II OI. Among the West Africans of Ghana and Nige-
ria, the frequency of occurrence of this allele is 1.5 %, which
can lead to a frequency of lethal recessive incomplete osteo-
genesis equal to the frequency of de novo mutations in type |
collagen.

Despite the large number of mutations recorded in the da-
tabase on incomplete osteogenesis (https://oi.gene.le.ac.uk),
each population has its own spectrum consisting of a small
number of mutations, with each researcher finding previously
undescribed in mutation literature.

As in the case of other recessive diseases, in some popula-
tions there are isolated cases of mutations in rare genes that
are not found in other populations: an exon deletion in the
TMEM38B gene was found in a family from Saudi Arabia;
reading frame offset in the FKBP10 gene was found in pa-
tients from Turkey; missense mutations in the WNT/ gene in
the Hmong ethnic group from Vietnam and China (Marini
et al.,, 2017). Among the population of northern Ontario
(Canada), the intron variant destabilizes the mRNA of the
CRTAP gene (which encodes a protein associated with carti-
lage) and develops the phenotype of incomplete osteogenesis
type VIIL.

The clinical picture of OI and the severity of the disease
are diverse, they can be manifested by lethal variants, obvi-
ous abnormalities of the skeleton in children, or have an easy
manifestation in people of mature age. The severity of the
disease is determined by the frequency of fractures, progres-
sive deformity, chronic bone pain and loss of mobility. Due to
the clinical heterogeneity of the disease, there are difficulties
in diagnosing and verifying the diagnosis; in children with
OI, a delay in physical development, scoliosis, progres-
sive deformations of long bones, hearing loss, pathology of
teething are revealed, therefore only the identification of the
molecular cause of the disease allows an accurate diagnosis
to be established.

Thus, significant progress has been made in the study of
the molecular pathogenesis of incomplete osteogenesis, but
the degree of heterogeneity of the disease remains to be deter-
mined. With the development of genotyping technologies and
the widespread adoption of deep sequencing and full-exomic
sequencing methods, it has become possible to identify not
only new mutations in known genes, but also to identify new
genes involved in the development of the disease.

Prospects for the treatment
of incomplete osteogenesis
Currently, active research is being conducted on the possibili-
ties of targeted therapy for patients with hereditary diseases,
taking into account the molecular defect. Encouraging results
were obtained with the pathogenetic treatment of cystic
fibrosis.

Bisphosphonates (BP) are the main drug for the treatment
of both children and adult patients with OI. It is believed that
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Table 3. Characterization of genes and their protein products responsible for the development of Ol

Genes and their protein products Localization Type Ol Inheritance Function Exons Mutations
type

COL1AT - collagen a(l) 17921.33 I 11,1V Autosomal Part of collagen type | 52 1035
dominant

COL1A2 - collagen a2(l) 27921.3 LALHLIV » Part of collagen type | 52 604

CRTAP - cartilage-associated protein 3p22.3 I, v Autosomal Participates in post-translational 7 32
recessive modification of collagen |

FKBP10 - 65kDa FK506-binding protein 17q21.2 1, v » Serves as collagen chaperones 11 39

IFITM5 - bone-restricted interferon- 11p15.5 \Y Autosomal Expressed in skeletal tissue and is 2 2

induced transmembrane protein-like dominant  involved in bone formation

protein (BRIL; also known as IFM5)

P3H1 - prolyl-3-hydroxylase 1 1p34.2 11l Autosomal Participates in post-translational 16 69
recessive modification of collagen |

SP7 — transcription factor SP7 12913.13 11l » Involved in the regulation of bone cell 5 2

(also known as osterix) differentiation

TMEM38B — trimeric intracellular 9g31.2 I\ » Involved in the transfer of divalentCa 6 6

cation channel type B
(TRIC B; also known as TM38B)

WNTT - proto-oncogene Wnt-1 (WNTT) 12913.12 \% » Involved in the functioning 4 36
of osteoblasts and bone development

BMP1 - bone morphogenetic protein 1 8p21.3 1,0, IV » Participates in the C-terminal 20 11
processing of both procollagen
protein chains

PPIB — peptidyl-prolyl cis-trans isomerase  15¢22.31 1] » Participates in post-translational 5 17

B (PPlase B) modification of type | collagen

SERPINF1 - pigment epithelium-derived ~ 17p13.3 I, v » Involved in bone mineralization 9 38

factor (PEDF)

SERPINHT — serpin H1 11913.5 1, v » Is a collagen chaperone 7 9

(also known as HSP47)

PLS3 (plastin 3) - plastin 3 Xq23 X-linked The molecular function of plate-3is 21 11
type not fully understood, may play a role

in the differentiation of bone cells

CREB3L1 - old astrocyte specifically 11p11.2 Il Autosomal Regulates the formation of type | 13 4
induced substance recessive  collagen in the process of bone

(OASIS; also known as CR3L1) formation

P4HB - prolyl 4-hydroxylase, 17925.3 11l Autosomal Participates in the hydroxylation 11 2
subunit beta dominant  of lysine residues in collagen fibers;

catalyzes the hydroxylation of proline
residues in X-Pro-Gly repeats in the
spiral domain of procollagen

PLOD2 - lysyl hydroxylase 2 (LH2) 3924 1, v Autosomal Participates in the hydroxylation 23 10
recessive  of lysine residues in collagen fibers

SEC24D - SEC24 homolog D, 4926 1, v » Function is not fully understood 25 7
COPII coat complex component

SPARC - osteonectin 5g33.1 \% » Regulates the proliferation 10 2
and interaction of cells and matrix
by binding calcium ions with
hydroxyapatite
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BP can be less effective or even lead to adverse consequences
in cases of insufficient calcium intake and/or vitamin D defi-
ciency (Weaver et al., 2016).

There are also preclinical and a small number of clinical
studies in adult patients with OI regarding denosumab, a
monoclonal antibody targeted at RANKL (receptor activator
of the nuclear factor kappa-B ligand). Regarding anabolic
therapy, teriparatide, currently the only available anabolic
agent, has shown promising results in adult patients with
type [ OI. Preclinical studies show that inhibition of TGF-beta
signaling, as well as inhibition of sclerostin, can also play a
role in treating bone fragility. In addition to pharmacological
interventions, the multidisciplinary approach provided by
experienced orthopedic surgeons, dental care specialists,
physiotherapists and kinesitherapy specialists is of paramount
importance for providing the best possible medical care.

Currently, bisphosphonates are widely used to treat chil-
dren with OI. It has been shown that both oral (alendronate,
risedronate) and intravenous administration of BP (pamidro-
nate, zoledronate, neridronate) improve the level of BMD,
especially in the spine. However, data from a randomized,
placebo-controlled trial regarding fracture response, pain re-
lief, and motor activity improvement are still missing. Recent
studies have not found a consistent decrease in the frequency
of fractures and an improvement in the clinical status of pa-
tients in the treatment of BP (Dwan et al., 2014).

Concerning the effect of BF in adults with OI, there is
limited evidence that tested the effect of various BFs on
BMD levels. Almost all studies reported a beneficial effect
on the level of BMD of the lower spine (an increase of up
to 13.9 %) with less pronounced effects on the total level of
BMD of the thigh (an increase of up to 4.3 %) (Lindahl et
al.,2014). Recently, a number of reports have been published
about atypical hip fractures in adult patients with Ol receiving
treatment with BF.

A number of studies have evaluated the effect of denosu-
mab in patients with OI caused by a mutation in SERPINF1,
characterized by a weak response to BP, as well as in patients
with Ol I/TV (n = 8) and OI Il (n = 2) types (Hoyer-Kuhn et
al., 2016). The dose used was 1 mg/kg subcutaneously every
3 months. All studies reported a significant increase in BMD
and the absence of significant side effects of treatment over
a two-year period.

Sclerostin inhibition may be another treatment option for
bone fragility in OI. Recently published studies have shown
that administering romososumab (a sclerostin-binding mono-
clonal antibody) within one year reduces the incidence of
spinal fractures and osteoporosis in postmenopausal women
with osteoporosis (Sinder et al., 2015; Grafe et al., 2016).

In a mouse model with OI, it was shown that increased
TGF-f signaling is involved in the OI phenotype, while inhi-
bition of TGF-f improves bone mass and strength. Phase 1 of
the study verifies the safety of fresolumumab, a high-affinity
neutralizing antibody that targets all 3 TGF- isoforms, in
adults with a mild clinical presentation of OI. Combination
therapy with antiresorptive and anabolic agents is another po-
tential treatment option for bone fragility in patients with OI.
Other treatments, such as bone marrow transplantation and
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gene therapy, are in the process of evaluating the effectiveness
of treating severe forms of OI (Marini et al., 2017).

Thus, despite the progress made in understanding the
pathophysiology of OI, additional research is still needed to
determine the best therapeutic approach to this heterogeneous
disease.

Conclusion

Summarizing the foregoing, we can conclude that there has
been a breakthrough in the identification of the molecular
pathogenesis of incomplete osteogenesis, which is due to
the introduction of modern next-generation sequencing tech-
nologies (NGS). However, questions about the prevalence
of the disease as a whole and its individual clinical forms in
various world populations are still far from over. Also, a final
determination of the degree of molecular heterogeneity of Ol
has not been achieved; the identification of new pathogenetic
mechanisms of the formation of the phenotype of the disease
continues on the basis of identifying new genes involved in
the pathogenesis of OI. Currently, attempts are being made to
develop targeted therapy for the disease, taking into account
new knowledge about the clinical and genetic aspects of Ol,
but there are still many conflicting results and the solution
to the problem of treating the disease is far from complete.

References

Asharani P.V., Keupp K., Semler O., Wang W., Li Y., Thiele H.,
Yigit G., Pohl E., Becker J., Frommolt P., Sonntag C., Altmiil-
ler J., Zimmermann K., Greenspan D.S., Akarsu N.A., Netzer C.,
Schoénau E., Wirth R., Hammerschmidt M., Niirnberg P., Wollnik B.,
Carney T.J. Attenuated BMPI function compromises osteogenesis,
leading to bone fragility in humans and zebrafish. Am. J. Hum.
Genet. 2012;90(4):661-674. DOI 10.1016/j.ajhg.2012.02.026.

Barnes A.M., Cabral W.A., Weis M., Makareeva E., Merta E.L., Lei-
kin S., Eyre D., Trujillo C., Marini J.C. Absence of FKBPI10 in re-
cessive type XI Ol leads to diminished collagen cross-linking and
reduced collagen deposition in extracellular matrix. Hum. Mutat.
2012;33(11):1589-1598. DOI 10.1002/humu.22139.

Becker J., Semler O., Gilissen C., Li Y., Bolz H.J., Giunta C., Berg-
mann C., Rohrbach M., Koerber F., Zimmermann K. Exome se-
quencing identifies truncating mutations in human SERPINFI in
autosomal-recessive osteogenesis imperfecta. Am. J. Hum. Genet.
2011;88(3):362-371. DOI 10.1016/j.ajhg.2011.01.015. Belgian Bone
Club. 2019. Available at: http://www.bbcbonehealth.org/osteogenesis-
imperfecta.

Cabral W.A., Chang W., Barnes A.M., Weis M.A., Scott M.A., Lei-
kin S., Makareeva E., Kuznetsova N.V., Rosenbaum K.N., Tifft C.J.,
Bulas D.I.,, Kozma C., Smith P.A., Eyre D.R., Marini J.C. Prolyl
3-hydroxylase 1 deficiency causes a recessive metabolic bone dis-
order resembling lethal/severe osteogenesis imperfecta. Nat. Genet.
2007;39(3):359-365. DOI 10.1038/ng1968.

Christiansen H.E., Schwarze U., Pyott S.M., AlSwaid A., Al Balwi M.,
Alrasheed S., Pepin M.G., Weis M.A., Eyre D.R., Byers P.H. Ho-
mozygosity for a missense mutation in SERPINH1, which encodes
the collagen chaperone protein HSP47, results in severe recessive
osteogenesis imperfecta. Am. J. Hum. Genet. 2010;86(3):389-398.
DOI 10.1016/j.ajhg.2010.01.034.

Costantini A., Krallis PN., Kdmpe A., Karavitakis E.M., Taylan F.,
Maikitie O., Doulgeraki A. A novel frameshift deletion in PLS3
causing severe primary osteoporosis. J. Hum. Genet. 2018;63(8):
923-926. DOI 10.1038/s10038-018-0472-5.

FEHETUKA YEJIOBEKA / HUMAN GENETICS 225



A.R. Zaripova
R.l. Khusainova

Doyard M., Bacrot S., Huber C., Di Rocco M. FAM46A4 mutations are
responsible for autosomal recessive osteogenesis imperfecta. J. Med.
Genet. 2018;55(4):278-284. DOI 10.1136/jmedgenet-2017-104999.
Epub 2018. Jan 22.

Dwan K., Phillipi C.A., Steiner R.D. Bisphosphonate therapy for osteo-
genesis imperfecta. Cochrane Database Syst. Rev. 2014;7:Cd005088.

Fratzl-Zelman N., Barnes A.M., Weis M., Carter E., Hefferan T.E.,
Perino G., Chang W., Smith P.A., Roschger P., Klaushofer K., Glo-
rieux F.H., Eyre D.R., Raggio C., Rauch F., Marini J.C. Non-lethal
type VIII osteogenesis imperfecta has elevated bone matrix mine-
ralization. J. Clin. Endocrinol. Metab. 2016;101(9):3516-3525. DOI
10.1210/jc.2016-1334.

Glorieux F.H., Rauch F., Plotkin H., Ward L., Travers R., Roughley P.,
Lalic L., Glorieux D.F., Fassier F., Bishop N.J. Type V osteogenesis
imperfecta: a new form of brittle bone disease. J. Bone Miner. Res.
2000;15(9):1650-1658. DOI 10.1359/jbmr.2000.15.9.1650.

Glorieux F.H., Ward L.M., Rauch F., Lalic L., Roughley P.J., Travers R.
Osteogenesis imperfecta type VI: a form of brittle bone disease with
a mineralization defect. J. Bone Miner. Res. 2002;17(1):30-38. DOI
10.1359/jbmr.2002.17.1.30.

Grafe 1., Alexander S., Yang T., Lietman C., Homan E.P., Munivez E.,
Chen Y., Jiang M.M., Bertin T., Dawson B., Asuncion F., Ke H.Z.,
Ominsky M.S., Lee B. Sclerostin antibody treatment improves the
bone phenotype of Crtap™) mice, a model of recessive Osteoge-
nesis Imperfecta. J. Bone Miner. Res. 2016;31(5):1030-1040.

Hoyer-Kuhn H., Franklin J., Allo G., Kron M., Netzer C., Eysel P.,
Hero B., Schoenau E., Semler O. Safety and efficacy of denosumab
in children with osteogenesis imperfect — a first prospective trial.
J. Musculoskelet Neuronal. Interact. 2016;16(1):24-32.

Ignatovich O.N., Namazova-Baranova L.S., Margieva T.V., Yakhya-
eva G.T., Zhurkova N.V., Savostyanov K.V., Pushkov A.A., Kro-
tov LA. Osteogenesis imperfecta: diagnostic feature. Pediatriche-
skaya Pharmacologiya = Pediatric Pharmacology. 2018;15(3):
224-232. DOI 10.15690/pf.v15i3.1902. (in Russian)

Kruchkova O.A., Kruglov S.V. Treatment of osteogenesis imperfecta.
Symptoms of osteogenesis imperfecta. 2014. Available at: https:/
ymkababy.ru/pregnancy/nesovershennyi-osteogenez-lechenie-ne-
sovershennyi-osteogenez-simptomy.html. (in Russian)

Laine C.M., Joeng K.S., Campeau P.M., Kiviranta R., Tarkkonen K.,
Grover M., Lu J.T., Pekkinen M., Wessman M., Heino T.J., Nie-
minen-Pihala V., Aronen M., Laine T., Kroger H., Cole W.G., Le-
hesjoki A.E., Nevarez L., Krakow D., Curry C.J., Cohn D.H.,
Gibbs R.A., Lee B.H., Mikitie O. WNTI mutations in early-onset
osteoporosis and osteogenesis imperfecta. N. Engl. J. Med. 2013;
368:1809-1816. DOI 10.1056/NEJMoal215458.

Lapunzina P., Aglan M., Temtamy S., Caparroés-Martin J.A., Valen-
cia M., Leton R., Martinez-Glez V., Elhossini R., Arm K., Vilaboa N.,
Ruiz-Perez V.L. Identification of a frameshift mutation in Osterix
in a patient with recessive osteogenesis imperfecta. Am. J. Hum.
Genet. 2010;87(1):110-114. DOI 10.1016/.ajhg.2010.05.016.

Li L., Zhao D., Zheng W., Wang O., Jiang Y., Xia W., Xing X., Li M.
A novel missense mutation in P4HB causes mild osteogenesis im-
perfecta. Biosci. Rep. 2019;39(4). DOI 10.1042/BSR20182118.

Lindahl K., Langdahl B., Ljunggren O., Kindmark A. Treatment of
osteogenesis imperfecta in adults. Eur. J. Endocrinol. 2014;171(2):
R79-R90. DOI 10.1530/EJE-14-0017.

Lindert U., Cabral W.A., Ausavarat S., Tongkobpetch S. MBTPS2
mutations cause defective regulated intramembrane proteolysis in
X-linked osteogenesis imperfecta. Nat. Commun. 2016;7:11920.
DOI 10.1038/ncomms11920.

Lowenstein E.J. Osteogenesis imperfecta in a 3,000-year-old mummy.
Childs Nerv. Syst. 2009;25(5):515-516. DOI 10.1007/s00381-009-
0817-7.

Mahoney M. Ivar the Boneless. 2017. Available at: www.englishmon
archs.co.uk/vikings 10.html.

226

Modern classification and molecular-genetic
aspects of osteogenesis imperfecta

Marini J.C., Forlino A., Béchinger H.P., Bishop N.J., Byers P.H., De
Paepe A., Fassier F., Fratzl-Zelman N., Kozloff K.M., Krakow D.,
Montpetit K., Semler O. Osteogenesis imperfecta. Nat. Rev. Dis.
Primers. 2017;3:1-19. DOI 10.1038/nrdp.2017.52.

Mendoza-Londono R., Fahiminiya S., Majewski J. Care4Rare Cana-
da Consortium; Tétreault M., Nadaf J., Kannu P., Sochett E., Ho-
ward A., Stimec J., Dupuis L., Roschger P., Klaushofer K., Palo-
mo T., Ouellet J., Al-Jallad H., Mort J.S., Moffatt P., Boudko S.,
Béchinger H.P., Rauch F. Recessive osteogenesis imperfecta caused
by missense mutations in SPARC. Am. J. Hum. Genet. 2015;96(6):
979-985. DOI 10.1016/j.ajhg.2015.04.021.

Morello R., Bertin T.K., Chen Y., Hicks J., Tonachini L., Monticone M.,
Castagnola P., Rauch F., Glorieux F.H., Vranka J., Bachinger H.P.,
Pace J.M., Schwarze U., Byers P.H., Weis M.A., Fernandes R.J.,
Eyre D.R., Yao Z., Boyce B.F., Lee B. CRTAP is required for prolyl
3-hydroxylation and mutations cause recessive osteogenesis imper-
fecta. Cell. 2006;127(2):291-304. DOI 10.1016/j.cell.2006.08.039.

Nadyrshina D.D., Khusainova R.I., Khusnutdinova E.K. Studies of
type I collagen (COL1A1) al chain in patients with osteogenesis
imperfecta. Russ. J. Genet. 2012;48(3):321-328.

Pigarova E.A., Sheremeta M.S., Kulikova K.S., Belovalova I.M., Tul-
pakov A.N., Rumiantsev P.O. Osteogenesis imperfecta in combina-
tion with Graves disease. Ozhirenie i Metabolism = Obesity and
Metabolism. 2017;14(4):77-82. DOI 10.14341/OMET2017477-82.
(in Russian)

Puig-Hervas M.T., Temtamy S., Aglan M., Valencia M., Martinez-
Glez V., Ballesta-Martinez M.J., Lopez-Gonzalez V., Ashour A.M.,
Amr K., Pulido V., Guillén-Navarro E., Lapunzina P., Caparros-
Martin J.A., Ruiz-Perez V.L. Mutations in PLOD2 cause autoso-
mal-recessive connective tissue disorders within the Bruck syn-
drome-osteogenesis imperfecta phenotypic spectrum. Hum. Mutat.
2012;33(10):1444-1449. DOI 10.1002/humu.22133.

Pyott S.M., Tran T.T., Leistritz D.F., Pepin M.G., Mendelsohn N.J.,
Temme R.T., Fernandez B.A., Elsayed S.M., Elsobky E., Verma I.,
Nair S., Turner E.H., Smith J.D., Jarvik G.P., Byers PH. WNTI mu-
tations in families affected by moderately severe and progressive
recessive osteogenesis imperfecta. Am. J. Hum. Genet. 2013;92(4):
590-597. DOI 10.1016/j.ajhg.2013.02.009.

Ramachandran M., Jones D. Osteogenesis imperfecta. 2018. Available
at: https://emedicine.medscape.com/article/1256726-overview.

Rubinato E., Morgan A., D’Eustacchio A., Pecile V., Gortani G., Gas-
parini P. A novel deletion mutation involving TMEM38B in a pa-
tient with autosomal recessive osteogenesis imperfecta. Gene. 2014;
545(2):290-292. DOI 10.1016/j.gene.2014.05.028.

Sinder B.P., Salemi J.D., Ominsky M.S., Caird M.S., Marini J.C., Koz-
loff K.M. Rapidly growing Brtl/+ mouse model of osteogenesis im-
perfecta improves bone mass and strength with sclerostin antibody
treatment. Bone. 2015;71:115-123.

Symoens S., Malfait F., D’hondt S., Callewaert B., Dheedene A.,
Steyaert W. Deficiency for the ER-stress transducer OASIS causes
severe recessive osteogenesis imperfecta in humans. Orphanet J.
Rare Dis. 2013;8:154. DOI 10.1186/1750-1172-8-154.

Tournis S., Dede A.D. Osteogenesis imperfecta — a clinical update. Me-
tabolism. 2018;80:27-37. DOI 10.1016/j.metabol.2017.06.001.

VanDijk F.S., Nesbitt .M., Zwikstra E.H., Nikkels P.G.J., Piers-
ma S.R., Fratantoni S.A., Jimenez C.R., Huizer M., Morsman A.C.,
Cobben J.M., van Roij M.H.H., Elting M.W., Verbeke M.L.J.L.,
Wijnaendts L.C.D., Shaw N.J., Hogler W., McKeown C., Sister-
mans E.A., Dalton A., Meijers-Jeijboer H., Pals G. PPIB mutations
cause severe osteogenesis imperfecta. Am. J. Hum. Genet. 2009;
85(4):521-527. DOI 10.1016/j.ajhg.2009.09.001.

Ward L.M., Rauch F., Travers R., Chabot G., Azouz E.M., Lalic L.,
Roughley P.J., Glorieux F.H. Osteogenesis imperfecta type VII: an
autosomal recessive form of brittle bone disease. Bone. 2002;31(1):
12-18.

BaBunosckuii xKypHan reHeTuku u cenekuyum / Vavilov Journal of Genetics and Breeding - 2020 - 24 - 2



A.P. 3apunoBa CoBpemeHHanA Knaccudmkauma n MoneKynapHo- 2020
P.W. XycanHoBa reHeTMYecKre acneKTbl He3aBepPLUEHHOro OCTeoreHesa 24.2

Weaver C.M., Alexander D.D., Boushey C.J., Dawson-Hughes B.,  Yakhyayeva G.T., Namazova-Baranova L.S., Margieva T.V. New

Lappe J.M., LeBoff M.S., Liu S., Looker A.C., Wallace T.C,, aspects of the genetic basis, classification and treatment of osteo-
Wang D.D. Calcium plus vitamin D supplementation and risk of genesis imperfecta: a literature review. Pediatricheskaya Pharma-
fractures: an updated meta-analysis from the National Osteoporosis kologiya = Pediatric Pharmacology. 2015b;12(5):579-588. DOI

Foundation. Osteoporos. Int. 2016;27:367-376.
Yakhyayeva G.T., Margieva T.V., Namazova-Baranova L.S., Savosty-
anov K.V., Pushkov A.A., Zhurkova N.V., Zherdev K.V., Vashak-

10.15690/pf.v12i5.1461. (in Russian)
Zhang H., Yue H., Wang C., Gu J., He J., Fu W,, Hu W., Zhang Z.

madze N.D., Gevorkyan A.K. Clinical case of rare type V osteo- Novel mutations in the SEC24D gene in Chinese families with auto-
genesis imperfecta. Pediatricheskaya Pharmakologiya = Pediatric somal recessive osteogenesis imperfecta. Osteoporos. Int. 2017;
Pharmacology. 2015a;12(1):79-84. (in Russian) 28(4):1473-1480. DOI 10.1007/s00198-0163866-2.

ORCID ID

R.I. Khusainova orcid.org/0000-0002-8643-850X

Acknowledgements. This research was supported by the Russian Foundation for Basic Research grant No. 19-015-00489_a.
Conflict of interest. The authors declare no conflict of interest.
Received June 11, 2019. Revised August 6, 2019. Accepted October 17,2019.

FEHETUKA YEJTOBEKA / HUMAN GENETICS 227



