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BACKGROUND: Congenital deformities of the spine are a group of serious congenital defects of the vertebrae, which can
manifest themselves in the clinical picture as an isolated pathology of the axial musculoskeletal system, and are associated
with congenital defects of internal organs and other systems. Recently, the TBXé gene has been identified as the genetic cause
of congenital scoliosis in about 11% of cases. This subtype of scoliosis is classified as TBX6-associated congenital scoliosis.
The TBXé6-associated congenital scoliosis phenotype is characterized by butterfly-shaped vertebrae and hemivertebrae in the
lower thoracic and lumbar regions without pronounced malformations of the spinal cord.

AIM: Our aim is to study and evaluate data from foreign and domestic scientific publications devoted to the study of the
candidate gene for congenital scoliosis TBXé.

MATERIALS AND METHODS: The following databases of scientific publications such as PubMed, Cochrane Library, Web
of Science, SCOPUS, MEDLINE, e-Library, Cyberleninka were used to write this review. The inclusion criteria were systematic
reviews, meta-analyses, multicenter studies, controlled cohort studies, uncontrolled cohort studies of patients with congeni-
tal spinal deformities. The exclusion criteria were clinical cases, observations, conference proceedings, congenital scoliosis
in genetic syndromes, congenital scoliosis associated with defects of the nervous system.

RESULTS: In order to achieve this goal, 70 scientific publications were studied relating to the data analysis of the candidate
gene for congenital scoliosis TBX4. Among 49 publications that were identified, 2 were domestics, and the rest were foreign
publications. These studies provided information on the molecular analysis of genes that cause congenital spinal deformities
in humans and animals.

CONCLUSIONS: An analysis of the published research work on this topic indicates the presence of a significant effect of
mutations in the TBX6 gene, leading to the appearance of congenital scoliosis.

Advances in elucidating the genetic contribution to the development of congenital spinal deformities and the molecular
etiology of clinical phenotypes may uncover the opportunities for further refinement of the classification of signs of congenital
scoliosis in accordance with the underlying genetic etiology.
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0 BauaHuu reHa TBXé6 Ha pa3BuTHe BpPOKAECHHDbIX
aedopMaumi NO3BOHOYHUKA Y AeTen

© C.E. Xanbumukui, C.B. Buccapuonos, [.H. KokywwuH, B.I1. Mynbauapos, H.0. XycanHos

HauwoHanbHbIN MeAMLMHCKMIA UCcCNeA0BaTENLCKUIA LIEHTP AETCKOW TpaBMatonoriu v optoneauu uM. I'.W. TypHepa, Cakt-MeTepbypr, Poccus

06ocHosaHue. BpoxieHHble AedopMauMy NO3BOHOYHWMKA NMPeACTaBNAT cOH0M rpynny CepbesHbiX BPOMAEHHbIX
Le(heKTOB NO3BOHKOB, KOTOPbIE MOTYT MPOABAATLCA B KNMHUYECKOW KapTUHE KaK WM30/MPOBaHHOW MaTtofioruert 0CeBoro
OMOpPHO-[BWUraTe/lbHOr0 anmnapara, Tak M COCTOAHUAMM, acCOLMMPOBAHHLIMUA C BPOMIEHHBIMUA eeKTaMy BHYTPEHHMX
OpraHoB W apyrux cucteM. B nocnegHee BpeMa reH TBX6 bbin naeHTMOMLMPOBAH KaK FreHETUYECKas NPUYMHA BPOMKAEHHO-
ro ckonmo3a npumepHo B 11 % cnyyaes. [JaHHbI NoATMN CKOIMO3a BbIAENAIOT Kak TBX6-accoumMmnpoBaHHbIN BPOKAEHHBIN
cKonmo3. [ins ero ¢peHoTMNa xapaKTepHbl 6ab04KOBUAHBIE MO3BOHKM U NOYNO3BOHKM B HUMKHEM MPYAHOM U NOACHUYHOM
oTenax 6e3 BbipaxKeHHbIX MOPOKOB Pa3BUTWA CMIMHHOIO MO3ra.

Llene — v“3yyeHne 1 OLLEHKa JaHHBIX 3apy6eXKHBIX U 0TEYECTBEHHbIX HAYUHbIX MY6NMKALLMIA, NOCBALLEHHBIX UCCNe0Ba-
HWI0 reHa-KaHaMaaTa BPOrKAEHHOro cKonvo3a TBXé.

Mamepuanel u Memodsl. HayuHble nybnavMKaumm Ans HanuMcaHua nuTepatypHoro 063opa bbii NOMYYeHbl U3 Hay4HbIX
3NeKTPOHHLIX 633 faHHbIX PubMed, Cochrane Library, Web of Science, SCOPUS, MEDLINE, eLibrary, Cyberleninka. Kpute-
PWUU BRINIOYEHUA: CUCTEMATUYECKME 0630pbl, MeTaaHanu3bl, MyNbTULLEHTPOBbIE UCCNEA0BaHUA, KOHTPOIMPYEMbIE KOTOpT-
Hble UCCNeA0BaHUA, HEKOHTPO/IMPYEMbIE KOrOpPTHbIE MCCNEe0BaHUA MALMEHTOB C BPOHKAEHHBIMU fedhopMaLMAMKM M03BO-
HOYHMKA. KpUTEpPUM UCKNIOYEHUA: KNMHUYECKUE Clyvau, HabMoaeHWA, MaTepuarbl KOHGEPEHLMIA, BPOKAEHHBIN CKONNO3
MNPV FEHETUYECKMX CUHAPOMAX, BPOKAEHHBIN CKONMO3, aCCOLMMPOBaHHBIN C NOPOKaMU HEPBHOM CUCTEMI.

Pesynemamel. [InA [OCTUMHEHWA NOCTaBNEHHON Lenn 6bino n3ydeHo 70 HayyHbIX NybHMKaLMWA, KacalowmxcA OLEeH-
KM W aHanusa JaHHbIX N0 UCCMef0BaHMI0 FeHa-KaHamaaTa BpOKAEHHOro ckonmo3a TBX6. beino BelgeneHo 49, U3 Hux
0TEYECTBEHHBIX — 2, OCTasbHble — 3apyberkHble NybnMKaLmm, B KOTOPbIX NMPUBEAEHBI CBEEHWA O MOSIEKY/IAPHOM aHanu3e
rEeHOB, BbI3bIBAIOLLMX BPOXKAEHHYIO AedOopMaLMIio NO3BOHOYHMKA Y MIOAEN U HUBOTHBIX.

3axnoyeHue. AHanNM3 U3yYeHHbIX UCCNE0BATENIbCKUX PaboT No AaHHOW TEME CBUAETENLCTBYET 0 HAUUMK 3HAYUMOTO
BAMAHWUA MyTauWi reHa TBX6, npMBOAALLMX K NOABEHWI0 BPOMAEHHOr0 CKOMMO3a. YCNexu B BbIACHEHUM MEHETUYECKO-
ro BKMaga B pa3BUTME BPOMKAEHHON AedopMaLMm NO3BOHOUHMKA M MONEKYNAPHYIO STUONOTUI0 KNMHUYECKMX HEHOTUMNOB
OTKPBIBAIOT BO3MOXKHOCTU A1 JaNbHENLIEr0 YTOUHEHWUA KNAacCUPUKaLMM NPpU3HaKOB BPOMKAEHHOr0 CKONMO3a B COOTBET-
CTBUM C NIEXKaLLen B ero 0CHOBE FEHETUYECKOMW 3TUOMOTMEN.

KnioyeBble cnoBa: BpoxAeHHaA fedopMaLmA NO3BOHOUYHMKA; BPOKAEHHBIN CKONNO3; reH TBX6; petw.
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BACKGROUND

In children, congenital deformities of the spine (CDS)
are the most severe and disabling pathology of the axial
skeleton. The prevalence of CDS is about 0.5-1.0 per
1000 newborns [1-2]. Vertebral anomalies occur due to
malfunctions in the formation or segmentation processes
in the first six weeks of embryogenesis due to exposure
to teratogenic factors and mutational damage to the
genome [3-4]. Among the CDS, the most common is
congenital scoliosis — one of the most complex types of
early scoliosis [5]. The most common malformation of the
spine, contributing to the progressive nature of the course
of congenital deformity, is a violation of the formation of the
vertebrae. Defects of the vertebrae can lead to significant
deformity, neurological disorders, and restriction of the
growth of the chest organs, which can be the cause of the
syndrome of cardiopulmonary insufficiency [6]. To prevent
neurological deficits and prevent the development of gross
CDS in children, timely detection of progressive forms of
curvature and early surgical treatment is necessary [7].

Congenital scoliosis is predominantly sporadic and rarely
develops as a monogenic disease. A burdened family history
of congenital spinal deformities is detected in 1%-3.4% of
cases of congenital scoliosis. The presence of multiple spinal
defects in a patient increases the risk of malformation in
his siblings to 2.5%-3% [8-9]. Up to 17% of patients with
congenital scoliosis report the presence of CDS in their next
of kin, which indicates a genetic predisposition to spinal
deformities [10].

The identification of the genetic factors of the
etiology of congenital spinal deformities will help better
understand the pathogenesis and predict the development
of deformities. Genetic data drive recent advances in
understanding the etiology and progression of spinal
deformities. For example, mutations in the Notch signaling
pathway, including the DLL3, MESP2, LFNG, HES7,
RIPPLY2, and NOTCH2 genes, and variants of other genes
such as PAX1, SLC35A3, TBXT, FBN1, PTK7, SOX9, FLNB,
and HSPG2, cause congenital deformities spine [11-14].
Recently, heterozygous variants of the TBX6 mutation
have also been identified as a genetic cause of congenital
scoliosis in about 11% of patients [15].

The study of the genetic prerequisites for the occurrence
of congenital malformations is an essential and urgent task.
Understanding the biological nature of this phenomenon
allows conducting targeted prevention and development
diagnostic measures. It makes it possible to identify
spinal deformities in the first years of a child's life,
which is characterized by a progressive course against
the background of anomalies in the development of the
vertebral bodies [16]. In turn, this will provide for early
surgical intervention.

Val 9 (3) 2021
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The study aimed to evaluate the data from international
and national scientific publications for studying the candidate
gene for congenital scoliosis TBXé.

MATERIALS AND METHODS

For this study, a total of 70 scientific publications
were studied regarding the assessment and analysis of
data on the study of the candidate gene for congenital
scoliosis TBX6. Among them, 49 were identified, 2 national
and 47 international publications, which provided
information on the molecular analysis of genes that
cause CDS in humans and animals. Scientific publications
were obtained from scientific electronic databases such
as PubMed, Cochrane Library, Web of Science, SCOPUS,
MEDLINE, eLibrary, Cyberleninka. The period under review
is from 2008 to January 2021. Several literature sources
published earlier than 2008 are included in this review, as
they contained important information that was not reflected
in later publications.

The literature search was carried out using the following
keywords: “congenital scoliosis” (congenital scoliosis), “con-
genital vertebral malformation”, “TBXé gene” (gene TBX6),
“chromosome 16p11.2" (chromosome 16p11. 2), TBX6-me-
diated genes, biallelic mutation, vertebrate segmentation,
and somitogenesis.

Inclusion criteria: systematic reviews, meta-analyses,
multicenter studies, controlled cohort studies, uncontrolled
cohort studies of patients with congenital spinal defor-
mities.

Exclusion criteria: clinical cases, observations, confer-
ence proceedings, congenital scoliosis in genetic syndromes,
congenital scoliosis associated with defects of the nervous
system.

RESULTS AND DISCUSSION

Information on the main publications that meet the
inclusion criteria is presented in the table.

In humans, vertebrae originate from somites through
somitogenesis, which is the harmonious work of many
signaling pathways related to genes [17]. Thus, mutations
in genes associated with somitogenesis or a violation of
symmetric gene modulation may ultimately contribute to
the emergence of CDS [18].

In vertebrate embryogenesis, the paraxial mesoderm is
derived from progenitors initially located in the surface layer
of the embryo, which later internalizes during gastrulation
and forms the presomitic mesoderm (PSM). Subsequently,
the paraxial mesoderm undergoes segmentation and
is located on the lateral sides of the neural tube [19].
The primordial streak differentiates into a mass of cells
called the tailbud [20]. The caudal bud, located at the
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Table. Information about the main publications
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Year of Sample NL_|mber qf . .
Authors publication Country size patients with Mutation type Spinal pathology
mutations
Shimojima et al. [41] 2009 Japan 3 2 Deletion 16p11.2 Semivertebrae
Ghebranious et al. [33] 2008 USA 50 3 Missense mutation Disorder of the
spine formation
and segmentation
Fei Qi et al. [38] 2010 China 254 17 Deletion Disorder of the
of the region spine formation
16p11.2 + TSA_ and segmentation
galotype
Sparrow D.B. 2013 Australia 5 3 Stop codon Spondylo-costal dysostosis
et al. [37]
Al-Kateb et al. [43] 2014 USA 15 - Deletion and Disorder of the
duplication of the spine formation
region 16p11.2 and segmentation
Wu N. et al. [45] 2015 China 237 23 Null variants of Disorder of the
TBXé spine formation
and segmentation
Baschal E.E. et al. [44] 2015 USA 42 - - Familial idiopathic scoliosis
Lefebvre M. et al. [35] 2017 France 56 4 Deletion 16p11.2 Disorder of the spine
segmentation
Takeda K. et al. [39] 2017 Japan 94 9 Missense mutation Disorder of the
spine formation
and segmentation
Otomo N. et al. [36] 2019 Japan 200 10 Deletion 16p11.2, Disorder of the
missense mutation spine formation
and segmentation,
spondylocostal dysostosis
Liu J. et al. [46] 2019 China 497 58 TBX6 LoF Disorder of the
spine formation
and segmentation, aplasia
of XXl ribs
Chen W. et al. [47] 2020 China 523 43 TBX6 LoF Disorder of the
spine formation and
segmentation
Yang Y. et al. [48] 2020 China 584 28 MEOQX1, MEOX2, Disorder of the
Mesp2, MYODT1, spine formation
Myf5, RIPPLY1, and segmentation
and RIPPLY?
Feng X. et al. [49] 2020 China 67 4 16p11.2/TBXé6 Disorder of the
deletion spine formation

and segmentation

posterior end of the embryo, contains precursors of the
SCM that promote subsequent tissue formation [21]. In this
process, the structure of the somite is gradually formed
synchronously and rhythmically. As a result, somites
give rise to vertebrae, muscles, tendons, and ligaments
of the spine [22]. Several factors regulate the embryonic
development of somites from SCM. The underlying
mechanisms of interactions of these factors have been
illustrated by several models, including the widely accepted
clock wavefront model [23]. In the clock wavefront model,

the PSM is gradually segmented into repeating somites
driven by periodic activation of the Notch, WNT, and FGF
signaling pathways [24]. In somitogenesis, the segmentation
occurs after the formation of somites, when the formed
somites receive a clock signal [25]. For example, MESP2 is
activated by NICD (Notch path) and TBX6. MESP2 is initially
expressed in a limited region of the somite (the length of
one segment). Then RIPPLY1 and RIPPLY2 are expressed in
the region of the posterior half of the segment, thus defining
the future boundaries of the somite following the region of
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REVIEW

signal action [26, 27]. Finally, the downstream target gene
RIPPLYZ is activated, a negative feedback inhibitor of MESP2
and TBXé. This process contributes to the definition of the
anterior border of the newly formed segment. In addition, the
inactivation of MESP1 and MESP2 leads to impaired paraxial
mesoderm formation [28].

T-box genes encode transcription factors involved in
the regulation of developmental processes. For example,
the TBX6 gene, located in the 16p11.2 region, is a phy-
logenetically conserved gene family [29, 30]. As we can
see, the TBX6 gene is required to form the posterior so-
mites and as an indispensable component for the correct
paraxial differentiation and segmentation of the mesoderm
(31, 321.

A study by Ghebranious et al.(2008) suggested that
mutations in the T and/or TBX6 genes can lead to congenital
malformations of the spine [33].

White et al. (2005), based on the analysis of the
genotyping results of a mouse and human model
suggested that TBX6 may be a potential candidate
genome associated with congenital scoliosis [34]. When
TBX6 interacts with the Notch ligand, these phenotypes
are similar to the phenotypes of some human congenital
defects, such as spondylocostal dysostosis and congenital
scoliosis [35, 36].

Sparrow et al. (2013) used total exome sequencing
to study three generations of a Macedonian family with
a spondylocostal phenotype. Of the five family members, three
had clinical signs and radiological evidence of spondylocostal
dysostosis, and two had no clinical manifestations. Thus,
it was confirmed that three affected family members had
a heterozygous nonsense mutation in the TBXé gene. At the
same time, two members without clinical manifestations
were homozygous wild-type, indicating segregation with the
disease in a family where the mutation with full penetrance
was identified [37].

Several single nucleotide polymorphisms (SNPs) of
the TBX6 gene have been reported to be associated with
congenital malformations of the spine. Fei et al. genotyped
them in the TBX6 gene among 254 ethnic Chinese (including
127 patients with congenital scoliosis and 127 patients
from the control group). The two SNP analyzes rs2289292
(SNP1, exon 8) and rs3809624 (SNP2,5’-untranslated region)
differ significantly between cases and controls (p = 0.017
and p =0.033, respectively). Haplotype analysis showed
a significant association between SNP1 / SNP2 cases and
congenital scoliosis (p = 0.017) [38].

A case-control association study was first performed
in a Chinese population [39]. The study identified two
TBX6 SNPs associated with congenital scoliosis. In 2015,
a molecular genetic analysis of the TBX6 gene was carried
out. The complex heterozygous inheritance of nucleotide
sequence variants was identified in a cohort of patients

Val 9 (3) 2021
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with congenital scoliosis among residents of South China
[39, 40].

In 10% of patients, a heterozygous deletion was found
on chromosome 16p11.2, which included the TBXé gene or
a frameshift mutation in the TBX6 gene. Interestingly, all
patients with heterozygous null mutations in the TBX6 gene
had a common haplotype for a different allele. This cause
of congenital scoliosis, caused by the complex inheritance
of rare null mutations and a hypomorphic haplotype, was
fCDSher confirmed after studies in Japanese and European
cohorts. These studies also identified similar biallelic variants
in the TBX6 gene in 9 out of 94 and 4 out of 56 patients with
congenital scoliosis [40].

A study by Shimojima et al. (2009) reported a 3-year-old
boy with developmental delay, inguinal hernia, T,,, T;,, and
L, hemivertebrae; missing right Xl rib, and hypoplasia of the
left XII rib. The patient had a 593 kb deletion of 16p11.2, and
the mother had the same deletion identified by chromosomal
microarray analysis [41, 42].

Al-Kateb et al. (2014) analyzed X-ray data obtained
from 10 patients with a deletion on chromosome 16p11.2
with CDS. Eight of them had congenital scoliosis, and the rest
had idiopathic scoliosis. They further reviewed 5 previously
reported patients with 16p11.2 region rearrangement and
similar skeletal abnormalities and concluded that 2 of
them had congenital scoliosis, while the rest had idiopathic
scoliosis [43].

Baschal et al. (2015) performed Sanger sequencing in
42 patients with familial idiopathic scoliosis and did not
reveal an association of the disease with the TBX6 gene [44].

Subsequently, Wu et al. clarified that TBX6-null variants
and common hypomorphic TBXé alleles contribute to
congenital scoliosis. In a group of 161 patients with CDS,
17 heterozygous TBX6-null mutations were found in
individuals with congenital scoliosis. This group included
12 cases of recurrent deletion of chromosome 16p11.2,
including the TBXé gene, and five single nucleotide variants
(1 nonsense mutation and four mutations with a shift in
the reading frame). Identification of phenotypically normal
individuals with microdeletions of chromosome 16p11.2
and dissonant familial phenotypes of congenital scoliosis
in carriers of this microdeletion suggested the presence of
heterozygous null mutations in one of the TBX6 alleles is not
enough to cause congenital scoliosis [45].

Liu et al. (2019) conducted a large-scale molecular
genetic study of 497 patients with congenital scoliosis.
As a result, it was found that mutations of the TBXé gene
occur in 10% patients (n = 52). The authors identified a ge-
netically new type of congenital scoliosis — TBX6-associated
congenital scoliosis (TACS). Butterfly-shaped vertebrae
and hemivertebrae characterize the TACS phenotype in the
lower thoracic and lumbar regions without pronounced spi-
nal cord malformations [46]. Further, this study developed
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a TACScore model to predict TACS based on phenotypic
data and clinically measurable endophenotypes. TACScore
includes the following criteria: segmented hemivertebrae/
butterfly vertebrae located in the lower thoracic and lumbar
spine (Tg=Ss), the number of vertebral malformations, the
presence of intraspinal defects, and the type of rib malfor-
mations [46].

Based on molecular genetic studies, Chen et al. (2020)
created a TACS gene dosing model. In the putative model,
the phenotypes of patients with TACS differ along with the
characteristic mutations in the TBX4 gene. The insignificant
loss of TBXé function caused by a heterozygous hypomorphic
haplotype or a biallelic hypomorphic haplotype can be
considered an acceptable mutation dose that does not lead
to the CDS phenotype. However, one heterozygous severe
hypomorphic or null allele will still lead to congenital
scoliosis. A severe hypomorphic or null allele combined
with a mild hypomorphic haplotype causes high penetrance
of congenital scoliosis, leading to the most common TACS
phenotype [47].

Yang et al. (2020) performed a genetic study of TBX4-me-
diated candidate genes MEOX1, MEOX2, MESP2, MYODI,
MYF5, RIPPLYT, and RIPPLYZ in 584 patients with congenital
scoliosis. It was found that a single mutation in these genes
does not determine the phenotype of congenital scoliosis;
however, the combined effect of mutant variants in several
genes can synergistically lead to the disease [48].

Feng et al. (2021) analyzed a group of patients with
congenital scoliosis and found that in 3 out of 67 patients
(4.5%), heterozygous TBXé variants are associated with
congenital scoliosis [49].
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CONCLUSION

The scientific publications of national and international
authors presented in this review make it possible to obtain
up-to-date comprehensive information on the main aspects
of such an urgent problem for pediatric orthopedics as ge-
netic risk factors for congenital scoliosis. The analysis of
work on this topic indicates the presence of a significant
effect of mutations in the TBXé gene, leading to the appear-
ance of congenital scoliosis.

Advances in elucidating the genetic contribution to the
development of CDS and the molecular etiology of clinical
phenotypes open up opportunities for further refinement
of the classification of signs of congenital scoliosis per
the underlying genetic etiology. Furthermore, this genetic
classification can lead to models for predicting the
progression of congenital spinal deformities in children.
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