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Abstract. — OBJECTIVE: Our primary objec-
tive was to identify discrete and syndromic cas-
es of Pectus excavatum (PE) and Pectus carina-
tum (PC). We also intended to highlight the sig-
nificance of further genetic exploration in clin-
ically suspected syndromic cases of PC and
PE. Pectus excavatum (PE) and Pectus carina-
tum (PC) are the most common morphologi-
cal chest wall deformities. Although various hy-
potheses have been put forth, the pathogenesis
of both entities is largely unknown. Clinicians
often refer such cases for further genetic evalu-
ation to exclude an associated underlying con-
nective tissue disorder or a syndrome. Addition-
ally, a detailed anamnesis with focused family
history and thorough dysmorphological physi-
cal examination was done. PE and PC are con-
sidered isolated abnormalities if there is the ab-
sence of features of other syndromes, eliminat-
ing the need for further genetic evaluations. It is
believed that the pattern of inheritance of these
non-syndromic isolated PE and PC cases with
positive family history could be multifactorial in
nature. The recurrence risk of such isolated cas-
es is thought to be low. Further diagnostic stud-
ies are indicated as PE and PC could be a part
of a syndrome. Among the many syndromes, the

most common monogenic syndromes associat-
ed with PE and PC are Marfan’s and Noonan’s.

PATIENTS AND METHODS: After obtaining
the consent, we compiled a database of the pa-
tients who presented with chest wall deformi-
ties during the period 2017-2019. We selected
70 cases with PC and PE deformities to identi-
fy the discrete and syndromic PC and PE cas-
es. During the study, we perused the cytogenet-
ic and/or molecular analyses, that had been con-
ducted to confirm the clinically suspected syn-
dromic cases. We also scrutinized for the pres-
ence of PC and PE cases that are associated
with the rare syndrome (s).

RESULTS: Various genetic abnormalities were
identified in 28 (40%) of the 70 cases that had
been diagnosed with chest wall abnormalities.
Along with PE and PC, other thoracic wall abnor-
malities were also identified, such as the broad
chest, bell-shaped thorax, and elongated or en-
larged thorax. One case of a rare genetic disor-
der of Morquio syndrome associated with PC
was also identified. Novel (previously unpub-
lished) genomic variants are reported here.

CONCLUSIONS: It is important to delve deep-
er when encountering cases of PE and PC by
conducting a further genetic exploration of such
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cases to identify syndromic associations that
cause other structural and functional disorders,
diagnosis of which might be missed during the
early developmental period. Early identification
of such disorders may help us correcting the de-
fects, slowing the progression of disease pro-
cesses, and preparing better to deal with the po-
tential outcome.
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Chest wall deformities, Pectus excavatum, Pectus
carinatum, Genetic analyses, Syndromes.

Introduction

Anterior chest wall abnormalities represent
structural abnormalities affecting sternum, ribs,
and musculature, which modify the structure
and/or the function of the thorax. Pectus excava-
tum (PE) and pectus carinatum (PC) may occur
as discrete defects or in association with genetic
syndromes'. These defects are usually diagnosed
during childhood and in some cases at birth.
Patients with these deformities may experience
an increase in the severity of their deformities
during their adolescent growth period**.

PE accounts for approximately 90% of chest
wall deformities. The defect occurs more fre-
quently in Caucasians, with an incidence of 1
per 400 live births and a male predominance (5:1
M/F ratio)*S. The forms of PE can occur either as
an isolated non-familial or familial disorder. The
pattern of inheritance identified for the non-syn-
dromic familial cases is autosomal dominant’.

PC is the second most common chest-wall de-
formity, with an incidence of 6 per 100 live births
and a male predominance (4:1 M/F ratio). PC can
also occur as an isolated anomaly, or it can be a
part of a number of genetic syndromes®.

There are more than 32 syndromes with PE/
PC as a frequent feature’. A review by Kotzot and
Schwabegger® illustrates the most important syn-
dromes with pectus excavatum/carinatum, indica-
ting that the most frequently observed monogenic
syndromes with pectus excavatum/carinatum are
Marfan Syndrome and Noonan Syndrome, while
the chromosomal disorders frequently associated
with PE/PC include Turner syndrome.

Patients and Methods

To conduct our study, we compiled the data-
base of patients who presented with chest wall
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abnormalities to the Regional Center for Medical
Genetics Timis, Romania, which is affiliated with
the University Emergency Hospital for Children
“Louis Turcanu” Timisoara, Romania. Informed
consent was obtained from all the patients that
were included in the study. A total of 70 patients
with chest wall abnormalities were identified
during the three-year study period (2017-2019).
Genetic testing was performed to confirm the
suspected clinical diagnosis.

Cytogenetic Analyses

Cytogenetic analyses were performed using
the cells harvested from peripheral venous blo-
od and were cultured for 72 hours, in a PBMax
Karyotyping medium (Gibco, Invitrogen Corp,
Carlsbad, California, CA, USA). In order to pre-
pare metaphase cells, each sample was exposed to
mitotic inhibitors, hypotonic solution (KCI 0.075
M), and fixed (absolute methanol: glacial acetic
acid, 3:1). The cell suspension was mounted on the
microscope glass slide and air-dried. The samples
were processed using the G banding technique.
We evaluated 30 metaphases for each patient re-
specting the pre-established quality protocols.

Fluorescence In Situ Hybridization
Subsequently, we applied the FISH technique
using pertinent probes guided by the clinical su-
spicion or by the karyotype. Fluorescence in situ
Hybridization (FISH) was performed using the
Cytocell Aquarius FISH microdeletion probes
kit (Cytocell Inc., Adderbury, Oxfordshire, UK).
Slides were immersed in +37°C 2xSSC (SSC:
20xSaline-sodium citrate buffer) for 30 min and
then dehydrated in alcohol 70%, 80% and 100%
for 2 minutes each. Slides were denatured at
+73°C (in a pre-warmed water bath) for 2 min and
rinsed in ice-cold series of alcohol 70%, 80%,
100% for 2 minutes each. Slides were put on a
slide warmer (40°C), applied 10 pL probe and hy-
bridized overnight at 37°C. These hybridization
slides were then washed in 0.4X SSC 0.3% NP 40
solutions at 73°C for 2 minutes and rinsed in 2X
SSC solution. For each case, a minimum of 200
cells was evaluated by using a fluorescent micro-
scope. The best images were captured using the
camera mounted on the microscope attached to a
computer with karyotyping and FISH software.

Molecular Testing

Genomic DNA isolation was performed accor-
ding to the protocol provided by the manufactu-
rer, by using the MagCore Automatic Nucleic
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Acid Extractor and the MagCore Genomic DNA
Whole Blood Kit (RBC Bioscience, New Taipei
City, Taiwan). The extracted DNA was eluted
into 60 uL of the buffer. DNA concentrations
and DNA purity were evaluated by using Qubit®
dsDNA HS Assay Kit (Invitrogen Corp. Car-
Isbad, California, CA, USA) according to the
instructions provided by the manufacturer.

SNP-Array

Single-nucleotide polymorphism (SNP) micro-
array testing was performed using Illumina Hu-
manCytoSNP-12 v2.1 BeadChip (Illumina Inc,
San Diego, California, CA, USA). The DNA sam-
ples were adjusted to a concentration of 50 ng/
pL. The amplification, tagging, and hybridization
were performed according to the manufacturer’s
protocol. Array slides were scanned on the iScan
(Nlumina Inc., San Diego, California, CA, USA).
The GenomeStudio V2011 software (Illumina
Inc., San Diego, California, CA, USA) was used
to analyze the genotypes and evaluate the expe-
rimental quality.

Targeted NGS

Amplicon sequencing libraries were prepared
from 50 ng of DNA per sample according to
the Trusight One/Trusight Cardio protocol (II-
lumina Inc., San Diego, California, CA, USA).
We performed the genomic DNA tagmentation,
we cleaned up the tagmented DNA and the ac-
cumulated DNA, we hybridized the probes and
caught hybridized probes; then we performed the
second hybridization and the second catch, we
cleaned up the cached library, accumulating the
enriched library, and finally we cleaned up the
accumulated enriched library according to the
instructions provided by the manufacturer. The
pooled libraries were sequenced on a microflow
cell with V3 chemistry on a MiSeq instrument
(Mlumina Inc., San Diego, California, CA, USA).
After de-multiplexing and generation of FASTQ
files, sequence alignment to the reference geno-
me and sequence quality filtering was performed

using the [llumina MiSeq Reporter v2.6 platfor-
ms. The sequences were aligned with BWA, and
variant calling was performed with GATK using
the human reference sequence hgl9/GRCh37. Va-
riant calling was performed on the variant call
format (VCF) output files by evaluating the cove-
rage (the number of times that a targeted variant
is read during the sequencing), and the quality
score (Q-score; the estimated probability of the
base call being wrong). VCF files were further
subjected to annotation using ANNOVAR with
the dataset dbNSFP 35a'!!.

Statistical Analysis

We performed descriptive statistical analysis
of the study population to examine the inci-
dences of syndromic cases, the major abnor-
malities exhibited by those patients, as well as
genotype-phenotype correlations. Contingency
tables and Chi-square test were used to detect
statistical significance for categorical data. Sta-
tistical significance was considered for p<0.05.

Results

Genetic abnormalities were identified in 28 cases
(40%) of the 70 patients that were diagnosed with
chest wall abnormalities. However, in some patients
the genetic diagnosis was not completed, either
due to variants of unknown significance (VUS) or
heterozygous variant identified in autosomal reces-
sive disorders (in the child with short-rib thoracic
dysplasia). Novel (previously unpublished) genomic
variants are reported here. Along with PE and PC,
other thoracic wall abnormalities were also iden-
tified, such as the broad chest, bell-shaped thorax,
and elongated or enlarged thorax.

Pectus Excavatum

PE was diagnosed in 16 cases (57.14%) with a
male to female ratio of 5:3. By comparison to the
other chest wall abnormalities in our study, PE
was associated mainly with Marfan syndrome (7

Table I. Abnormalities in patients with pectus escavatum and Marfan syndrome.

Genetic disorder (gene)

Other abnormalities

Genetic testing

Marfan syndrome FBNI

» Abnormal height

« Skeleton abnormalities: arachnodactyly, articular
hyperlaxity, flat foot, arm span > height
* Facial dysmorphism: up slanting palpebral slant

 Other abnormalities: mitral valve prolapse, aortic
dilatation, myopia

P5: ¢.4691 4695del
P9: ¢.7606G>A
PI0: ¢.7343G>A
PI6: ¢.6379+1G>C
PI8: ¢.5743C>T,
P23: ¢.7180C>T,
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Table II. Abnormalities in patients with pectus excavatum and Noonan syndrome.

Genetic disorder (gene)

Other abnormalities

Genetic testing

* Short stature

valve dysplasia

“café au lait” spots

Noonan syndrome SOS! * Cranio-facial malformations: up slanting palpebral, SOS 1
low set ears, epicanthus P4: ¢.512T>C,
* Flat foot P8: ¢.1322G>4
* Pulmonary stenosis
* Pterygium coli
* Short stature
Noonan syndrome PTPN 11 * Cranio-facial malformations: brachiocephalic, PTPN 11

narrow forehead, down slanting palpebral slant,
low set ears, hypertelorism, epicanthus

* Cardiovascular abnormalities: pulmonary stenosis,
atrial septal defect, aortic insufficiency and aortic

* Other abnormalities: pterygium coli, umbilical hernia,

P12: ¢.9234>G
PI17: c.1504T>G
P25: c.1884>G
P27: ¢.2364>G

cases: 43.7%, p=0.72) and Noonan syndrome (6
cases: 37.5%, p=0.75). The remaining two male
patients with PE were diagnosed with Chromo-
some 22qll.2 duplication syndrome and distal
arthrogryposis, along with other abnormalities
(Tables 1, 11, III).

Pectus Carinatum

PC was reported in 7 (10%) of the 70 cases
included in the study: 3 cases (42.86%, p=0.99)
presented with Marfan syndrome and each of the
other 4 cases (14.28%) were either diagnosed with
Noonan syndrome, Down syndrome, DiGeorge
or Morquio syndrome (Table IV).

Other Thoracic Wall Abnormalities
Other thoracic wall abnormalities were dia-
gnosed in 5 (17.24%) of the 28 cases. In a female

case of Noonan syndrome, along with low stature
and pterygium coli, the broad chest was obser-
ved. Bell-shaped thorax was diagnosed in the
female case of short ribs syndrome and the male
case of trisomy 21 syndrome. Elongated thorax
was present in the 15q duplication syndrome case
and the enlarged shape, along with other abnor-
malities, was present in the Morquio syndrome
case (Table V).

Discussion

PE and PC are the most commonly encounte-
red thoracic wall abnormalities. As mentioned in
the literature, their presence can be discrete, or
they can occur as a part of various syndromes®.
It is important to establish the etiology of chest
wall deformities, since their association with ge-

Table Ill. Abnormalities in other disorders associating pectus excavatum.

Genetic disorder (gene)

Other abnormalities

Genetic testing

Chromosome 22¢/1.2
duplication syndrome
(1 case) (M: F=1:0)

slant, short philtrum

* Obesity

* Cranio-facial abnormalities: down slanting palpebral

« Intellectual disabilities

PI4: dup 22q11.2-21.1

* Increased creatine phosphokinase (CPK)

FKRP
P6: c.1484>G /c.985G>A

Marfan like phenotype * Diabetes mellitus
Distal arthrogryposis » Microcephaly
(1 case) (M: F=1:0) * Scoliosis

* Palpebral ptosis

* Anterior rotation of pinna
« Severe Intellectual disabilities

PI18: TPM2: ¢.826 C>G
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Table IV. Other genetic disorders associated with pectus carinatum.

Genetic disorder (gene) Other abnormalities

Genetic testing

DiGeorge syndrome (M: F=1:0) * Facial dysmorphism
* Low stature

* Immunodeficiency
» Hypocalcemia

* Moderate Intellectual disabilities

Po6: del22q11

Noonan syndrome (M: F=0:1) * Low stature

* Atrial septal defect (ostium secundum)
 Heart failure (NYHA II/111)

P20: PTPNII: ¢.9224>G

Down Syndrome (M: F=0:1)
palmar crease,

* Plagiocephaly, brachydactyly, single transverse

* Facial abnormalities: up slanting palpebral slant,
pseudo-macroglossia, low insertion of pinna
¢ Moderate Intellectual disabilities, short stature

P2: 47XY+21

Morquio syndrome (M: F=0:1)

* Rough facial features
 Short stature

« Intellectual disabilities
¢ Umbilical hernia

* Hypermetropia

* Atrial septal defect
 Aortic coarctation

« Skeleton abnormalities:
genu valgum, “bullet shape” vertebrae, bilateral
coxa valga, left coxo-femoral luxation

kyphosis, dwarfism, P27: GALNS: ¢.871G>A

Marfan syndrome

pulmonary ectasia
* Abnormal height
* Myopia
* High arched palate

* Cranio-facial malformations: microcephaly,
dolichocephaly, micrognathia and hypoplasia
of middle face, dental abnormalities

« Skeleton abnormalities:
kyphoscoliosis, winged scapula

¢ Cardio-vascular abnormalities: aortic dilatation,

PlI: FBNI:c 67404>G
P15: FBNI: ¢.7168dup
P24:FBNI: c.1155 1165del
articulate hyperlaxity,

netic disorders, such as connective tissue defects,
may result in a different outcome and long-term
prognosis when surgically treated'?.

Previous studies have shown PE to be an inhe-
rited disorder, mainly through an autosomal do-
minant transmission, however, other patterns of
transmissions such as autosomal recessive, X-lin-
ked inheritance, or multifactorial are also possible.
Due to the co-existence of other abnormalities
such as long arms, legs, and fingers, high-arched
palate, scoliosis, flexibility, flat feet, mitral valve
prolapse, heart arrhythmia, and childhood myopia,
pedigree analysis suggests a possible association of
PE with connective tissue disorders®.

Recent studies*'* have found correlations
between PE and heritable connective tissue di-
sorders such as Marfan, Ehlers-Danlos, Poland,
ASS (mitral valve prolapse, not progressive aortic

enlargement, skeletal and skin alterations) phe-
notype. These associations are confirmed by bio-
chemical and immunohistochemical analyses'*!*
showing abnormalities in the structure, distribu-
tion, and arrangement of type-2 collagen in costal
cartilage, abnormally high levels of zinc, and low
levels of magnesium and calcium or disturbance
of collagen synthesis. Other findings'*" inclu-
de disorders in endochondral ossification and
alterations in the metabolism of acid mucopoly-
saccharides. These modifications are associated
with altered biomechanical properties of costal
cartilage and an impaired response to tension,
compression, and bending during fetal breathing
activity, crying spells, respiratory obstruction, or
hiccups'®.

In our study, from 28 cases of genetic abnor-
malities, 16 (57.14%) were associated with PE

5111



N. Andreescu, A. Sharma, A. Mihailescu, C.G. Zimbru, V.L. David, R. Horhat, et al

Table V. Other thoracic wall abnormalities.

Chest deformity

Genetic disorder

Other abnormalities

Genetic testing

Broad chest (1 case)

Noonan like phenotype
(M: F=0:1)

* Pterygium coli
* Short stature

PI: CACNAIC
c.1531C>T

Bell-shaped thorax

Short ribs syndrome
(M: F=0:1)

Down syndrome
(M: F=1:0)

* Hydrocephaly

* Skeletal dysplasia

* Respiratory failure

* Generalized hypotonia

* Bilateral hydronephrosis

* Cranio-facial abnormalities:
plagiocephaly, up slanting
palpebral slant, epicanthus,
ogival palate, low-inserted
pinna,

* Intellectual disability, short
stature, single transverse
palmar crease, Sandal gap

deformity

PI13: DYNC2H1:
c.195+7T>C

P20: 47XX+21

Elongated thorax

15q duplication
(M: F=0:1)

* Kyphosis

« Severe intellectual disability
» Upper limbs stereotypes

* Divergent strabismus

* Dental dystrophia

P22: dup 15q13.3

Enlarged thorax

Morquio syndrome
(M: F=0:1)

« Other skeletal abnormalities:

dysplasia, L2 hemivertebra,

long bones spondilo-epiphyseal

dysplasia

« Short stature

* Generalized muscular
hypotrophy

* Hypermetropy

» Mitral valve prolapse

P26: GLBI:
¢.425G>T /c.176G>A

and 7 (25%) with PC. The two thoracic wall ab-
normalities are listed in almost 328 syndromes,
according to the dysmorphology database, but in
the majority of the cases, PC and PE are associated
with Marfan and Noonan syndrome®®. Medical
literature mentions®® asymmetric PE or PC as
the most specific skeletal feature for the Marfan
syndrome. With an autosomal dominant pattern of
inheritance, it is caused by a variant in the Fibrillin
1 gene on the long arm of chromosome 15°. For
instance, two heterozygote fukutin related protein
(FKRP) variants were found in one patient who
had pectus excavatum associated with limb girdle
muscle dystrophy of this gene are characterized
by abnormal O-glycosylation of the alpha-dystro
glycan, which plays an important role in linking
the intracellular skeleton with the extracellular
matrix. Although implicated in a wide range of
neurological disorders, variant in FKRP gene
identified in the patient in our study group was
associated only with pectus excavatum".
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In Noonan syndrome, due to the variants in
various genes in the RasMAPK pathway and au-
tosomal pattern of inheritance, the anterior chest
wall is deformed by superior PC and inferior PE®.
Among the 16 cases of PE, we identified 8 (50%)
cases of Marfan syndrome, 5 (31.2%) cases of
Noonan syndrome, and one case (6.25%) each of
Chromosome 22q11.2 duplication syndrome and
distal arthrogryposis. Wilson et al'® reported one
case of PE in 44 patients diagnosed with DiGe-
orge syndrome. Along with anteverted slouched
shoulders, and inflexible back, PE was mentioned
in patients with distal arthrogryposis®.

In our study, PC was reported in 7 patients,
3 (42.86%) cases of Marfan syndrome and one
case (14.28%) each of Noonan syndrome, Down
syndrome, DiGeorge, and Morquio syndrome
were identified. PC is the second most common
chest-wall deformity, and it mostly occurs in pa-
tients with Marfan or Noonan syndrome?’. This
type of thoracic wall deformity has also been
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reported in cases with DiGeorge syndrome?'.
Eight patients in our study group presented tho-
racic wall abnormalities associated with Noonan
syndrome. The majority (6 of them) presented
with PTPNII variants; a gene implicated in the
RAS/mitogen-activated protein kinase (MAPK)
pathway. It encodes a ubiquitous non-recep-
tor tyrosine phosphatase, and its mutations are
mainly associated with pulmonary stenosis,
short stature, and thoracic deformities??. In 2 of
the 8 patients with Noonan syndrome, an SOSI
gene variant was identified. SOSI encodes a
guanine nucleotide exchange factor responsible
for stimulating the conversion of RAS to its
active form. These mutations tend to be mainly
associated to ectodermal abnormalities, with
the absence of cognitive deficits®. In our study,
for one patient with Noonan like phenotype and
broad chest, the panel sequencing for cardio-
vascular disease did not identify a variant for
the phenotype; however, an incidental finding
was reported in CACNAIC gene associated with
Brugada Syndrome that might identify a cardio-
vascular risk for the patient. Furthermore, one
case presented with Morquio syndrome associa-
ted PC, a rare autosomal recessive disorder that
results in the deficient activity of the enzyme
N-acetylgalactosamine-6-sulfatase.

Conclusions

Since anterior wall chest deformities may be
associated with a genetic disorder or syndrome,
a thorough family history taking, along with
appropriate pediatric and genetic investigations,
can provide valuable information. Information
derived from such a multi-level approach can
influence clinical decision-making and can result
in positive implications, both from a therapeutic
and prognostic standpoint.
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