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ABSTRACT

Although the identification of disease subtypes con-
veying prognostic significance along with minimal resid-
ual disease (MRD) assessment represent cornerstones for
stratification in childhood acute lymphoblastic leukemia
(ALL), approximately half of the relapses occur in patients
from standard-risk groups. Identification of the drivers
of treatment failure is crucial for detection of high-risk
clones at diagnosis. We evaluated clinical variables and the
most common genetic alterations in an unselected cohort
of 55 patients with B-ALL treated according to the ALL-
IC-BFM 2002 protocol, with a median follow-up of 46
months. Matched diagnosis-relapse samples underwent
screening for additional alterations using whole-exome
sequencing. Mutations in the CREBBP gene were found in
80% (4/5) of the patients with relapse, either present from
the disease onset or acquired at relapse, while none of the
examined patients in remission presented alterations in this
gene. Deletions in TP53 and EBF I (present in 2/5 and 1/5
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of the patients with relapse, respectively) were infrequent
or absent in the patients in remission, respectively. Screen-
ing for alterations in the CREBBP gene at diagnosis and/
or at multiple time-points during chemotherapy could be
incorporated into treatment protocols, as it may contribute
to the identification of significant number of patients with
predefined or acquired chemoresistant clones.

Keywords: acute lymphoblastic leukemia, relapse,
molecular biomarkers, CREBBP

INTRODUCTION

Acute lymphoblastic leukemia (ALL) is the most
prevalent form of cancer among children, comprising 25%
of all childhood malignancies, with a consistently increas-
ing incidence rate over the years [1, 2]. It arises following
the clonal proliferation of immature B and/or T lymphoid
cells, with around 80% of the cases being of B lineage
origin [3, 4]. The most common initial genetic lesions
are chromosomal loss (hypodiploidy), gain (hyperdip-
loidy), or fusion genes, leading to a pre-leukemic clone.
A subsequent second hit, either a copy number alteration
(CNA) or single nucleotide variant (SNV), is believed to
be the cause of lymphoid arrest and the development of
symptomatic disease [4, 5].

Conventional (karyotyping, fluorescence in situ hy-
bridization - FISH) and molecular (reverse transcription
quantitative polymerase chain reaction - qRT-PCR, multi-
plex ligation-dependent probe amplification - MLPA) tech-
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niques are routinely used for the identification of numerical
and structural chromosomal abnormalities, allowing for
the detection of several disease subtypes with different
prognostic and therapeutic associations [3, 5, 6]. Among
these, high-hyperdiploidy is the most common subtype
in childhood B-ALL (25-30%), which is associated with
favorable prognosis [6-8]. The structural chromosomal
abnormalities involve genes that regulate hematopoiesis
and lymphoid development (RUNX1, ETV6), activate on-
cogenes (MYC), or constitutively activate tyrosine kinases
(ABL1). In particular, recurring translocations leading to
different subtypes in B-ALL include t(12;21)(p13;q22) en-
coding ETV6::RUNX1 associated with favorable progno-
sis, 1(1;19)(q23;p13) encoding TCF3::PBX1 with interme-
diate prognosis, 1(9;22)(q34:;q11) encoding BCR::ABL1,
and rearrangements of MLL at 11q23 with different partner
genes, both associated with poor prognosis [7, 8]. More
recently, genomic profiling has led to the identification of
new abnormalities that are not detectable by conventional
methods, resulting in more than 20 disease subtypes [9, 10].

The risk classification at diagnosis of patients with
ALL varies among different treatment protocols, but in
general this includes the patient’s age, white blood cell
(WBC) count, and presence of specific disease subtypes. In
general, patients are classified as standard-risk if diagnosed
at the age 1-5, presenting a WBC count of <20 x 10"9/L
and the absence of iAMP21, IKZF'] deletion or CRLF2
overexpression. The high-risk group includes patients
with either poor prednisolone response, hypodiploidy,
BCR::ABLI1, TCF3::HLF or MLL::AFF1 subtypes, or any
other MLL rearrangement in patients younger than 1 year,
while all other patients are considered intermediate-risk.
Although the identification of disease subtypes conveying
prognostic significance along with minimal residual dis-
ease (MRD) assessment represent cornerstones for disease
stratification, approximately half of the relapses occur in
patients from standard-risk groups [11]. Additionally, it has
been shown that more than half of the relapse samples have
at least one genetic alteration originating either from the
leukemic or the pre-leukemic clone, potentially affecting
disease progression and therapy response [12,13]. Many of
these alterations affect transcription factors (E7V6, PAX5,
and /IKZF 1), epigenetic regulators (ATF7IP, SETD2, KM-
T2D, and CREBBP), cell cycle regulators (CDKN2A/B,
BTG1,and RBI), RAS pathway genes (KRAS, NRAS, and
PTPNI1), and the tyrosine kinase FLT3 [14, 15]. Identi-
fication of the drivers of treatment failure is crucial for
detection of high-risk clones at the time of diagnosis, which
can also contribute to uncovering new therapeutic targets,
personalization of the treatment protocol and reduction
of the short- and long-term adverse effects of intensified
chemotherapy.

In this prospective observational national study, we
present the clinical variables, identify the most common
molecular biomarkers and the individual therapy response
(MRD) data, as well as their relation to the clinical status
in a cohort of 55 children with B-ALL. Additionally, we
conduct a more comprehensive analysis of the patients who
experienced disease relapse using whole exome sequenc-
ing to detect other alterations that may prove useful in
risk stratification and to potentially discover new altered
pathways that could be targeted therapeutically.

MATERIALS AND METHODS

Clonal rearrangements detection and MRD analysis

All patients (a total of 55) included in the study were
diagnosed with B-ALL at the University Clinic for Pediatric
diseases in Skopje over a period of 6 years (2018-2023).
For the molecular clonality analyses, nucleic acids were
extracted from bone marrow mononuclear cells using an au-
tomated nucleic acid extractor (MagCore Super, RBC Bio-
science, New Taipei City). The clonal immunoglobulin (Ig)
gene rearrangements were identified using multiplex PCR
according to the BIOMED-2 protocol [16]. The dominant
rearrangements (from the diagnostic and relapse samples)
were subsequently sequenced with the specific family prim-
ers using the Sanger sequencing method, and the sequences
were analyzed using the IMGT/V-QUEST and IgBLAST
tools. The initial clonal rearrangements were also detected
using Next-Generation Sequencing (NGS) method with the
LymphoTrack Dx IGH-FR3 assay (Invivoscribe Technolo-
gies, San Diego, CA, USA) according to the manufacturer’s
protocol. These clones were tracked for MRD analysis at
two time-points, on day 33 and day 78 from therapy onset,
with a sensitivity threshold at 10°(-4) [17].

Hybrid transcripts and copy number alterations

The most common gene rearrangements, includ-
ing t(12;21)(p13;922) ETV6::RUNXI1, t(1;19)(q23;p13)
TCF3::PBX1, t(9;22)(q34;q11) BCR::ABLI, and t(4;11)
(921;923) MLL::AFF1 were detected using qRT-PCR
according to the BIOMED-1 protocol [18]. Aneuploidy
was assessed using the SALSA MLPA P036 and P070
subtelomeric probe-mix kits (MRC-Holland, Amsterdam,
the Netherlands) following the manufacturer’s recom-
mended procedures. High-hyperdiploidy or hypodiploidy
were defined if >50 or <44 chromosomes were present,
respectively. Identification of copy number alterations in
specific regions and genes with prognostic significance in
B-ALL was performed using the P327, P329, P335, and
P038 SALSA MLPA kits, which allowed for the detection
of intrachromosomal amplification of chromosome 21
(1IAMP21), EGR deletion, deletions or duplications in the
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PARI region (CRLF2, CSF2RA, IL3RA), deletion of TP53,
deletion of /KZF 1, and deletions or duplications in genes
associated with B-cell differentiation and cell cycle control
(CDKN2A/2B, PAXS5, ETV6, RB1, BTG1, and EBFI).

Whole exome sequencing

Targeted, massively parallel sequencing of exons in
>99% of protein-coding genes (Whole Exome Sequencing,
WES) was performed in all patients with relapse (samples
obtained both at diagnosis and at relapse) and in five ad-
ditional patients in remission. The reactions were con-
ducted on an Illumina NovaSeq 6000 sequencer, using
the Twist Human Core + RefSeq + Mitochondrial Panel
kit (Twist Bioscience, San Francisco, CA, USA) with a
mean read depth of targeted regions across samples of
approximately 100X. Variant annotation, filtering, and
classification of the detected variants were done accord-
ing to ACMG guidelines, utilizing multiple databases and
tools (ClinVar, HGMD, dbSNP, ExAC, gnomAD, OMIM,
Varsome, Franklin Genoox).

The patients were treated according to the ALL-IC-
BFM 2002 protocol, and the median follow-up was 46
months (range: 11-79). Since this was an observational
study, the MLPA analyses and the NGS-MRD data were
not used for patient stratification or clinical decisions. The
study was approved by the Ethics Subcommittee of the
Macedonian Academy of Sciences and Arts, and written
informed consent was obtained from the patients’ guard-
ians in accordance with the Declaration of Helsinki.

RESULTS

Clinical characteristics and treatment response

All clinical data of the patients included in the study
are summarized in Figure 1. The median age at diagnosis
was 4 years (range: 0-11). The white blood cell (WBC)
count at diagnosis was higher than 20 x 10"9/L in 34%
of the patients, while CNS infiltration was a less frequent
event (10%). The percentage of patients with poor pred-
nisolone response (PPR; absolute blast count >1000 in pe-

1 2 3 45 6 7 8 910111213 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42 43 44 45 46 47 48 49 50 51 52 53 54 55

Subtype
Age
Gender ||
WBC® (x 1019/L) H: H
CNS infiltration | |
Prednisolone response
No. of CNAs® :H H: _ ||
iAMP21
EGR
CRLF2-CSF2RA
IL3RA ||
IKZF1 ||
CDKN2A/2B
PAXS
ETV6
RB1 || #
BTG1
EBF1
P53 F
NGS-MRD day33
NGS-MRD day78
Therapeutic protocol
Clinical status
Follow-up (years) .— |
Subtype High-hyperdiploid WBC (x 1079/L)| |<20 Amplification Clinical remission
ETV6::RUNX1 H =20 Duplication status relapse
TCF3::PBX1 Heterozygous deletion IF*
MLL::AFF1 CNS infiltration Homozygous deletion no data
BCR::ABL1 Partial deletion
iAMP21 no data Partial duplication and deletion Follow-up | |<ly
None (years) | [1-2y
Prednisolone PGR* NGS-MRD negative (<1 x 107(-4)) 2-3y
Age . response PPR? status positive (21 x 107(-4)) 3-4y
>=6 no data no data 4-5y
>S5y
Gender | |female No. of CNAs Therapeutic intermediate-risk |_|nodata
male 1 protocol high-risk IF*
>=2 Interfant 06
no data no data

Figure 1: Heatmap of the clinical, molecular and treatment response data in a cohort of 55 pediatric patients with B-ALL

@ white blood cell count; ® copy number alterations;

¢ prednisolone good response; ¢ prednisolone poor response; ¢ induction failure
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ripheral blood on day 8) was 13%. Following the ALL-IC-
BFM 2002 classification [19], 15% of the patients (8/52)
were stratified into the high-risk group. One patient (aged
<1 year) was enrolled in the Interfant-06 trial, while two
patients moved out of the country after diagnosis and were
lost for follow-up. The remaining patients received treat-
ment according to the intermediate-risk protocol. NGS-
MRD data for two time-points from therapy onset (day 33
and day 78) were available for 43 patients. A positive MRD
status (MRD > 1 x 10"(-4)) was detected in 24/43 (56%)
and 7/43 (16%) of the patients on days 33 and 78, respec-
tively [17]. During a median follow-up of 46 months, five
patients relapsed. All relapses occurred between 17 and
32 months after diagnosis.

Molecular alterations at diagnosis

The most common genetics subtype in the study pop-
ulation was high-hyperdiploidy, present in 33% (18/55) of
the patients, followed by the ETV6::RUNX1 subtype in
15% (8/55). Four other patients (7%) were identified with
the TCF3::PBX1 subtype, and one patient each (1,8%)
with the MLL::AFF1, BCR::ABL1 and iAMP21 subtypes.
At diagnosis, at least one copy number alteration in the
selected genes was detected in 88% (44/50) of the patients,
with 75% of them showing more than two alterations (Fig-
ure 1). The most common alteration was the duplication of
the PAR1 region (CRLF2, CSF2RA, IL3RA), while PAR1
deletion was observed in one patient. Deletions in the
IKZF1 gene were present in 10% (5/50) of the patients,
in two of which partial, and none of them presented with
the IKZF 1P profile [20]. CDKN2A/2B gene deletion was
detected in 28% (14/50) of the patients (8 heterozygous, 6
homozygous), while PAX5 gene deletion in 22% (11/50),
co-occurring in six patients. Deletion and duplication of the

Table 1. Clinically relevant alterations in the patients with relapse

ETV6 gene was detected in 6 (12%) and 2 (4%) patients,
respectively. BTG gene deletion was observed in three
patients (one of them homozygous), while duplication was
found in two other patients. RBI gene deletion was present
in three patients, while the EBF] gene was deleted in one
patient and duplicated in another. Deletion of 7P53 gene
was present in two patients (4%).

CNAs and SNV in the matched

diagnosis-relapse samples

Clinically relevant alterations in the five patients with
relapse (No. 4, 10,32, 35 and 36 from Figure 1), including
the findings from the WES analysis, are summarized in
Table 1. Among them, two patients were identified with
high-hyperdiploidy, one of which had an additional EBF/
gene duplication; one patient had a BCR::ABL1 hybrid
transcript along with CDKN2A4/2B and PAX5 gene partial
deletions, and one patient was found to have TP53, EBF 1,
and ETV6 gene deletions at diagnosis. The aneuploidy,
hybrid transcript, and the EBFI and ETV6 gene altera-
tions were preserved in the matched relapse samples. The
deletion of 7P53 was present in both diagnosis and relapse
samples in one patient and gained at relapse in another. By
contrast, the CDKN2A/2B deletions were either gained or
lost in the relapse samples, and PAX5 gene deletion was
lost in the relapse sample. Additionally, single nucleo-
tide variants in three genes were involved in the relapse
samples, including the epigenetic regulator CREBBP, the
RAS pathway gene NRAS, and the DNA mismatch repair
gene MSH?2. Notably, alterations in these genes were not
observed in the five diagnostic samples from patients in
remission that were analyzed by WES. Mutations affect-
ing the histone acetyltransferase (HAT) domain of the
CREBBP gene were persistent in the diagnostic and re-

Copy number alterations Single nucleotide variants
No.? S‘:;‘[‘)‘;'e Ancuploidy/ i;’ty brid | 7ps3 | EBFI | CDKN24/2B | PAX5 | ETV6 | CREBBP | NRAS | MSH2 | FLT3
4 Dg high-hyperdiploidy -/- -/- -/- -/- -/- - - - +
Relapse | high-hyperdiploidy -/- -/- -/- -/- -/- + + - -
10 Dg high-hyperdiploidy -/- -/dup -/- -/- -/- + - - -
Relapse | high-hyperdiploidy -/del | -/dup -/- -/- -/- + - - -
32 Dg BCR::ABLI -/- -/- -/del® -/del® -/- - - - -
Relapse BCR::ABL1 -/- -/- -/- -/- -/- + - + -
15 Dg -/- -/- -/- -/- -/- + + - -
Relapse -/- -/- -/del -/- -/- +¢ - - -
36 Dg -/del | -/del -/- -/- -/del - - - -
Relapse -/del | -/del -/- -/- -/del - - - -

Patient identification number from Figure 1
bPartial deletion
¢Different amino acid change detected at Dg and relapse
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lapse clones in a single patient, acquired at relapse in two
patients or involved a change in the same amino acid in
this domain in one patient (from R1446H in the diagnostic
clone to R1446C in the relapse clone). The p.G12D muta-
tion in the NRAS gene was the second most common altera-
tion in these patients, either gained or lost in the relapse
samples of two patients, while the mutation in MSH?2 was
present in the relapse sample only, of one patient. Addition-
ally, a mutation in FLT3 was observed in the diagnostic
clone in one patient who relapsed, but mutations in this
gene were also found in 2 out of 5 patients in remission.
The type of SNV for each gene is presented in Table S1.

Clonal evolution of the relapses

Fragment analysis and Sanger sequencing of the im-
munoglobulin heavy chain genes in the matched diagnosis
and relapse samples revealed the presence of the same
clonally rearranged sequences at relapse as those observed
at diagnosis in four patients (No. 4, 10, 35 and 36) (Table
S2). In two of these patients (No. 10 and 36), one of the
clonal rearrangements was lost at relapse. Nevertheless,
in these two patients, we observed the same genetic al-
terations in both the diagnosis and relapse samples, with
additional gain of TP53 deletion in one of them. In the
other two patients with the same clonal rearrangements, we
observed gains (in CDKN2A/2B, CREBBP, and NRAS) and
losses (in FLT3 and NRAS) of genetic alterations at relapse.
The last patient (No. 32) retained only the BCR::ABLI
hybrid transcript at relapse, lost the CDKN2A/2B and PAX1
deletions, and gained alterations in CREBBP and MSH?.
This patient also showed different clonally rearranged se-
quences at relapse, presenting three rather than five clonal
sequences detected at diagnosis, of which only one was
same in both samples (Table S2).

DISCUSSION

This study presents data from all pediatric patients
diagnosed with B-ALL in our country over a period of
six years. All patients were treated according to the ALL-
IC-BFM 2002 protocol, which was escalated to high-risk
protocol in eight patients. After a median follow-up of 46
months, five patients (9%) experienced disease relapse. In
general, the patients with relapse were diagnosed before
the age of 6; none presented with CNS infiltration at di-
agnosis, and the WBC count was slightly higher than 20 x
1079/L in only one patient. Initial high-risk features (poor
prednisolone response and BCR::ABL1 hybrid transcript)
were detected in only two of the five patients with relapse.
These findings support the need for inclusion of new mo-
lecular biomarkers to help identify the high-risk clones at
diagnosis and redefine the stratification [6,21].

We identified the presence of alterations in the CREBBP
gene in 80% (4 out of 5) of the patients with relapse in our
cohort, all of which occurred in the HAT domain of the gene.
These alterations were found at the time of initial diagnosis
in 2 and at relapse in another 2 patients. Notably, none of the
specimens from patients in remission featured alterations in
this gene. The CREBBP gene has been recognized as one of
the most common relapse-enriched genes in ALL [22-24],
and its association with relapse is particularly evident in
the high-hyperdiploid subtype [10, 25]. Alterations in this
gene affect the response to one of the key components of
the treatment protocol, glucocorticoids, leading to a treat-
ment failure [22]. The mechanisms through which CREBBP
contribute to glucocorticoid resistance are considered to be
associated with its activity as a transcriptional co-activator,
which interacts with the glucocorticoid receptor (GR) and
potentially modulates its transcriptional activity. When glu-
cocorticoids bind to the GR, the receptor undergoes a con-
formational change allowing it to interact with co-activators
like CREBBP, which in turn can acetylate histones and
other chromatin regulators, promoting a more accessible
chromatin structure and facilitating gene transcription of
target genes involved in processes like apoptosis. Therefore,
alterations in this gene can lead to disruption of normal
cellular processes including transcriptional regulation, chro-
matin remodeling and apoptosis. Importantly, mutations
in the CREBBP gene also have a therapeutic significance,
as it has been found that different CREBBP inhibitors and
histone deacetylase inhibitors can alleviate chemotherapy
resistance and may become a successful approach for the
treatment of relapsed ALL [26].

We also detected alterations in several other genes
with potential prognostic value. These include deletions in
TP53 in two patients with relapse (in one of them relapse-
specific) which were infrequent in the rest of the patients,
and deletion in EBF] gene in one patient with relapse which
was absent in the rest of the patients in our cohort. Previous
studies have also associated these alterations with disease
progression and reduced overall survival rates [3, 5, 22,
27, 28]. Furthermore, NRAS gene mutation was found at
relapse only, in one of the patients. Mutations in this gene
have been observed in high-risk ALL by others and have
been reported as important biomarkers for poor relapse-
free survival [23, 29, 30]. However, NRAS mutation was
also lost in the relapse clone in another patient from our
cohort, indicating its sub-clonal nature and uncertain role
in clonal chemoresistance. By contrast, deletions of IKZF']
and CDKN2A/2B genes, individually reported as high-risk
markers for disease progression and correlated with poor
outcome in several studies [31-34], were not found to inde-
pendently influence prognosis in our study. Their prognostic
significance has been further refined with the detection of the
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IKZF 17" profile [20] which, however, was not present in our
cohort. Additionally, the occurrence of the /KZFI deletion
in the high-hyperdiploid subtype, which was also associated
with an increased relapse risk in a recent large prospective
study [10], was detected in one patient in our cohort, who
is still in remission after a follow-up of 46 months.

Concerning the evolutionary mechanisms of the
clones from diagnosis to relapse, we found that none of the
patients with relapse in our cohort experienced expansion
of a novel clonal population completely distinct from the
population present at diagnosis. Rather, in most of them
(4 out of 5), in addition to the same clonal rearrangement
and initiating genetic event (CNA, hybrid transcript), we
observed novel alterations at relapse that were not detected
in the primary clone/s. This either indicates that they were
present in minor sub-clones, not detectable with the applied
method, survived chemotherapy, and arose as dominant
clone/s due to the presence of chemotherapy resistance
mutations, or that they were acquired during chemotherapy
(treatment-induced) [13, 22]. However, the absence of
other alterations in three of these patients suggests that the
clonal evolution from an ancestral sub-clone was probably
the mechanism for relapse, which has also been described
as the most frequent event by others [13, 24, 35]. Only one
patient retained all the alterations within the diagnostic and
relapse clones, suggesting a linear evolution [35].

The strengths of this study are that it includes an
unselected cohort of pediatric patients with B-ALL who
were uniformly treated, and that it provides comprehen-
sive data for all patients along with detailed molecular
characterization for those with relapse. The limitations
of the study include the lack of complete knowledge of
the frequency of SNVs at diagnosis in patients without
relapse, the insufficient depth of the WES analysis to detect
mutations present in minor sub-clones (<10%), and the
relatively small patient cohort.

In conclusion, we identified that alterations in the epi-
genetic regulator CREBBP were the most frequent event
in the patients with relapse, either appearing at diagnosis
or being acquired at relapse. Screening for alterations in
this gene at the beginning, and/or at multiple time-points
during chemotherapy, could be incorporated into treatment
protocols, as they may contribute to the identification of
significant number of patients with predefined or acquired
chemoresistant clones. In addition, detection of deletions in
the TP53 and EBF I genes in the CREBBP-negative patients
could further help identify patients at increased risk for re-
lapse. Finally, screening for clinically actionable alterations
in these and other pathways and genes (RAS, MMR genes),
could be of substantial significance for patients with re-
lapse in the coming years by offering a more individualized
targeted therapy or immunotherapy therapeutic approach.
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ABSTRACT

The association between small for gestational age
birth and chromosomal abnormalities identified through
karyotyping is well-established. Notably, advancements in
cytogenetic techniques have shifted from routine karyo-
typing to the recommended use of microarray technology.
This transition allows higher resolution and the detection
of sub-microscopic copy number variants (CNVs).

Our study included 49 patients born small for ges-
tational age, 27 males and 22 females. Clinical data were
gathered from reports by clinical genetic specialists, and
a questionnaire was included in the referral list to our
laboratory. All participants were of pediatric age, ranging
from neonatal to 12 years old. Chromosomal microarray
testing was conducted by the Agilent SurePrint G3 Human
CGH Microarray 8x60K.

The application of molecular karyotyping yielded
clinically significant results in 16 cases (32.65%), which
included 13 deletions and 6 duplications. Three patients
presented with two clinically significant CNVs (csCNVs).
In ten cases, we identified recurrent microdeletion or micro-
duplication syndromes well-documented in the literature:
Williams syndrome as the most commonly identified (three
patients), and others like Koolen de Vries, Prader-Willi,
Miller-Dieker, Dryer, DiGeorge syndrome, 7q11.23 mi-
croduplication, 16p13.11 microdeletion, and 1q21.1 mi-
crodeletion syndrome. Six patients had rare non-recurrent
pathological CNVs. There was no statistically significant
difference between patients with csCNV's and those without

! Institute of Human Genetics, Faculty of Medicine, University of Bel-
grade, Serbia.

2 Faculty of Medicine, University of Belgrade, Serbia.
3 Faculty of Biology, University of Belgrade, Serbia.

regarding the presence of intellectual disabilities, central
nervous system, cardiac or skeletal malformations.

Chromosomal microarray proves to be a useful diag-
nostic tool in the etiology diagnosis of children born small
for gestational age.

Keywords: chromosomal microarray, CNVs, small
for gestational age

INTRODUCTION

Fetal growth restriction (FGR), or intrauterine growth
restriction, refers to a condition where a fetus fails to
reach its full growth potential [1]. Small for gestational
age (SGA) is a term usually used to describe newborns
(or fetuses) who weigh less than the 10th percentile of
their population or customized growth charts based on
gestational age [2, 3]. It is estimated that FGR impacts
up to 10% of pregnancies while SGA is seen in at least
11% of newborns. It is important to note that around 40%
of fetuses diagnosed as SGA do not have any underlying
pathology and are simply constitutionally small in contrast
to FGR where pathological mechanisms are frequently
described. Therefore, SGA fetuses are not always growth-
restricted and some fetuses with FGR could be appropri-
ate for their gestational age but have not reached their
maximum growth potential [2]. While there is considerable
overlap between the two terms and despite existing incon-
sistencies in definition, most specialists use the term SGA
to describe newborn size, which may or may not be linked
to an underlying pathological cause. In contrast, FGR is
generally caused by an antenatal pathologic disease [4].

FGR/SGA may have significant prenatal and postna-
tal consequences, such as increased risk of perinatal death,
neurodevelopmental abnormalities, metabolic syndrome,
and cardiovascular disease [5, 6]. Although the etiology and
pathophysiological mechanisms can overlap, utero-placental
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dysfunction is the cause in the vast majority of cases of FGR
[2]. However, multiple gestation, maternal disease, and struc-
tural and genetic fetal abnormalities are all possible causes [7].
Among these factors, fetal genetic defects, particularly chro-
mosomal abnormalities, emerge as significant contributors.

The association between fetal growth impairment
and chromosomal abnormalities identified through karyo-
typing is well-established. However, the strength of this
association is significantly influenced by the gestational
age at which growth impairment is identified [8], and the
presence of structural fetal anomalies [9].

Over the past decades, the landscape of prenatal and
postnatal screening has undergone a transformative shift,
marked by advancements in technology and methodology.
The introduction of the first-trimester combined test, along
with other ultrasound exams during early pregnancy, has
revolutionized the ability to screen for both structural and
genetic abnormalities in fetuses [ 10]. The enhanced quality
of imaging and expertise in ultrasound further contribute to
the precision of assessing fetal phenotypes. Additionally,
genetic testing has evolved from routine karyotyping to
the recommended use of chromosomal microarray technol-
ogy, enabling higher resolution and the detection of sub-
microscopic copy number variants (CNVs) [11]. CNVs
are usually 1 kb to several Mb in length, include both
duplications and deletions, and can affect single exons,
one or several genes as well as regulatory sequences [12].

Through the postnatal application of CNV microarray
technology, this research aims to clarify the complexities
associated with small-for-gestational-age infants. It explores
their phenotypic and genotypic spectrum, enhancing our
knowledge of prenatal growth failure and paving the way for
informed clinical decision-making and parental counseling.

MATERIAL AND METHODS

Patients

Our retrospective study included 49 patients born
small for gestational age (27 males and 22 females). All
patients were of pediatric age, ranging from newborn to 12
years. Their measured birth weights were below the 10th
percentile for gestational age. Each patient was examined
by clinical genetic specialists who provided detailed pheno-
typic reports. Clinical data were collected based on special-
ists’ reports and the questionnaire included in the laboratory
referral list. All guardians of the patients provided informed
consent. The study was approved by the Ethics Committee
Faculty of Medicine, University of Belgrade (1322/VII-4).

CNYV detection and interpretation

Patients’ DNA was isolated from 3-5ml of peripheral
blood by the standard salting-out method [13]. The ar-
ray-CGH method was performed using Agilent microarray
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oligonucleotide slides (SurePrint G3 Human CGH Micro-
array 8 x 60K) (Agilent Technologies, Santa Clara, CA,
USA) according to manufacturer’s protocol. Microarray
slides were scanned with a DNA Microarray Scanner and
data were obtained by Cytogenomic software (Agilent
Technologies). Genomic positions were based on human
genome reference sequence GRCh 37/hg19.

All identified copy number variations (CNVs) were
analyzed and classified according to the most recent guide-
lines from the American College of Medical Genetics and
Genomics (ACMG) [14]. The significance of these variants
was evaluated based on several factors, including type (gain
or loss), size, gene content (particularly dosage sensitivity),
and inheritance pattern, all considered to the patient’s clini-
cal phenotype. To ensure proper classification of detected
CNVs, a comprehensive review of relevant peer-reviewed
literature and accessible databases such as PubMed, the Da-
tabase of Genomic Variants (DGV), DECIPHER, ClinGen,
and Online Mendelian Inheritance in Man (OMIM) has
been performed. Benign CNVs were not reported. Patho-
genic and likely pathogenic CNVs are considered clinically
significant (csCNV). The diagnostic yield in our study was
determined by detecting at least one ¢csCNV in a patient.

Statistical analysis

Statistical analysis was performed by Pearson’s chi-
squared (y?) or Fisher’s exact test using SPSS v.20.0 (SPSS
Inc., Chicago, IL, USA).

RESULTS

The clinical characteristics 0f 49 patients who were born
small for their gestational age are summarized in Table 1.

Molecular karyotyping yielded clinically significant
results in 16 cases, resulting in a detection rate of 32.65%.
We identified 13 deletions, ranging in size from 442 kb to
15480 kb, and six duplications, 404 kb to 64280 kb in size.
Additionally, three patients had two csCNVs. In ten cas-
es, we identified CNVs linked to well-known syndromes
(see Table 2). The most common was Williams syndrome,

Table 1. Overview of the phenotypic characteristics of the
patient group.

Feature Patients n=49, n (%)
male/female 27 (55.1)/22 (44.9)
DD/ID 46 (93.9)

facial dysmorphism 40 (81.6)
microcephaly 14 (28.6)

cardiac anomalies 13 (26.5)

skeletal malformations 11 (22.4)

urogenital tract anomalies 8(16.3)

DD - developmental delay; ID — intellectual disability
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diagnosed in three patients (18.7%). Other syndromes
previously associated with intrauterine growth restriction
include Koolen de Vries syndrome, Prader-Willi syndrome,
Miller-Dieker syndrome, Dryer syndrome, and 1q21.1
microdeletion syndrome. In one patient CN'Vs typical for
DiGeorge and 7q11.23 microduplication were detected.
However, in patients with either syndrome, SGA is not
one of the phenotypic characteristics. Another detected
microdeletion that typically does not include SGA is the
16p13.11 microdeletion. We identified unique CNVs in six
cases. The main phenotypic characteristics and microar-
ray findings of all patients with csCNVs are summarized
in Table 2. Most of the patients were in neonatal age (6
of them) and besides SGA they had additional clinical
features. Older children had mild to moderate develop-
mental delay/intellectual disabilities (DD/ID) and other
comorbidities.

To determine if additional specific phenotypic char-
acteristics could predict the detection of csCNV, we ana-
lyzed the frequency of these phenotypes in two groups:
those with positive molecular karyotype findings and those
without. All phenotypes except skeletal malformations
were more common in a group with pathogenic CNVs
compared to the group with normal molecular karyotype.
It was pronounced for urogenital anomalies and micro-
cephaly, although those differences did not reach statistical
significance (Table 3).

The detection rate is significantly higher than the 16%
found in other cases tested in our laboratory. These dif-
ferent cases involved individuals with DD/ID, congenital
anomalies, autism, and epilepsy, but without intrauterine
growth restriction. It highlights the importance of SGA
as a key predictive phenotype in the diagnostic yield of
molecular karyotyping. Chen et al. reported a chromo-
somal structural copy number variation (csCNV) detection
rate of 33.3% in cases of FGR associated with structural
anomalies, which aligns closely with our findings [15].
In contrast, FGR cases without structural malformations,
which correspond to small for gestational age (SGA) in-
fants without additional complications, have a lower in-
cidence of genetic abnormalities. Wu et al. conducted an
analysis of 488 fetuses diagnosed with FGR but without
structural malformations. They found that the diagnostic
yield for classic and molecular karyotypes was 3.9% [16].
Additionally, one meta-analysis indicated a 4% increased
yield of chromosomal microarray analysis (CMA) com-
pared to classic karyotyping in non-malformed growth-
restricted fetuses. Furthermore, the incremental yield of
CMA in cases of FGR associated with fetal malformations
was 10% [17].

In our patient group, we most frequently observed
Williams syndrome (P5, P6, P7), caused by a microdeletion
on chromosome 7q11.23. This syndrome is characterized
by a unique combination of clinical features, including

Table 3. Differences in phenotypic characteristics between patients with pathogenic CNVs and those with normal molecular karyotype

Features Pathogenic CNVs Normal molecular p-value
n=16 karyotype n=33

Facial dysmorphism 15 (93.7) 25(75.7) 0.238

Microcephaly 7 (37.5) 7(18.2) 0.176

Cardiac anomalies 6 (37.5) 7(21.2) 0.304

Skeletal malformations 2 (12.5) 9(27.3) 0.300

Urogenital tract anomalies 4 (25.0) 4(12.1) 0.132

DISCUSSION

The purpose of our study was to enhance the under-
standing of SGA in the context of chromosomal abnormali-
ties, encompassing advancements in diagnostic method-
ologies with a specific focus on SGA infants. The nature
of growth disturbances is highly heterogeneous making it
crucial to comprehend the complex relationship between
fetal growth restrictions and genetic abnormalities. Ac-
curate diagnostic testing is vital, as a genetic diagnosis
significantly influences prognosis.

The majority of our patients presented with complex
forms of SGA with a lot of comorbidities, which may ex-
plain the high detection rate of positive findings: 36.4%.
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distinctive facial characteristics, cardiovascular anomalies,
intellectual disability, and a remarkably sociable person-
ality [18]. The association between Williams syndrome
and intrauterine or postnatal growth failure has been well
documented, highlighting its importance among different
types of fetal growth restrictions. At least 82% of fetuses
with typical 7q11.23 deletion have intrauterine growth
retardation [19]. Our study supports these findings, em-
phasizing that this deletion should be considered during
prenatal assessments of FGR and in cases of SGA birth.
Our study unveiled several other genetic syndromes
previously associated with FGR and SGA. In a two-year-
old girl (P1) born small for gestational age, with micro-
cephaly, failure to thrive, and facial dysmorphism, we
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detected a clinically significant microdeletion of 1.2 Mb in
1921.1-q21.2 region, as well as 5p14.1-p13.3 microdele-
tion of 3.1 Mb, classified as a variant of unknown signifi-
cance (VUS). A microdeletion detected on chromosome 1
is the recurrent deletion of distal region 1q21.1 located be-
tween breakpoints BP3-BP4 and includes the GJAS gene.
Liu et al. summarized prenatal phenotypes characteristic
for 1q21.1 microdeletions and observed IUGR in 26.7% of
the cases [20]. This microdeletion has low penetrance and
variable expressivity. In many cases, it is inherited from
healthy parents. The second CNV, a deletion in the region
Spl4.1-p13.3, encompasses ten genes, none of which are
protein-coding. To our knowledge, there are no reports on
the phenotype of patients with similar deletions.

One well-known syndrome associated with prenatal
and postnatal growth failure is Drayer syndrome (MIM
#612626), caused by a deletion in the 15q26-qter region.
Patient P11 exhibited a 5.6 Mb deletion in this region
(15926.2-q26.3) and presented with developmental de-
lay, mild facial dysmorphia, short stature, and skeletal
dysplasia. Microcephaly, congenital heart disease, epi-
lepsy, diaphragmatic hernia, renal anomalies, neonatal
lymphedema, and aplasia cutis congenita could be ad-
ditional characteristics of this syndrome [21]. Haploin-
sufficiency of the insulin-like growth factor-1 receptor
(IGFIR) gene, located in this region, has been previously
associated with the growth pathway and linked to impaired
prenatal and postnatal growth [22]. More proximally on
chromosome 15 is a region frequently linked to benign but
also pathogenic CNVs, 15q11.2, which contains imprinted
genes. Deletion of paternal copy of SNRPN and the NDN
genes in this region cause Prader-Willi syndrome (PWS;
MIM #176270). P13, from our cohort, is a 12-year-old
girl with DD/ID, obesity, brachydactyly, and a 6 Mb dele-
tion characteristic of PWS. Her obstetric history includes
intrauterine growth restriction beginning in the third tri-
mester. During her first year of life, she experienced failure
to thrive but subsequently became overweight, which is
typical for individuals with PWS. This syndrome is rarely
diagnosed prenatally due to the lack of well-defined fetal
phenotypes, which would warrant prenatal molecular ge-
netic testing [23]. In the study by Dudley et al. focusing on
prenatal, perinatal, and postnatal complications in PWS,
it was observed that 29.4% (10 out of 34) of patients with
PWS caused by uniparental disomy (UPD) and 42.3%
(22 out of 52) of PWS patients resulting from deletion
were classified as small for their gestational age [24]. The
reasons for SGA in these PWS cases remain unexplained.

We identified other recurrent syndromes linked to
fetal and postnatal growth restriction. This includes a 3.8
Mb microdeletion in the 17p13.3-p13.2 region, causing
Miller-Dieker syndrome, and a 425 kb microdeletion in

the 17921.31 region, associated with Koolen-de Vries syn-
drome. Haploinsufficiency of the PAFAHIBI and YWHAE
genes in Miller-Dieker syndrome is believed to cause in-
tractable seizures, severe developmental delays, lissenceph-
aly, facial dysmorphisms, intrauterine growth restriction,
and involvement of other organ systems. Growth restric-
tion often persists during the postnatal period [25]. In our
sample, this syndrome was diagnosed in a one-month-old
infant with FGR identified from the 20th week of gestation,
along with facial dysmorphia and abnormal neuroimag-
ing findings observed after birth (P14). In the case of an
11-month-old boy (P15) born SGA, with DD, microceph-
aly, congenital hypothyroidism, and surgically corrected
colon perforation postnatally, diagnosis of Koolen-de Vries
syndrome was established by CMA. This condition is mul-
tisystemic and characterized by DD/ID, epilepsy, distinct
facial features, and congenital malformations affecting mul-
tiple organ systems. Research conducted by Koolen et al.
on a cohort 0f 45 children with this syndrome revealed that
26% of cases experienced intrauterine growth retardation,
30.4% presented with low birth weight, and 41.7% also had
proportionate short stature postnatally [26].

A rare and interesting example of microduplication
of the 19p13.2-p13.12 region associated with impaired
growth was detected in a 12-year-old girl born SGA (P16),
later followed by short stature treated with growth hormone
therapy. She also had microcephaly, atrial septal defect,
mild ID with learning difficulties, and autistic features. Pre-
viously, in Trimouille et al., ten patients with 19p13 dupli-
cations were reported. Common clinical features included
short stature, small head circumference, delayed bone age,
and ID (mild to severe). Unfortunately, birth parameters
were unknown for six patients, and only one had a birth
weight below the 10th percentile. The research indicates
that the phenotype linked to 19p13 duplication may, in
some respects, be regarded as the reciprocal phenotype
of Malan syndrome (MIM # 614753, previously known
as Sotos syndrome-2), which is caused by heterozygous
mutations, including deletions of the NFIX gene [27, 28].
This syndrome is characterized by DD/ID, overgrowth,
macrocephaly, prominent forehead, high anterior hairline,
up-slanted palpebral fissures, and prominent chin. The
observed phenotype in all patients with 19p13 microdu-
plications that include NFLX indicates that the phenotypes
associated with both 19p13 microdeletions and microdu-
plications may result from the contrasting effects of NFIX
haploinsufficiency and overexpression.

Patient P3, a I-month-old infant, has a 64 Mb duplica-
tion of the region 3q22.1-q29. The patient presented with
cleft lip, and a congenital heart anomaly. In most cases, this
condition is diagnosed only after birth. Individuals with
this syndrome may exhibit a range of defects, including
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abnormalities of the central nervous system, facial dysmor-
phia, congenital heart defects, urogenital tract anomalies,
intellectual disabilities, and growth disturbances [29].
Our cohort revealed some recurrent or non-recurrent
syndromes not previously linked to SGA. In the first group
it is interesting to mention a two-year-old boy (P8) with
mild DD, palatoschisis and hydronephrosis, with two recur-
rent CNVs: 22q11.2 deletion characteristic for DiGeorge
syndrome, and 7q11.23 microduplication, reciprocal to
Williams syndrome chromosomal region. In patients with
DiGeorge syndrome, FGR/SGA has been noted at a rate
close to the population incidence [30]. There is insufficient
prenatal information available regarding 7q11.23 microdu-
plication. In the study conducted by Wang et al., fetuses
diagnosed with 7q11.23 microduplication syndrome pre-
sented with several intrauterine phenotypes, including low-
lying conus medullaris, dilated ascending aorta, cleft palate,
anencephaly, hydronephrosis, and other renal anomalies
[31]. While the other characteristics of the phenotype could
be accounted for by the presence of the two different CNVs,
associated with two well-described syndromes, intrauterine
growth restriction is not typically observed in these cases.
Similarly, a one-month-old infant with SGA (P12)
exhibited a 1.6 Mb microdeletion in the 16p13.11 region.
This CNV has been previously described and reported
as a predisposition to neurodevelopmental disorders and
different congenital anomalies. Short stature has been
observed in several cases [32]. This deletion can occur
de novo; however, due to its incomplete penetrance and
variable expressivity, it is often inherited from a parent
who is either mildly affected or presents with a completely
normal phenotype. In a study by Cai et al. on the 16p13.11
microdeletion/microduplication, it was found that fetuses
with CNVs in this region typically do not exhibit any
characteristic features on intrauterine ultrasound and are
generally healthy after birth. [33]. Therefore, the SGA ob-
served in our case cannot be attributed to the detected CNV.
Additionally, our study identifies some csCNVs in
children with SGA that have not been linked to growth
restriction before, either prenatal or postnatal. A 19-month-
old boy (P2), who experienced FGR, developmental delay,
and microcephaly, exhibited a microduplication at chromo-
some 2p25.3. This microduplication includes part of the
MYTIL gene, previously associated with neurodevelop-
mental disorders. MYT1L acts as a transcriptional repressor
in neuronal progenitor cells, inhibiting Notch signaling
and promoting neuronal differentiation [34]. However,
there is no possible explanation for FGR in patients with
deletion of this gene. In the study by Coursimaults et al.,
which investigated 40 children with pathogenic variants
of MYTIL and 22 previously published patients, FGR
was not frequently observed (6-8% of the patients) [35].
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Patient P4 was referred for CMA due to severe FGR,
born small for gestational age, with atrial septal defect,
renal hypoplasia, and shortened long bones. The analysis
revealed a deletion 0f 9.75 Mb in the region 7p15.3-p14.3,
which includes 60 protein-coding genes, 16 linked to vari-
ous human diseases. Crippa et al described a patient with
de novo deletion of 7.5 Mb in the same region. This patient
experienced both prenatal and postnatal growth restriction
and was part of a cohort exhibiting features consistent
with Silver-Russell syndrome. The authors suggested that
the growth restriction might be attributed to the insulin-
growth factor 2 mRNA binding protein 3 (IGF2BP3) gene
(OMIM*608259) deletion and confirmed its decreased
expression. This gene looks like a promising candidate for
FGR since it regulates the amounts of IGF2 transcripts by
encoding an RNA-binding factor unique to the 5’UTR of
IGF2 mRNA [36].

We had three patients with two pathogenic CNVs on
different chromosomes. In these cases, it is challenging to
determine the impact of a single region or specific gene
because the phenotype often results from the interaction
between the two variants from different genomic regions.
A newborn (P9) was found to have a 15.5 Mb deletion in
the region 7q35-q36.3. This presented with microcephaly,
SGA, and a progeroid appearance characterized by a “bird-
like face.” Fan et al. summarized the phenotypes of 17
previously reported patients with terminal deletions in the
7q35-q36.3 region, noting that 16 of these patients experi-
enced growth restriction. Additionally, multiple congenital
malformations were observed, including abnormalities in
brain and facial structures, DD/ID, limb and sacral anoma-
lies [37]. The patient in our cohort also had a 3.37 Mb
microduplication in the 16q24.1-q24.3 region, which has
previously been linked to mild-to-moderate ID, speech
delay, and slight dysmorphic features [38]. However, there
are no reports connecting this microduplication with FGR
or SGA. It appears that terminal deletion on chromosome
7q has a more significant impact on growth restriction.

Anewborn patient (P10) was born small for gestational
age and presented with facial dysmorphism, cryptorchidism,
and hypospadias. Genetic analysis revealed a terminal dele-
tion of 14.7 Mb in the region 9p24.3-p22.3 and a terminal
duplication of 8.71 Mb in the region 19q13.33-q13.43. The
deleted region contains 44 protein-coding genes and 14
disease-associated. The phenotype of patients with a distal
deletion of chromosome 9 includes trigonocephaly, DD/ID,
and genitourinary malformations (MIM# 158170). The du-
plicated region on chromosome 19 contains 290 protein-cod-
ing genes, with 29 of these genes associated with diseases.
Distal duplications of chromosome 19 are linked to various
conditions, including low birth weight, short stature, crani-
ofacial dysmorphia, and psychomotor delay. Additionally,
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individuals may exhibit hypotonia, epilepsy, congenital heart
defects, as well as urogenital and gastrointestinal malforma-
tions [39]. In this case, the expression of both pathogenic
CNVs overlaps; however, the distal duplication of 19q may
better explain the observed features related to SGA.

Identifying these syndromes has significant clinical
implications beyond merely confirming a diagnosis. It in-
cludes early interventions to improve long-term outcomes
for individuals affected by these conditions. Key manage-
ment strategies for individuals with genetic syndromes
include cardiac and other organ systems examination and
monitoring, developmental support, and behavioral inter-
ventions. This underscores the importance of early detec-
tion and timely intervention in their care.

Most patients born SGA experience catch-up growth
until they are 2 to 4 years old; however, 10% to 15% of
them do not. Six of our patients with pathogenic CNVs
were at neonatal age when the CMA was performed. At
the same time, only five were older than two years. As a
result, we have limited information regarding the postnatal
growth of our patients. Among the five children older than
two, short stature was documented only in two: one girl
with Dryer syndrome (P11) and another with duplication
at 19p13.2-p13.12 (P16). The latter patient was already
receiving recombinant human growth hormone therapy
(thGH). For the past twenty years, thGH has been ap-
proved for use in children SGA and short stature aged 2 in
the USA and 4 in Europe. The response to this treatment is
not always optimal, and it depends on the underlying cause
of the SGA, which highlights the importance of genetic
testing before starting the therapy [40].

In cases with detected csCNVs but without a clear
association with SGA, it is possible that SGA may have
been caused by different external environmental factors.
The limitation of our study is that we did not have infor-
mation about possible factors present during pregnancy
that could lead to SGA. Other significant limitations are
the small number of patients that were available for our
research since this was a single-center study and the lack
of follow-up data on the growth in the case of the chil-
dren who were tested as newborns. Increasing the size of
the study group and collecting information regarding the
growth of children born small for gestational age would
be of great importance for the following research.

In conclusion, integrated genetic testing that com-
bines chromosomal microarray analysis with a thorough
assessment of phenotypes provides valuable insights into
the genetic causes of growth restriction. This method al-
lows for the identification of clinically significant copy
number CNVs and supports the development of personal-
ized management strategies tailored to the specific needs
of individuals affected by this condition.
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ABSTRACT

Pregnancy loss (PL), particularly early pregnancy
loss (EPL), is a prevalent reproductive complication, with
approximately 15% of confirmed pregnancies affected.
Chromosomal abnormalities are implicated in more than
half of EPLs, with trisomies being the most prevalent.
Partial abnormalities, including segmental deletions, du-
plications, and unbalanced translocations, are detected in
up to 10% of EPL cases. This study focuses on the precise
characterization of partial chromosomal abnormalities,
previously identified by Quantitative fluorescent poly-
merase chain reaction (QF-PCR) and multiplex ligation
probe amplification (MLPA) analyses. By employing an
array comparative genomic hybridization (aCGH), we ana-
lyzed 20 EPL samples, identifying 32 partial chromosomal
abnormalities, including 18 deletions and 14 duplications,
with an average size of 33.2 Mb. Notably, two abnormali-
ties previously undetected by QF-PCR and MLPA were
revealed (deletions in 7q36, and 1p36.32p36.31regions),
emphasizing the necessity of high-resolution genomic
tools. Chromosomes 1, 18, and 13 emerged as frequently
involved, aligning with previous associations with re-
current pregnancy loss. Recurrent abnormalities were
identified in six chromosomal regions, with chromosome
1p36.33-p36.32 exhibiting the highest frequency. Gene
Ontology (GO) enrichment analysis of recurrent regions
highlighted disruptions in critical biological processes,
including molecular binding, enzymatic activity, and cel-
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lular development. Many genes in these regions are linked
to multisystem syndromes, suggesting their involvement
in early embryonic development and pregnancy viability.
Our findings underscore the complexity of EPL’s ge-
netic landscape, demonstrating that large CNVs, may disrupt
multiple genes critical for development. Although, subtelo-
meric MLPA reliably detects telomeric partial chromosomal
abnormalities in EPLs, aCGH is essential for detection and
precise characterization of all CNVs, thus enhancing diag-
nostic and counseling strategies in affected couples.

Key words: Partial fetal chromosomal abnormalities,
early pregnancy loss, EPLs, aCGH

INTRODUCTION

Pregnancy loss (PL), encompassing spontaneous abor-
tion or miscarriage, refers to the premature termination of
a pregnancy before fetal viability, typically before the 20th
gestational week. Early pregnancy loss (EPL) denotes losses
occurring within the first trimester (<12 weeks) [1]. Ap-
proximately 15% of couples with confirmed pregnancies
experience EPL, with recurrent PL (RPL) affect around 2%
of them [2]. The etiology of PL is complex, involving a
confluence of maternal and fetal factors. Maternal factors
include endocrine disturbances, uterine anomalies, implanta-
tion issues, and infections [3]. In the event of fetal cause of
EPL, chromosomal abnormalities account for roughly half
of EPL cases, whereas the underlying cause remains elu-
sive in the other half. Chromosomal trisomies, are the most
prevalent fetal chromosomal aberrations, constituting up to
56% of abnormal EPLs, with trisomy 16 being the most com-
mon [4, 5]. Triploidy and monosomy, each affecting about
15% of abnormal conceptuses, follow in frequency. Rarer
chromosomal anomalies comprise a smaller proportion of
these cases. Lately, with the development of the molecular
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genetic technologies, especially with the widespread ap-
plication of the whole exome sequencing (WES), embry-
onic and fetal monogenic conditions, were also reported in
EPLs. Genes linked to fetal death, such as CPLANE1, CHD?7,
FBNI1, FGFR3, NIPBL, and SOS1, are often associated to
multisystem disorders. Others are associated or related with
specific conditions like cardiac anomalies (CSRP3, GATA4,
SCN5A), skeletal dysplasia (COLIAI, FGFR?2), kidney dis-
eases (GREBIL, NPHST), and CNS abnormalities (PIK3R2).
This diversity suggests that EPL has varied etiologies [6-11].

Partial chromosomal aberrations, involving gain or
loss of chromosomal content, represent a significant fac-
tor contributing to EPL. Our previous research identified
these aberrations in 8% of abnormal EPLs, demonstrating
heterogeneity across different chromosomes [4].

Quantitative fluorescent polymerase chain reaction
(QF-PCR) and multiplex ligation probe amplification
(MLPA) have been established as valuable screening
tools for chromosomal abnormalities in the context of
EPL. These techniques have enabled detailed analysis of
chromosomal aberrations, including partial chromosome
abnormalities, revealing their diverse nature and impact on
pregnancy outcome [4, 12-14]. Consequently, while these
techniques provide a valuable first step in the diagnostic
process, they may not yield a definitive genetic diagnosis
in all cases since they cannot detect all abnormalities, such
as interstitial chromosomal abnormalities or determine the
size and gene content of the detected partial chromosomal
abnormalities. Understanding these abnormalities is cru-
cial for improving diagnostic accuracy, genetic counsel-
ing, and potentially developing preventive strategies for
recurrent pregnancy loss. Given the profound implications
of partial chromosomal imbalances for fetal development
and pregnancy outcome, a comprehensive and in-depth
characterization of these aberrations is imperative.

In this study, we employed array comparative ge-
nomic hybridization (aCGH) to delineate the genomic
architecture of previously detected partial chromosomal
imbalances, including their size, location, and gene con-
tent. This granular level of analysis is expected to provide
deeper insights into the pathogenic mechanisms associated
with these aberrations and contribute to a more compre-
hensive understanding of the complex fetal etiology of
early pregnancy loss.

MATERIALS AND METHODS

Study group and selection of samples

In a prior investigation, partial chromosomal abnor-
malities were identified in 16 out of 900 analyzed EPL
samples [4]. More recently, an additional four samples
exhibiting partial chromosomal abnormalities were de-
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tected and incorporated into the current analysis, bringing
the total number of EPL samples included in this study to
20. These samples consisted of single chromosomal ab-
normalities in half, while the other half exhibited double
chromosomal abnormalities.

All EPL samples referred to the Research Center
for Genetic Engineering and Biotechnology “Georgi D.
Efremov”, at the Macedonian Academy of Sciences and
Arts, Skopje for analysis of chromosomal aneuploidies
were selected by a collaborative team of gynecologists
and pathologists. Standard histopathological analysis was
performed on all EPLs, as described previously [14, 15].
To ensure ethical compliance, written informed consent
was obtained from all study participants, and the research
protocol received approval from the institutional ethics
committee (Macedonian Academy of Sciences and Arts,
09-1047/6 from 04.05.2016).

All EPL samples were processed using standard phe-
nol-chloroform or automated extraction methods to obtain
genomic DNA for further analysis. To initially exclude
maternal contamination and to screen for common ane-
uploidies, we employed quantitative fluorescent polymer-
ase chain reaction (QF-PCR) with a panel of short tandem
repeat (STR) markers targeting chromosomes 13, 18, 21,
and the sex chromosomes [16]. This method allowed for
rapid detection of trisomies and monosomies involving
chromosomes 13, 18, 21 and X, as well as triploidies. To
complement QF-PCR, multiplex ligation-dependent probe
amplification (MLPA), using PO36-Subtelomere Mix 1 and
P070-Subtelomere Mix 2B probemixes, was implemented
to identify chromosomal imbalances on all chromosomes.

Array comparative genomic

hybridization (aCGH)

To further elucidate the genomic architecture of the
observed partial chromosomal abnormalities, array com-
parative genomic hybridization (aCGH) analysis was con-
ducted following Agilent Technologies’ SureTag Complete
DNA Labeling Kit (Agilent Technologies, Santa Clara,
CA, USA). Genomic DNA extracted from the analyzed
samples, along with sex-matched control DNA, was enzy-
matically fragmented using the restriction enzymes Alul
and Rsal to ensure uniform DNA fragment sizes. Subse-
quently, the fragmented DNA samples were fluorescently
labeled: the experimental DNA was labeled with Cyanine
5 (Cy5), while the control DNA was labeled with Cyanine
3 (Cy3). After purification, the labeled experimental and
control samples were combined and co-hybridized onto
Agilent Technologies’” CGH Constitutional G3 4x180k
microarrays. Following hybridization, data acquisition was
performed using Agilent Technologies’ DNA microarray
scanner with surescan technology, ensuring accurate cap-
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ture of fluorescence signals. The resulting data were subse-
quently processed and analyzed using Agilent’s Genomic
Workbench software platform. This analysis provided
a comprehensive visualization of CNVs, with detailed
genomic annotations based on the UCSC hgl9 genome
assembly, facilitating precise mapping and interpretation
of the chromosomal imbalances observed in the study.

Identifying Recurrent Chromosomal Regions

and Gene Ontology (GO) enrichment analysis

To gain insights into the genetic factors underlying
early pregnancy loss, we conducted a comprehensive anal-
ysis of a total of 32 chromosomal abnormalities detected by
aCGH in 20 EPLs with partial chromosomal abnormalities.
We have established a criterion for identifying recurrent
chromosomal regions: a chromosomal region, included
in deletion or duplication, had to be observed in more
than two EPLs. We determined the smallest overlapping
region (SOR) for each recurrent chromosomal region.
This approach enabled us to pinpoint the specific genes
and pathways that are likely involved in the pathogenesis
of early pregnancy loss.

To gain a deeper understanding of the biological func-
tions and processes associated with the identified genes,
we conducted a Gene Ontology (GO) enrichment analysis
utilizing the Panther software [12]. This analysis compares
the frequency of specific GO terms within a group of genes
involved in SORs. Significantly enriched GO terms were
visualized using a bar plot, thus providing a clear and intui-
tive way to interpret the results of the enrichment analysis
and identify the biological functions and processes and
that are most likely to be involved in EPL.
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RESULTS

General findings

To investigate the genomic landscape of the previ-
ously detected partial chromosomal abnormalities in EPLs
with QF-PCR and subtelomeric MLPA methods, we have
performed array CGH analysis on a total of 20 samples.

All 30 previously detected chromosomal abnormali-
ties among the 20 studied EPLs were confirmed and 2
additional chromosomal abnormalities previously not
detected with QF-PCR and subtelomeric MLPA methods
were revealed. These additional abnormalities were out of
the ligation sites of the used subtelomeric MLPA probes,
therefore they were not detected previously.

Among the 20 investigated samples, the total num-
ber of detected partial chromosomal abnormalities was
32, of which 18 (56% of all detected abnormalities) were
deletions and 14 were duplications (44%). Nine samples
had single partial chromosomal abnormality, 10 samples
carried double abnormalities, while one sample carried
three partial abnormalities. All the characterized abnor-
malities were on distal chromosomal sites, except one
sample which had an additional aberration located proxi-
mally (7q22.1q34) of the expected single chromosomal
abnormality on chromosome 7q36, previously not de-
tected with the QF-PCR and subtelomeric MLPA meth-
ods. Also, another sample with deletion on 1p region and
duplication on 1q region detected previously by MLPA,
was found to carry an additional duplication involving the
1p36.32p36.31 chromosomal region. Schematic presenta-
tion of the detected chromosomal abnormalities among the
affected chromosomes is shown on Figure 1. The sizes of
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Figure 1. Figure 1. Schematic presentation of the detected chromosomal abnormalities among the affected chromosomes.
(Red bars-deletions; blue bars-duplications), *chromosomal abnormalities detected together with other abnormality, see Table 1.
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Table 1. Detailed genomic locations of the detected partial chromosomal abnormalities

Sample Chromosome band Start-stop positions Deletion/Duplication Length (Mbp)
Abp-24 3p26.3-p26.1 73914-7761159 Deletion 7.68
2 Abp-118 6p22.3-q27 20695423-170911240 Duplication 150.21
3 Abp-141 17p13.3-p13.2 59739-4424713 Duplication 4.36
P 18q21.2-g23 49010709-78010032 Deletion 28.99
4 | Abp-154 8p23.3-p23.1 176814-12686483 Deletion 12.51
5 Abp-264 Xp22.33 169064-2344976 Duplication 2.17
6 | Abp-359 11q24.2q25 127546842-134927114 Deletion 7.38
7 | Abp-498 9p24.3-p23 204193 9092170 Deletion 8.88
8 | Abp565 8q24.13-q24.3 123993466-146294098 Duplication 223
P 13q14.3-q34 54627609-115089535 Deletion 60.46
o | Abpt12 3q25.33-q29 160109099-197845254 Duplication 37.73
P 9p24.3-p22.3 204193-14453418 Deletion 14.25
7q22.1-q34 101658846-140064713 Deletion 384
10 | Abp-627 -
7q936.3 158074913-159118566 Deletion 1.04
11 | Abp-760 18q12.1-q23 25698937-78010032 Deletion 52.31
1p36.33-p36.32 564424-2352253 Deletion 1.78
12 | Abp-805 1p36.32p36.31 2394396-5710339 Duplication 3.31
1g21.1q44 142617943-249212668 Duplication 106.59
13 | Abp-815 1p36.33-p36.13 564424-17886109 Deletion 17.32
13q13.3-q34 39536567-115093155 Deletion 75.55
14 | Abp-840 —
16921-g24.3 64826408-90148400 Duplication 25.32
1p36.33-p36.11 564424-2457088 Deleti 24.01
15 | Abp-s2 p36.33-p3 70889 e.elo.n
11q11-q25 55361638-134904063 Duplication 79.54
13932.3-q34 101077865-115105297 Duplication 14.02
16 | Abp-914 -
18q21.31-q23 55906486-78010032 Deletion 22.1
17 | Abp-941 9q21.11-q34.3 70984337-141087916 Duplication 70.1
6q22.31-q27 122649716-170911237 Duplication 48.26
18 | Abp-942 -
Tp22.3-pl3 45064-45032669 Deletion 4498
1p36.33-p35.2 46608-31284865 Duplicati 30.53
19 | Abp-990 P22.27P ’ ptation
18q21.2-q23 49862572-78010032 Deletion 28.14
15926.1-q26.3 93296596-102388476 Deleti 9.09
20 | Abp-998 479 ceton
22q13.1-q13.33 37984158-51219009 Duplication 13.23

the abnormalities ranged from 1.04 Mb to 150.21 Mb, with
average size of 33.2 Mb. Detailed genomic locations of the
detected partial chromosomal abnormalities is presented in
Table 1 and the gene content of the detected abnormalities
is described in Supplementary Table 1.

Chromosome 1 exhibited the highest frequency of
abnormalities, with six of the detected alterations mapped
to this chromosome. Chromosome 18 was the second most
affected, harboring four abnormalities, followed by chro-
mosome 13 with three abnormalities.

Recurrent chromosomal regions
and GO enrichment analysis

To identify significant CNV regions and to determine
the molecular functions and biological processes of the
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genes contained in these regions who are associated with
early pregnancy loss (EPL), we first focused on recurrent
regions (>2) among the 32 detected partial chromosomal
alterations determining the SOR regions.

With this approach, we identified a total of six recur-
rent events. The most common recurrent event was on the
terminal part of the chromosome 1p, with SOR of 1.78 Mb
in the 1p36.33-p36.32 regions, shared by five deletions/
duplications Common recurrent events were found on the
terminal part of chromosomes 18q (SOR of 22.1 Mb in the
18q21.31-q23 region) and chromosome 13q (SOR of 14.02
in the 13q32.3-q34 region). With two recurrent events were
chromosomes 6q, 9p and 11q, with SOR of 48.26 Mb in
the 6q22.31-q27 region, SOR of 8.88 Mb in the 9p24.3-
p23 region and SOR of 7.38 Mb in the 11q24.2q25 region.
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Schematic presentation of the SOR regions is presented on
Figure 2. The OMIM genes in every recurrent abnormality
were identified and the respective diseases caused by those
genes were paired. The most common disorders caused by
the identified genes were multisystem syndromes, which
may explain their pathogenicity in early human develop-
ment. The OMIM genes and the associated disorders are
shown in Supplementary Table 2.

Gene Ontology (GO) enrichment analysis was con-
ducted using Panther, and significantly enriched GO terms
were visualized through bar plots (Figures 3 and 4). The
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analysis revealed that the genes are predominantly associ-
ated with molecular binding activities, enzymatic functions
as catalytic molecules, or ATPase activity.

In terms of biological processes, the recurrent genes
identified in this study primarily encode proteins involved
in essential functions such as biological regulation, cellular
processes, and metabolic processes (Figure 4). Further-
more, several genes within the affected regions were linked
to developmental processes, indicating that their dysfunc-
tion could contribute to early developmental abnormalities,
potentially leading to pregnancy loss.
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Figure 2. The detected smallest overlapping regions (SORs), (Red bars-deletions; blue bars-duplications).
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Figure 3. Molecular function profiling of recurrent genes in the studied regions.
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Figure 4. An analysis of the biological processes associated with frequently occurring genes within the specified recurring regions.

DISCUSSION

This study aimed to refine the characterization of
previously identified partial chromosomal abnormalities
in EPLs from early pregnancy losses (EPLs) by employ-
ing aCGH. Our findings significantly expand upon the
initial QF-PCR and subtelomeric MLPA data, providing a
detailed understanding of the genomic landscape in these
cases. The identification of multiple abnormalities within
individual samples, unidentified by the previous analy-
ses underscores the complex genetic etiology of EPLs.
For instance, in one sample we identified an additional
abnormality located proximally to the expected single
chromosomal abnormality on chromosome 7q36, which
had not been previously detected using the QF-PCR and
subtelomeric MLPA. In another sample, we discovered an
additional duplication on the 1p36.32p36.31 chromosomal
regions, despite the initial distal deletion and duplication
on 1p and 1q regions respectively. Interstitial chromosomal
abnormalities account for approximately 5—10% of chro-
mosomal anomalies in early pregnancy losses (EPLs) [18,
19]. These abnormalities cannot be detected using methods
such as the previously used QF-PCR and subtelomeric
MLPA, underscoring the limitations of these techniques.
This highlights the critical need for high-resolution ap-
proaches, such as aCGH in EPLs with no chromosomal
abnormality detected by subtelomeric MLPA.
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Our study’s findings are particularly noteworthy giv-
en the large size of the CNVs detected (averaging 33.2
Mb), suggesting that these genetic alterations may disrupt
multiple genes and are essential for normal embryonic
development. The frequent involvement of chromosomes
1, 18, and 13 in these abnormalities is in line with their
established association with pregnancy loss [20, 21]. These
chromosomes have previously been implicated in recurrent
pregnancy loss (RPL), particularly in studies of aneuploidy
and large chromosomal rearrangements [22]. Chromosom-
al copy number variations (CNVs) in key regions such as
1p36.33-p36.32, 9p24.3-p23, 11q24.2-q25, 13q32.3-q34,
and 18g21.31-q23 have been strongly implicated in early
pregnancy loss (EPL). These regions host genes critical for
apoptosis, placental development, and cellular signaling.
For example, 1p36.33-p36.32 harbors genes essential for
apoptosis, while abnormalities in 11q24.2-q25 involve
genes like ETS1, crucial for connective tissue integrity.
Disruptions in 18q21.31-q23 affect placental function, and
13q abnormalities interfere with vascular development.
Advances in next-generation sequencing have enhanced
the identification of these CNVs in EPL cases, confirm-
ing their significance in embryonic viability [23-26]. In
live-born individuals, similar abnormalities may result in
congenital disorders, developmental delays, and physical
malformations, but often allow for survival past the pre-
natal period. The key difference lies in the severity of the
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genetic disruption and the associated clinical outcomes,
with EPL cases often involving more pronounced, lethal
alterations. By contrast, live-born individuals may exhibit
milder phenotypes due to mosaicism or less severe genetic
disruptions [27].

Around 1/3 of all genes in the recurrent regions are
associated with multisystem syndromes, as shown by the
OMIM genes enrichment analysis (Supplementary Table
2). Some of the genes are strongly associated with EPLs
due to their critical roles in embryonic development and
placental function. For instance, PEX10 and PEX3, linked
to peroxisomal biogenesis disorders, often result in embry-
onic lethality due to metabolic dysfunction [28]. COL4A41
and COL4A2, involved in vascular integrity, are associated
with placental abnormalities and pregnancy complications
[29]. Additionally, CITED? plays a vital role in placental
development, and its deficiency is linked to embryonic le-
thality [30]. The results of our Gene Ontology (GO) enrich-
ment analysis provide additional insights into the biologi-
cal processes potentially disrupted by these chromosomal
abnormalities. Our data suggest that the recurrent genes
identified are primarily involved in essential biological
processes such as molecular binding, enzymatic activity,
ATPase activity, growth, metabolism, reproduction, and
developmental processes. Dysregulation of these genes
could plausibly lead to early embryonic developmental
abnormalities, contributing to pregnancy loss. This find-
ing is consistent with previous studies highlighting the
role of genetic dysregulation in critical pathways such as
apoptosis, cell cycle control, and placental development
in EPL [31-36].

It is essential to acknowledge the limitations of this
study, including the retrospective design and relatively
small sample size. These factors may restrict the generaliz-
ability of our findings. The majority of the detected chro-
mosomal abnormalities could have arisen from parental
balanced chromosomal translocations [37]. Unfortunately,
this cannot be confirmed at the time, since we were un-
able to perform parental karyotypes. The probabilities of
different reproductive outcomes for carrier individuals of
reciprocal balanced translocations are commonly based
on an estimate of the likelihood of a fetus to survive with
chromosomal imbalances resulting from the adjacent-1
segregation, while conceptions with other unbalanced seg-
regations may not be viable [38]. This can lead to a more
precise risk assessment and proper genetic counselling for
the next pregnancies of the couples.

The focus on CNVs also does not exclude the pos-
sibility of other genetic factors contributing to EPLs, such
as single nucleotide variants (SNVs) or epigenetic changes
that were not assessed in this study. Furthermore, while
aCGH offers higher resolution than many traditional meth-
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ods, it does not capture all types of genomic variation
[39]. Future studies should aim to integrate CNV data
with whole-genome sequencing and epigenetic profiling
to develop a more comprehensive understanding of the
genetic landscape of EPLs. Functional validation studies
using in vitro and in vivo models are critical to elucidating
how these genetic changes affect cellular and develop-
mental processes [40-42]. This comprehensive research
approach will be essential for understanding the underlying
mechanisms of EPLs.

CONCLUSION

In conclusion, our study provides valuable insights
into the partial chromosomal abnormalities associated with
EPLs. The identification of recurrent CNV regions and
their associated genes represents a significant step towards
understanding the complex genetic etiology of this condi-
tion. Although, subtelomeric MLPA reliably detects telo-
meric partial chromosomal abnormalities in EPLs, aCGH
is essential for detection and precise characterization of all
CNVs, thus enhancing diagnostic and counseling strategies
in affected couples.
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ABSTRACT

Primary hyperparathyroidism (PHPT) is a common
endocrine disorder characterized by the overactivity of the
parathyroid glands. While a few genes have been linked to
a predisposition for PHPT, the genetic foundation of the
disease remains unclear, despite it being the third most
prevalent endocrine disorder. This pilot study aimed to
investigate, for the first time, the potential association be-
tween specific variants in Annexin A2 (ANXA2-rs7170178,
rs17191344, rs11633032), Mediator Complex Subunit
12 (MED12-rs1057519912), Calmodulin 1 (CALM]I-
rs12885713), and Mitogen-Activated Protein Kinase 1
(MAPK1-rs1057519911) genes with PHPT. Previous ex-
pression analyses have indicated that the proteins related
to these genes are involved in parathyroid adenomas or
PTH signaling. Fifty unrelated PHPT patients and an equal
number of healthy controls were enrolled in the study.
Genotyping was conducted using the polymerase chain
reaction - restriction fragment length polymorphism as-
say. Statistical analysis was performed to assess the con-
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nection between genetic variants and PHPT. Our results
revealed no significant differences in genotypes’ or alleles’
distributions of any of the studied variants between PHPT
patients and controls. These findings suggest that these
variants may not be linked to PHPT in the studied popula-
tion. This pilot study, focusing on a Caucasian group of
PHPT patients, contributes to the existing genetic data for
future meta-analyses, which will provide a more precise
definition of the genetic factors associated with PHPT
susceptibility worldwide.

Keywords: ANXA2, CALM1, MAPK1, MEDI2, ge-
netic variants, primary hyperparathyroidism

INTRODUCTION

Parathyroid hormone (PTH) acts as an important
regulator of calcium homeostasis in the human body [1].
The importance of PTH is reflected by the wide range of
functions that calcium performs, as it participates in cell
signaling, neural and muscular function, hormone release
and regulation, and bone metabolism [2]. PTH increases
the reabsorption of calcium in the kidney and the gastro-
intestinal tract while at the same time enhances the release
of calcium from the bone reservoir by indirectly stimulat-
ing osteoclasts. Finally, PTH stimulates the conversion
of 25-hydroxy vitamin D into 1,25-dihydroxy vitamin D
(calcitriol), which is the active form of vitamin D and is
released into the circulation [1].

Primary hyperparathyroidism (PHPT) is a prevalent
endocrine disorder distinguished by the independent secre-
tion of PTH as a result of overactivation of the parathyroid
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glands [3]. It is the third most common endocrine disorder
after diabetes and thyroid disease, with prevalence between
0.1-0.4%. The number of diagnoses increases with age,
peaking at 50-60 years, and it is more likely to occur in
females. For the time being, PHPT is diagnosed by abnor-
malities in PTH and blood calcium levels [4].

Almost 90% of the patients with PHPT are found to
have sporadic, non-familial, and non-syndromic disease.
Sporadic PHPT is usually caused by a single gland adeno-
ma (85%) but may also be caused by hyperplasia of all four
glands (10%). Double adenomas (2-5%) and parathyroid
carcinomas (<1%) account for the least common causes
of the disease. Several genes and pathways have been
implicated in PHPT. These include genes involved in cell
cycle regulation, Wnt/B-catenin signaling pathway, cellular
growth, proliferation, tissue repairing, homeostasis, and
apoptosis [5]. However, the genetic basis of PHPT is still
under investigation.

In the present study, four genes previously reported
to be involved in parathyroid adenomas or PTH signaling
were analyzed for their association with PHPT. These
genes are Annexin A2 (ANXA2), Mediator Complex Subu-
nit 12 (MED12), Calmodulin 1 (CALM]1), and Mitogen-
Activated Protein Kinase 1 (MAPK]I).

The ANXA2 gene (15q22.2) encodes the ANXA2 pro-
tein, a calcium-regulated phospholipid-binding protein that
has been found upregulated in some tumor cells, affecting
cell survival and mediating interactions between intercel-
lular and extracellular microenvironments. It performs cru-
cial roles in tumor progression, especially in the invasion
and metastasis of tumor cells [6]. In addition, increased
expression of ANXA?2 has been reported in parathyroid
adenomas [7, 8].

The MED12 gene (Xq13.1) is involved in gene regu-
lation, as it serves as an essential component of the tran-
scription mechanism of RNA polymerase I1 [9]. In general,
MED]I?2 variants are common in neoplasms and benign
tumors, while upregulation of MED12 has been observed
in parathyroid adenomas [10,11].

CALM1 (14q32.11) encodes one of the three calmo-
dulin proteins, which are small calcium-sensitive proteins
that rapidly transmit information about changes in calcium
concentration, regulating gene expression in neurons and
potentially shaping cardiac action in heart cells [12]. In
parathyroid adenomas, calmodulin has been reported to
inhibit PTH secretion [13].

Finally, the MAPK 1 gene (22q11.22) encodes a mem-
ber of the MAP protein kinase family. It is also known as
extracellular signal-regulated kinase 2 (ERK2) and has
been strongly associated with proliferation, differentiation,
and signaling regulation in osteoblasts [ 14]. The MAPK1/
ERK2 protein is a key component of the Ras-Raf-MEK-
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ERK and c-Jun N-terminal kinases (JNK) signaling path-
ways, which are downstream targets of PTH [14,15].

All these genes may have a role in PHPT predispo-
sition due to their involvement in tumorigenesis in para-
thyroid glands and PTH signaling pathways. No studies
were reported to test the association of genetic variants of
ANXA2, MED12, CALM]1, and MAPK1 genes with PHPT
predisposition, which is the reason why this pilot study
was conducted. Genetic variants in ANXA2 (rs7170178
A>G, rs17191344 A>G, and rs11633032 G>A; all down-
stream of the gene), MED12 (rs1057519912; exonic: C>G,
T), CALM1 (rs12885713; intronic: C>T), and MAPKI
(rs1057519911, exonic; C>T), previously described as
variants with clinical relevance in several diseases, were
studied as predisposing factors to PHPT pathogenesis.

MATERIALS AND METHODS

Fifty unrelated patients with primary hyperparathy-
roidism (PHPT) (2 males and 48 females, 56.1 = 13.9
years) and an equal number of ethnically matched healthy
volunteers (8 males and 42 females, 50.6 + 18.4 years)
were recruited for the study. The diagnosis of PHPT was
confirmed by the elevated levels of parathyroid hormone
(PTH) and calcium in blood serum, as well as through
imaging methods such as sonography, 99mTc-sestamibi
scintigraphy, and 4D-CT validated by histological exami-
nations [16]. The control group had no personal or family
history of chronic autoimmune or neoplastic diseases.
Since this study on the association of the studied vari-
ants with PHPT was conducted for the first time, it was
not possible to determine the standardized effect size to
be used before the pilot trial. Therefore, the sample size
was calculated with a 90% confidence level and a pro-
bability of 0.05 [17] following the suggested standards
for pilot studies [18]. The study protocol was approved
by the Ethics Committees of the Aristotle University of
Thessaloniki, and written informed consent was obtained
from each patient.

Genomic DNA was extracted from peripheral blood
lymphocytes using the PureLink Genomic DNA Kit (Inv-
itrogen) following the manufacturer’s protocol. The sam-
ples were genotyped using the polymerase chain reaction
- restriction fragment-length polymorphism (PCR-RFLP)
assay. The primer pairs used for amplification of each
region are shown in Table 1. Amplified fragments were
then digested with appropriate restriction enzymes (New
England Biolabs - Table 1), following the manufacturer’s
instructions, and visualized after electrophoresis on 3%
agarose. All samples were run twice using RFLP analysis
confirming the credibility of the results. This methodology
is both time- and cost-saving for a pilot study like the pre-
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Table 1. Primer sequences, restriction enzymes, and restriction digestion patterns were used for genotyping
of the studied genetic variants.

Gene Variant Primer sequence (5'->3") ;&izrzlplicon ERleiit;'li;;ion Restriction digestion pattern
N0 |3 CTGGGTTTCCAGAGATGGAS | S50 [HIYCHAY | {30000 330 oot sy

ANKAZ | SITIOH | RS G ACATOAGGOCAAGGAACTS |30 [ |63k ity
e et S [ PR

o [ ST T [y s |20

s[5 SOOI oy |y £ L0050

e o i O v

Table 2. Statistical analysis of 1s7170178 (ANXA2 gene) and rs12885713 (CALM1 gene) variants between PHPT patients and controls.

Gene: HWE
Genotypes of the Patients | Controls | Statistical model OR (95%CI) | p-Value in control group
studied variant (p-value)
ANXA2: rs7170178
Additive
AA 18 o) (AA vs. AG vs. GG) 045 0.78
AG 29 23
GG 3 5
Homozygous 0.73
AA 18 2 (GG vs. AA) (0.15-3.49) !
GG 3 5
Heterozygous 1.54
AA 18 2 (AG vs. AA) 0.67-353) |31
AG 29 23
Dominant 1.4
AA 18 22 (AG+GG vs. AA) ©0.62-3.11) %4
AG+GG 32 28
Recessive 0.57
AATAG 47 » (GG vs. AA+AG) ©.13255 |71
GG 3 5
Allelic 1.09
A 65 67 (G vs. A) ©0.61-1.96) %76
G 35 33
CALMI: rs12885713
Additive
cC 20 14 (CCos. CTvs. TT) 0.39 0.98
CT 19 25
TT 11 11
Homozygous 0.7
CcC 20 14 (TT vs. CC) 024206 |92
TT 11 11
Heterozygous 0.53
cC 20 14 (CT vs. CC) 021132 |07
CT 19 25
Dominant 0.58
cC 20 14 (CT+TT vs. CC) 025135 |92
CT+TT 30 36
Recessive 1
cexet 39 39 (TT vs. CC+CT) 038257 |
TT 11 11
Allelic 0.78
> 33 (T vs. C) 045137 |
T 41 47
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sent one. However, other genotyping methods can be uti-
lized in subsequent larger-scale studies if the results of the
present study indicate the feasibility of such an approach.
Pearson’s chi-square test was used to examine possible de-
viations of genotype distributions from the Hardy-Weinberg
equilibrium (HWE) in the control group. Differences in
variant distribution between PHPT patients and controls
were tested under six models of genetic association: ho-
mozygote, heterozygote, dominant, recessive, allelic, and
additive using Pearson’s chi-square test. Fisher’s exact test
was used when expected values were less than 5. Additio-
nally, the odds ratio (OR) with a 95% confidence interval
(CI) was calculated (reference allele vs variant allele). A
difference at p <0.05 was considered statistically significant
in all statistical tests. All analyses were performed using
the SPSS statistical package (SPSS Inc.).

RESULTS

The study group mainly included female PHPT pa-
tients, which can be excused by the female preponderance
of the primary PHPT adenoma [19].

Three variants (ANXA2: rs17191344, rs11633032,
MAPKI: rs1057519911) were found to be monomorphic
for the wild-type alleles in both patients and controls.
Additionally, the genotype distribution of the MED12
rs1057519912 variant did not differ between PHPT pa-
tients and controls, with 2 patients and 2 control subjects
being heterozygous. As a result, these four variants were
not included in further statistical analyses.

The genotypic distribution of ANXA2 rs7170178 and
CALM]1 rs12885713 variants in PHPT patients and controls
is displayed in Table 2. The distribution of genotypes was
in line with Hardy-Weinberg equilibrium in the control
group. No statistically significant different distributions
of rs7170178 and rs12885713 genotypes or alleles were
found between PHPT patients and controls (Table 2).

DISCUSSION

PHPT is a prevalent endocrine disorder characterized
by the excessive functioning of the parathyroid glands [3].
The genetic basis of PHPT is only partially understood, and
genetic variants have emerged as potential contributors to
the development and progression of the disease affecting
the genes’ expression. This comprehensive study aimed
to investigate the association between specific variants of
ANXA2, MED12, CALM1, and MAPKI genes with PHPT.

The genes investigated in this study have been im-
plicated in tumorigenesis and have shown associations
with various types of cancer and parathyroid malignan-
cies. ANXAZ2 is involved in tumor progression, invasion,

36

and metastasis and its upregulation has been reported in
parathyroid adenomas and several types of cancer [7, §].
MED1?2 variants were frequently observed in various
cancer types, while overexpression has been related to
parathyroid adenomas [11, 20]. CALM1 was reported to
participate in calcium signaling [12], making it a potential
candidate for association with PHPT. Moreover, CALM1
has been related to an inhibitory effect on PTH secretion
in parathyroid adenoma [13]. Finally, MAPK1/ERK2 has
been described as a key component of signaling pathways
regulated by PTH secretion and has been related to cell
proliferation, differentiation, and survival [15].

In previous studies, the minor alleles of ANXA2
rs7170178, rs17191344, and rs11633032 gene variants
have been reported to reduce ANXA2 gene expression and
to down regulate ANXA?2 signaling [21, 22]. Specifically,
the minor alleles create repressor-binding protein sites for
transcription factors that contribute to reduced ANXA2
gene expression [21, 22]. The variants rs17191344 and
rs11633032 have been associated with coronary disease
risk in Caucasians through increasing low-density lipopro-
tein cholesterol levels, while rs7170178 has been associ-
ated with osteonecrosis in sickle cell disease in Latin and
Indian patients [21-23]. Moreover, MED12 11057519912
and MAPK1 rs1057519911 have been identified as hotspots
in cancer [24]. In addition, rs12885713 in the promoter
region of the CALM1 gene has been reported to affect the
transcription of the gene [25]. This variant has been stud-
ied for its association with osteoarthritis, but the results
were contradictory [26, 27]. The meta-analysis including
studies stratification by ethnicity in the analyses revealed
that the rs12885713 variant increases the risk of osteoar-
thritis among Asians [26]. Furthermore, rs12885713 has
also been associated with double curve and lumbar curve
adolescent idiopathic scoliosis in Chinese patients [28, 29].

In a previous study, we have reported that ANXA2,
MED12, and MAPKI1 proteins have positive staining in
the immunohistochemical study of sporadic parathyroid
adenomas in varying intensity and allocation percentages
[30]. Due to technical issues in protocol establishment
the protein CALM1 has not been included in that study.
In the present pilot genetic association study, a total of
50 unrelated PHPT patients and an equal number of
healthy controls were genotyped for ANXA2 (rs7170178,
rs17191344 and rs11633032), MEDI2 (rs1057519912),
CALM]I (rs12885713) and MAPK]I (rs1057519911) ge-
netic variants. The variants rs17191344 and rs11633032
of the ANXA2 gene and the rs1057519911 of the MAPK 1
gene were found to be monomorphic which is in accord-
ance with the very low frequency of their minor alleles
reported in the NCBI database for Caucasians. However,
these variants were initially selected to be studied based on
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their reported positive association with transcription levels
of ANXA?2 gene and as a cancer variant hotspot of MAPK
gene [21, 22, 24]. Regarding the variants rs7170178
ANXA2,1s1057519912 MED12, and 112885713 CALM1
no significant association was observed in genotypes or
alleles distributions between PHPT patients and controls.

Due to the reported female preponderance of PHPT
adenoma [19], the study group mainly included female
PHPT patients. The present study is a pilot one and sets the
initial step in exploring a novel intervention. Pilot results
can inform about the feasibility and identify modifica-
tions needed in the design of a larger study testing the
same hypothesis [31, 32]. It is worth mentioning that it
was reported that power analyses should not be presented
in an application in case of a pilot study which does not
propose inferential tests. Instead, a pilot sample size is
based on the pragmatics of recruitment and the necessity
for examining the feasibility [31, 32].

The lack of significant associations between the stu-
died genetic variants and PHPT of our study may be attri-
buted to several factors, including the genetic heterogene-
ity of PHPT [33]. PHPT is a complex disorder influenced
by both genetic and environmental factors, and multiple
genetic variants likely contribute to its development. It is
estimated that 60% of the variation in PTH concentration is
genetically determined [34], and therefore several genetic
variants have thus far been associated with PHPT patho-
genesis causing among others disturbances in calcium
regulation or cell signaling [35-38]. The sample size of
our study is small, but it follows the suggested standards
for pilot studies, which try to find preliminary evidence
and tendencies of the studied variants’ associations [18].
Additionally, the lack of significant genetic associations
in this study is restricted to the studied genetic variants
and does not reject the possible association between other
variants of ANXA2, MED12, CALM1, and MAPK1 genes
with PHPT predisposition.

However, the publication of negative findings is as
important as publishing statistically significant findings to
overcome the issue of publication bias, which results from
the preferential publication of positive associations and
the reduced likelihood of negative findings being reported
[39—-41]. Even though the reported associations between
gene variants and disease could have tremendous impor-
tance for the prevention, prediction, and treatment of dis-
eases, commonly there is an irreproducibility of the results,
and the majority of these associations are not robust [42].
Preliminary studies based on random small sample groups
have been proved of great importance as many times the
results of genome-wide association studies have limited
clinical predictive value and other limitations [43,44]. Con-
sequently, the negative associations, as these of the present

study, offer to decide if it is advantageous to investigate the
above-mentioned variants as risk factors in disease predis-
position especially in complex disorders such as PHPT [34].
It is worth mentioning that given the small sample size, the
study may be underpowered to detect subtle associations.
However, there are many reasons for the significance of
pilot studies’ results in the scientific community such as
assessing the feasibility of a survey, assessing whether the
research protocol is realistic and workable, and developing
a research question and research plan [45].

Undoubtedly, understanding the genetic basis of
PHPT can provide valuable insights into disease mecha-
nisms and potentially guide the development to persona-
lized treatment strategies. Genetic association studies of
both positive and negative results can be proven a valuable
resource in the struggle to understand and treat diseases
since the conclusions should not be drawn from a single
report. Positive and negative associations of other similar
studies add to the pool of genetic data for their future
meta-analyses concluding with more accuracy.

Declaration of Interest: The authors report no con-
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ABSTRACT

Vesicoureteral reflux (VUR) is an important factor in
the etiology of recurrent urinary tract infections (UTIs).
Permanent kidney damage may develop in children with
high-grade VUR in the long term. This damage may prog-
ress with the development of scar tissue in some patients.
The TLR4 gene is an important resistance mechanism,
especially against UTIs. TLR4 gene polymorphism is asso-
ciated with recurrent UTIs and kidney scar development in
the long term. This study aimed to examine the relationship
between scar development and 7LR4 gene polymorphism
in children with VUR. This cross-sectional study included
49 patients with recurrent UTIs and primary vesicoureteral
reflux. Patients were divided into two groups (26 patients
with the scar, and 23 patients without scar) according to the
presence of scar tissue. 7LR4 gene polymorphisms of the
patients were evaluated by Next Generation Sequencing.
The TLR4 gene polymorphism was significantly higher in
the compound heterozygous group with scarring than in
the group without scarring (p=0.03). Gene polymorphisms,
c.958T>C, c.942A>G, c.776A>G, c.1076C>T, c.896A<G,
¢.1196C>T, c.1078C>T were presented more commonly in
the group with scarring. Moreover, gene polymorphisms
¢.942A>G and ¢.776 A>G were defined for the first time
in this study among patients with scar tissue. The higher
incidence of some 7LR4 gene polymorphisms in patients
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with scarring suggested that these variations might cause
permanent kidney damage. In addition to genetic predis-
position, environmental factors such as untreated UTIs
might also contribute to scar formation.

Keywords: Next Generation Sequencing; Toll-Like
Receptor 4; Urinary tract infection; Vesico-ureteral reflux

INTRODUCTION

Urinary tract infection (UTI) is an important health
problem that is commonly seen in children and has short
and long-term complications. One of the common causes
of the disease is vesicoureteral reflux. Vesicoureteral reflux
(VUR) is a pathology characterized by reflux of urine ac-
cumulated in the bladder from one or both ureters to the
kidney as a result of anatomical disorders [1]. Primary
VUR occurs due to poor development and dysfunction of
the congenital ureterovesical junction whereas secondary
VUR occurs due to increased intravesical pressure [2].

Primary VUR is seen in 1-2% of the pediatric popula-
tion; however, this rate rises to 30-40% in the presence of
urinary tract infections, and recurrent UTI is an important
cause of renal parenchymal damage [3]. Bacterial infection
in the renal parenchyma causes an acute inflammatory
reaction, accelerating scar formation and progression to
chronic kidney disease (CKD) [4].

Many studies reported that resistance to bacterial
UTIs is controlled by some genes. Among these genes,
toll-like receptors (TLR) are transmembrane proteins in-
volved in the innate immune response. Single gene de-
fects or variations in genes encoding TLR, chemokines,
and chemokine receptors alter the susceptibility of the
host to urinary pathogen invasion [5]. TLR4 is the first
toll-like receptor identified in humans and is expressed in
monocytes and dendritic cells. TLR4 recognizes bacterial
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lipopolysaccharides and contributes to host defense against
Gram-negative bacteria [6].

Different polymorphisms in the 7LR4 gene cause UTI
facilitates the emergence of the disease, and may pave
the way for CKD in the long term. Identification of these
polymorphisms will enable accurate genetic counselling
and rapid screening of individuals with risk factors. This
study aimed at analyzing TLR4 gene polymorphisms in
pediatric patients with recurrent UTT and VUR using Next
Generation Sequencing (NGS).

MATERIALS AND METHOD

This cross-sectional study was carried out with 49
patients who were followed up due to primary vesico-
ureteral reflux at Duzce University, Faculty of Medicine,
Department of Pediatric Nephrology, Duzce, Turkey.

Patients under 18 years of age with VUR and recur-
rent UTIs were included in the study. Oral and written
informed consent was obtained from all individual partici-
pants and their families included in the study. Those who
did not give consent and those who had additional renal
or other system anomalies and patients with stage 5 CKD
were excluded. The study protocol was approved by the
Institutional Ethics Committee of Duzce University School
of Medicine (Ethics No: 2019/285). The study was con-
ducted by the ethical principles set forth in the Declaration
of Helsinki. This project was supported by the Scientific
Research Project Department of Duzce University (Grant
number: 2021.04.03.1194).

Diagnosis of UTI was made based on history and
exam findings and confirmed with appropriately collect-
ed urine. The presence of VUR was confirmed by voiding
cystourethrography (VCUG) and the severity of VUR
was graded according to the International Reflux Study in
Children (IRSC) (I-V) [7]. A DMSA scan was performed
6 months after the last UTI. Patients were divided into
two groups according to the presence of any kidney scars
determined in the DMSA scan. Office blood pressure
was measured by the auscultation method. Before start-
ing blood pressure measurements, the patient rested in a
sitting position for at least 3-5 minutes, relaxed and rested.
The arm was outstretched, in line with the mid-sternum
and supported. An appropriately sized cuff was wrapped
around the upper arm and connected to a manometer and
blood pressure was measured.

Genomic DNA was isolated from 200 pl peripheral
leukocytes of the cases using DNA isolation kits (Anatolia
Diagnostics and Biotechnology Products Inc., Istanbul,
Turkey). Polymerase chain reaction (PCR) pools generated
before the NGS reaction were purified by the NucleoFast
96 PCR (MACHEREY-NAGEL GmbH) kit. Then the
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quantification of the PCR products was standardized on
NanoDrop 1000 (Thermo Fisher Scientific Inc.) and the
TLR4 gene was sequenced by NGS (MISEQ-IIlumina). Se-
rum and urine biochemical parameters were also recorded.

Statistical Analysis

The data were analyzed via IBM SPSS Statistics
22.0 (IBM Corp. Released 2013. IBM SPSS Statistics for
Windows, Version 22.0. Armonk, NY: IBM Corp.). The
Shapiro-Wilk test was performed to examine the distribu-
tion of data. All quantitative variables were reported by
meanstandard deviation (SD) and median (interquartile
range: IQR), as categorical variables were summarized
by frequency and %. The Mann-Whitney U test was per-
formed to compare the patients with and without scares
with respect to the quantitative variables. Pearson chi-
square test, Fisher’s exact test and Fisher-Freeman-Halton
test were used to reveal the differences between two groups
for categorical variables. A p-value<0.05 was considered
statistically significant.

RESULTS

A total of 49 individuals, 26 (53.1%) of them with
kidney scars and 23 (46.9%) without scars were included
in the current study. Both groups were similar in terms of
age. The distribution of cases with scars was as follows:
Seven (14.3%) with bilateral multiple scars, four (8.2%)
with one scar on the right, eight (16.3%) with multiple
scars on the right, one (2%) with multiple scars on the
right and renal atrophy on the right, three (6.1%) with one
scar on the left, and three (6.1%) with multiple scars on
the left. The age of patients with kidney scars was found
to be significantly higher than that of patients without
kidney scars (p<0.001). Two groups were similar with
respect to the gender distribution and the level of serum
urea (p=0.786 and p=0.667, respectively). The levels of
systolic and diastolic blood pressures and serum creatinine
were significantly higher in patients with scars compared
to those without any scar (for all, p<0.001). However,
although the estimated glomerular filtration rate was lower
in the group with scars, no statistically significant differ-
ence was observed between the groups (p>0.05), (Table 1).

The distribution of VUR severity within each group
is presented in Figure 1. There was a significant differ-
ence between the two groups with respect to the severity
of VUR (p<0.001). The patients with grade 4 VUR were
significantly more frequent in the group with scars, while
the patients with grade 1 VUR were significantly more
frequent in the group without any scar (p<0.05).

Compound heterozygous variations were more com-
mon in patients with kidney scarring (p<0.05) (Table 2).
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Figure 1. The distribution of VUR severity within groups
(VUR: Vesicoureteral reflux)

Furthermore, although not statistically significant, the
variations, heterozygous ¢.942A>G p.Lys314 in Ex4
r$s56070048, heterozygous ¢.896A<G p.Asp299Gly in
Ex3 134986790, heterozygous c.1196C>T p.Thr3991le
rs4986791 in EX3 and heterozygous c.1078C>T
p-Ser360Pro in Ex3 were found more commonly in pa-
tients with scarring compared to those without scarring
(p>0.05) (Table 2).
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DISCUSSION

One of the mechanisms in the body that resist disease
agents and develop resistance is the recognition and identi-
fication of the pathogen. TLRs play an important role in the
healthy progress of this process. The coordinated activity of
TLRs on the cell surface or inside the phagosomes enables
the release of cytokines, recruitment of neutrophils, and
release of free radicals and phagocytosis in the immune
system, [8]. These responses determine the severity of the
disease. Signaling disorders in the immune system resulting
from polymorphisms in receptors and cytokines affect the
susceptibility to infectious pathogens and the development
of complications [9]. In this study, it has been shown that
VUR increases the susceptibility to scar formation with the
effect of TLR4 gene variations. These variations were deter-
mined by the NGS method [10]. To our knowledge, this is
the first study in which the associations of 7LR4 gene poly-
morphisms with UTI were investigated by NGS screening.

Pyelonephritis is an important risk factor for CKD in
children. Although anatomical anomalies such as VUR are
associated with recurrent UTIs in the majority of patients,

Table 1. Comparison of anthropometric characteristics and blood values of cases with and without scarring

Renal scar (+) (n=26) Renal scar (-) (n=23) P

Age, year (Mean£SD) 10.5+4.37 9.91+3.43 0.3
Gender (boy/girl) (n) 8/18 6/17 0,9
Systolic blood pressure, mmHg (Mean+SD) 114.84+12.05 93.91£6.74 0.000
Diastolic blood pressure, nmHg (Mean+SD) 68.88+8.86 54.26+6.29 0.000
Serum urea (mg/dL) (Mean+SD) 25.33+6.87 24.22+6.46 0.667
Serum creatinine (mg/dL) (Mean+SD) 0.56+0.19 0.37£0.13 0.000
e-GFR (mL/min/1.73m?) (Mean+SD) 108.72+23.54 121.53+32.35 0.11

e-GFR: estimated glomerular filtration rate

Table 2. TLR4 gene variation distribution status in cases with and without scarring
Variation Status in TLR4 gene Renal scar (+), n(%) Renal scar (-), n(%) P
Heterozygous 17 (65.4) 20 (87) >0.05
Compound heterozygous 9 (34.6) 2(8.7) <0.05
Normal 0(0) 1(3) >0.05
¢.958T>C p.Ser320Pro in Ex4 25(96.2) 22(95.7) >0.05
¢.942A>G p.Lys314 in Ex4 (rs56070048) 2(7.7) 0(0) >0.05
¢.776 A>G p.Asp259Gly in Ex4 (rs4986790) 2(7.7) 1(4.3) >0.05
¢.1076C>T p.Thr3591le in Ex4 (rs4986791) 4(15.4) 1(4.3) >0.05
¢.896A<G p.Asp299Gly in Ex3 (rs4986790) 2(7.7) 0(0) >0.05
¢.1196C>T p.Thr3991le rs4986791 in EX3 1(4.3) 0(0) >0.05
¢.315C>T p.Pro105 rs5030711 in Ex4 0(0) 1(4.3) >0.05
¢.1078C>T p.Ser360Pro in Ex3 1(4.3) 0(0) >0.05
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the urinary system is usually normal both anatomically
and functionally in patients with recurrent UTIs [11]. This
suggests that some other factors related to host defense may
also be involved in pyelonephritis and scar formation [12].
Successful defense against bacterial infection requires coor-
dinated work of the innate and adaptive immune responses.
TLRs are important for the recognition of microorganisms
by the innate immune system as well as for laying a bridge
between innate and adaptive immune responses [8]. These
receptors act as critical sensors of microbial attack and also
serve as effectors of the innate defense that ensures the
elimination of pathogens [13]. It was suggested that TLR
gene polymorphisms may affect an individual’s ability to
respond to TLR ligands, resulting in altered susceptibility to
infections or inflammation [14]. This altered susceptibility
may clinically emerge as decreased inflammatory response,
protection against pyelonephritis, as in asymptomatic bac-
teriuria, or, conversely, recurrent UTIs [9, 12].

On the other hand, the effects of the TLR4 gene on
kidney damage were addressed through different mecha-
nisms. It is thought that endogenous molecules that ac-
cumulate at non-physiological amounts or sites during
cellular damage can bind to 7LR4 and trigger inflammation
[15]. It was reported that there is a relationship between
the TLR4 expression and the degree of kidney damage in
progressive CKD due to inflammation-induced fibrosis
[6]. Cellular debris which is a product of the degradation
of extracellular matrix as a result of cellular damage and
increased matrix cycle and endogenous ligands such as
heat shock proteins could be activated 7LR4 [16]. Endog-
enous 7LR4 ligands such as fibrinogens, heparan sulfate,
hyaluronan, and fibronectins are overproduced during pro-
gressive renal fibrosis and tubulointerstitial damage and
bind to 7ZLR4 on macrophages. Then, with the activation
of antigen-producing cells, NF-kB dependent gene expres-
sion occurs [17]. Interstitial inflammation and fibrosis
occur continuously in the process [6].

In this study, carriage of compound heterozygous
variation in the 7LR4 gene was much more common in the
group with kidney scarring than in the group without scar-
ring. Some studies showed that 7LR4 gene polymorphism
affects cellular immune response and cytokine production
in vitro and that this paves the way for the deterioration
of resistance against microorganisms. It was also noted
that each polymorphism has different effects in defense
against different microorganisms [ 18]. In a study conducted
by Svanborg et al., it was found that C3H/Hej mice in-
oculated with virulent Escherichia coli strains could not
eliminate Escherichia coli infection and developed UTI.
The researchers stated that the response of these animals
to bacteria was weakened and the resistance to infection
decreased because of impaired neutrophil migration due
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to the defective TLR4 gene [19]. In another study, it was
shown that some 7LR4 gene polymorphisms increased the
prevalence of Gram-negative infections and that these poly-
morphisms facilitated the progression to sepsis and septic
shock [20]. The fact that TLR4 polymorphism decreases
resistance, especially against Gram-negative bacteria and
that UTIs occur frequently due to Gram-negative micro-
organisms may explain the increase in the frequency of
kidney scar tissue development in these patients. Scar de-
velopment is more common in the presence of frequent and
complicated UTIs. Therefore, the higher incidence of TLR4
polymorphism in patients with scar tissue suggests that this
group of patients more frequently have complicated UTIs.

One of the variations detected in the study group was
¢.942A>G. This variation was not detected in the group
without scarring whereas it was determined at a rate of
6.9% in the group with scarring. Torices et al. reported
that this variation can be seen at a low rate in patients
with rheumatoid arthritis; however, there is no informa-
tion about its clinical significance in the literature [21].
On the other hand, the relationship between kidney scar
development and the same variation has not yet been de-
fined. The absence of this variation in the control group
was suggested that ¢.942A>G variation may be a factor
that increases the susceptibility to scar development. Fur-
thermore, another variation found at a rate of 10.3% in the
patient group, but not seen in the control group, was the
¢.776A>G variation. It was reported that this variation
reduces 7LR4 response to lipopolysaccharides and leads to
less inflammatory cytokine production. As a result, it was
stated that an adequate inflammatory response could not
be given and that the resistance to infections decreased in
the presence of this variation [22]. It could be concluded
that the risk of permanent damage increases with the de-
creased inflammatory response and insufficient clearance
of infectious agents from the environment. However, why
this condition resulted in scarring in some patients has not
been clarified yet. Perhaps, the infection may be difficult to
eliminate and scarring may be easier due to multiple poly-
morphisms. However, some inflammatory cytokines are
known to be associated with the development of scar tissue
and resistance to infections. One of the most important
cytokines is TNF-alpha. It was reported that TNF-alpha
causes tissue damage. This damage could also be seen in
the kidneys; however, TLR4-mediated blockade of TNF-
alpha production is also associated with improvement in
kidney functions in experimental models [23]. On the other
hand, it is known that different doses of cytokines have
different effects. Although the release of low-dose cytokine
is an important factor in resistance to infections, high-dose
releases can cause kidney damage. Therefore, the varia-
tions found in this study may trigger the development of
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scar tissue by reducing the block in TNF-alpha production.
However, we thought that further detailed experimental
studies are required to reveal the effects of cytokines on
permanent kidney damage since they are released locally
as well as systemically.

Some genetic polymorphisms identified might be
directly associated with the increased frequency of certain
infections in the body. In particular, the decrease in the
resistance of the urinary system to infections was associ-
ated with the presence of these polymorphisms. One of the
reasons for the susceptibility to UTIs might be ¢.896A<G
variation. In the study conducted by Agnese et al., it was
pointed out that the risk of Gram-negative bacterial in-
fection increased in people with 7LR4 ¢.896A<G poly-
morphism (ASP299Gly) [24]. Similarly, the ¢.1196C>T
variation detected in this study was shown to increase
susceptibility to invasive Gram-negative bacterial infec-
tions [25]. Karoly et al. reported the frequency of TLR4
¢.896A<G polymorphism as 13% with VUR and 2% with-
out VUR in patients with UTI. The authors stated that this
allele is a risk factor for recurrent UTIs independent of
urinary anomalies [26]. In another study, the frequency of
TLR4 ¢.896 A<G polymorphism was found to be 12.5% in
patients with UTIs. The researchers also reported that this
variation was more common in children with scar-positive
pyelonephritis than in children with scar-negative pyelone-
phritis [12]. Another variation, which was more common
in patients with scar tissue, was ¢.1076C>T. The rate of
this variation was 13.8% in the patient group and 5% in
the control group. Although some studies in the literature
showed that this variation increased the susceptibility to
UTI, there were no data regarding its effects on scar tissue
development. In a meta-analysis conducted by Huang et
al., many data were evaluated showing that the rs4986791
variation increases the susceptibility to UTI. The research-
ers stated that this variation is unlikely to be associated
with the frequency of UTIs since the current studies have
been carried out with a small number of patients [27]. Al-
though there is no clear information about this variation,
we thought that it may possibly increase the development
of scar tissue in the presence of recurrent UTIs.

The c.958T>T gene encodes the T6SS protein. T6SS
protein is one of the main contact-dependent delivery sys-
tem proteins responsible for interactions between bacterial
cells. At least one type of this protein was found in gram
negative bacteria [28]. Gene mutations are also thought to
play a role in the etiology of chronic damage due to infec-
tious agents. Therefore, ¢.958T>T polymorphism may con-
tribute to the development of scar tissue. However, the fact
that this mutation was demonstrated in both groups in our
study suggests that gram-negative infections, although fre-
quent, do not contribute to the development of scar tissue.

Sav NM, Eroz R, Kalay Duran N, Kilicaslan O, Erisen Karaca S

¢.315C>T is a polymorphism shown in some parasitic
infections and some bacterial infections that might be as-
sociated with cancer [29, 30]. However, there is no data
in the literature related with scar tissue development. We
think that it is coincidental that this polymorphism was
found in only one patient in our study.

Moalem et al. identified a mutation, suggesting that
the ¢.1078>T polymorphism may be associated with cili-
ary dysgenesis [31]. Ciliary functions play an important
role in the elimination of infectious agents. Disruption of
these functions may trigger scar development secondary to
infections. In our study, this polymorphism was detected
in only one patient who developed scar tissue. Therefore,
based on this result, it is difficult to claim that ¢.1078>T
polymorphism may be associated with scar tissue.

It should not be ignored that genetic predisposition
combined with environmental effects is an important factor
in the development of scar tissue. It could not be stated that
scar tissue develops based on genetic factors alone. This
may explain the lack of scarring in some patients, even
in the presence of genetic variation. Additionally, kidney
scar tissue could develop without genetic variation. On the
other hand, vesicoureteral reflux could also be genetically
transmitted on its own. The prevalence of VUR has been
reported as 27-51% in siblings, 80-100% in monozygotic
twins, and 35-50% in dizygotic twins [32]. In a study, it
was reported that the rate of VUR development in chil-
dren whose parents had VUR was 66% [33]. Therefore,
it could be said that genetic variations also contribute to
scar development significantly. On the other hand, there
may be an association between the increase in the degree
of VUR and the development of scar tissue. It has been
reported that scar tissue develops in 89% of children with
high-grade VUR after an episode of pyelonephritis*. In our
study, there was no relationship between genetic mutation
and the degree of VUR.

There were some limitations in this study. Compound
heterozygous mutation was found to be significantly higher
in patients with scarring, but the study sample size was
small. To confirm these results, the relationship between
genetic and clinical findings can be clearly demonstrated
by studies including a larger number of patients. Another
limitation of the study is the lack of a healthy control group
or a group with UTI but not VUR.

CONCLUSION

It is known that 7LR4 gene variations increase the
frequency of infection and consequently the susceptibility
to the development of scar tissue. This is the first study
investigating 7LR4 gene variations by NGS method. Varia-
tions of ¢.958T>C, ¢c.776A>G, ¢.1076C>T, ¢c.896A<G,
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c.1196C>T, c.315C>T, ¢.1078C>T were found at high
rates in patients with kidney scarring. Studies with many
patients are needed for revealing the effects of both genetic
and environmental factors on the development of kidney
scarring.
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ABSTRACT

INTRODUCTION

Background

Male infertility is a complex pathophysiological dis-
order. At least 2000 genes are implicated in the etiology
of male infertility, making it a very complex genetic con-
dition. In cases of male infertility, genetic testing using
next-generation sequencing (NGS) technology may be
useful for diagnosis. Thus, the purpose of this investiga-
tion was to apply the diagnostic offer for genetic variant
identification using an NGS panel.

Methods

We developed an NGS gene panel that we used in 85
infertile male patients. The panel consisted of 132 genes
exploring the genetic causes of male infertility; namely
spermatogenesis failure due to single-gene mutations, cen-
tral hypogonadism, androgen insensitivity syndrome, con-
genital hypopituitarism, and primary ciliary dyskinesia etc.

Results

A total of 85 patients (85 males) between 21 year
and 45 years old were included in the study group. NGS
analysis had been applied in all the primary infertility
cases. As a result of NGS analysis, 58 clinical variants
in 28 genes were detected in 41 patients (%48.23- 41/85)

Conclusion

Consequently, pre-diagnostic genes included in a cus-
tom-made NGS panel test can enhance genetic diagnostic
testing and have an impact on the clinical management of
male infertility.

Keywords: Male infertility; NGS diagnosis; Genetic
causes of male infertility

! Trakya University, Faculty of Medicine, Department of Medical Ge-
netics, Edirne, Turkey.

The way that male infertility is treated has undergone
a significant transformation as a result of our growing
understanding of the physiology of male reproduction,
fertilization, and the development of increasingly potent
assisted reproductive procedures. A physical exam and
medical history gathering are currently part of the diag-
nostic procedure provided to infertile male patients. This
is followed by a mix of laboratory tests specifically chosen
for each case, including a thorough genetic laboratory
analysis. At least a year of infertility should precede the
administration of diagnostic testing. Accordingly, a couple
is considered infertile if they are unable to conceive fol-
lowing a year of regular, unprotected sex. 15% of male
patients who are infertile have genetic issues. Chromosome
abnormalities or single gene mutations are examples of
them. The Online Mendelian Inheritance in Man (OMIM)
database contains information on more than 200 genetic
conditions associated with male infertility (1-4).

Many disorders, most notably Mendelian or uncom-
mon diseases where having causal variants significantly
reduces reproductive fitness, have had exceptional results
using NGS (5).

The candidate gene approach in model animals and
whole genome investigations using single-nucleotide
polymorphism microarray and next-generation sequenc-
ing (NGS) technologies, such as exome or whole-genome
sequencing, are the two main methods for identifying the
genes responsible for infertility. The reason of male infer-
tility is still unknown in up to 70% of instances, despite
extensive diagnostic testing, because traditional genetic
tests sometimes fall short of making a diagnosis. Recent
studies appear to address how NGS technology is increas-
ing the rate of male infertility diagnosis. Accordingly, it
has already been established that several diagnostic genes
have a role in the pathophysiology of male infertility. It
may be possible to make a diagnosis with the use of pre-
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diagnostic genes, such as those that have been linked to
male infertility but do not yet have solid proof of a causal
relationship (6, 7, 8).

To do this, the current study was conducted to as-
sess a number of pre-diagnostic genes by contrasting the
outcomes with those obtained using our standard NGS
custom-made gene panel for the diagnosis of male infer-
tility, which consists of 132 genes. The genes included
in the gene panel are composed of genes that have been
associated with infertility to date.

METHODS

Patients and Samples

The research included 85 individuals with a clinical
diagnosis of male infertility who had tested negative on
diagnostic genetic testing. 84 individuals were thought to
have primary spermatogenic failure, while one individual
was thought to have central hypogonadism. Following
the elimination of female factor infertility and acquired
reasons of male infertility, main spermatogenic failure was
suspected with a history of couple infertility longer than
two years (e.g. male accessory gland infection, varicocele,
testicular trauma, etc.). All patients are cases of infertil-
ity for two or more years. The patient group consists of
patients who do not have any known additional disease
or malignancy.

Additionally, individuals included in this study tested
negative for early genetic anomalies such karyotype ab-
normalities, Y chromosome AZF microdeletions. MLPA
technique was performed using the SALSA MLPA probe-
mix P360 version Bl (MRC Holland, Amsterdam, The
Netherlands) kit following the manufacturer’s instructions.
The kit contained 55 probes, of which 12 were located in
autosomal chromosomes (for internal control reaction),
and 43 were located in Y-chromosome AZF regions (16
AZFa, 15 AZFb, and 12 AZFc¢ regions).

Each patient provided written consent after being
fully briefed. The study was conducted in accordance with
the principles outlined in the Declaration of Helsinki, and
the local Ethics Committee approved the study.

Conventional G-banded karyotype analysis from pe-
ripheral blood was performed as part of the initial screening
tests. The study included peripheral lymphocyte culture by
a standard method using the Leishman-banding technique,
centromere-banding (C-banding) and nucleolar organizing
region staining performed as needed according to the AGT
Cytogenetics Laboratory Manual. The best metaphases
were karyotyped, and the total chromosome count was
usually determined in 25 cells. The International System
for Human Cytogenetic Nomenclature (ISCN) was used
for the nomenclature of human chromosomes. Patients
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with no anomalies as a result of karyotype analysis were
included in the NGS analysis.

Eighty five samples were sequenced using QIAseq
Targeted DNA Custom Panel (Qiagen, Hilden, Germany).
2mL of peripheral blood were collected and then preserved
in anticoagulation tubes. Genomic DNA was isolated from
peripheral whole blood using the EZ1 DNA Investiga-
tor Kit (Qiagen, Hilden, Germany). After DNA extrac-
tion, target sequences were enriched by using customized
capture probes chips (Illumina, San Diego, CA). This kit
included 132 genes targeting disease. Libraries covering
the target genes were prepared according to the QIAseq
Targeted DNA Panel protocol (Qiagen, Hilden, Germany).
Following the target enrichment process, libraries were
sequenced on the MiSeq System (Illumina, San Diego, CA,
USA). OCI analysis (Qiagen, Hilden, Germany) was used
for Quality control and Variant Call Format file genera-
tion. In silico evaluation of the pathogenicity of nucleotide
changes in exons was performed using Polymorphism
Phenotyping v2 (PolyPhen-2, http:// genetics.bwh.harvard.
edu/pph2/), Sorting Intolerant from Tolerant (SIFT, https://
sift.bii.a-star.edu.sg/), and MutationTaster (http://www.
mutationtaster.org). Minor allele frequencies (MAF) were
checked in the Genome Aggregation Database gnomAD
(http://gnomad.broadinstitute.org/). Variant analysis was
performed with Ingenuity software (Qiagen, Hilden, Ger-
many). Variants were interpreted according to the Ameri-
can College of Medical Genetics and Genomics (ACMG)
recommended standard. Sanger sequencing was performed
for confirmation when the target region coverage was less
than 15 reads. Nucleotide alterations were analyzed and
validated by Sanger sequencing. After confirmation, each
variant was classified as a pathogenic, likely pathogenic,
variant of unknown significance (VUS), likely benign, or
benign, according to the American College of Medical
Genetics (ACMG) guidelines. Coding genomic regions
(CDS) that were sequenced with coverage less than 15X
were eventually re-sequenced using Sanger technology.

RESULTS

A total of 85 patients (85 males) between 21 years
and 45 years old were included in the study group. NGS
analysis had been applied in all the primary infertility
cases. As aresult of NGS analysis, 58 clinical variants in 28
genes were detected in 41 patients (%48,23-41/85) (Table
1). Thirty-two of these variants are unknown clinical sig-
nificance (VUS), 11 of them likely pathogenic, and 15 of
these variants are classified as pathogenic in according to
the Varsome, The Human Genomic Variant Search Engine,
Franklin by Genoox, Clinvar and American College of
Medical Genetics and Genomics (ACMG) databases.
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Table 1. NGS panel for the diagnosis of male infertility
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1. [NPHP4 23. |DAZL 45. |FKBPL 67. |DDX25 89. |ZMYNDI5 111. |SYCP2
2. |Clorfl67 24. |DNAHI 46. |PLG 68. |CIRL 90. |GPIBA 112. |CBS

3. |MTHFR 25. |PROSI 47. |ZPBP 69. |CIRL-ASI 91. |KLHL10 113. [DNMT3L
4. |CLCA4 26. [BOC 48. |CTorf61 70. |DPY19L2 92. |ITGB3 114. |POFUT2
5. |BRDT 27. |CFAP44 49. |SERPINE1 71. |CHPT1 93. |TEX14 115. |GP1BB
6. |F3 28. |CFAP44-AS1 50. [POLR2J3 72. |SYCP3 94. |ACE 116. |POLR2F
7. |SPAG17 29. |GP9 51. |CFTR 73.  |CCDC62 95. |PGSI 117. |SOX10
8 |F5 30. |SPATAl6 52. |TEXI15 74.  |PIWIL1 96. |DNAH17 118. |PICK1
9. |SERPINCI 31. |CCDC39 53. |PLAT 75. |CPB2 97. |DNAHI17-AS1 ||119. |MEIl
10. |F13B 32. |GP5 54. |CHD7 76. |F7 98. |TAF4B 120. |ADGRG2
11. |[MTR 33. |CEP135 55.  |[TMEM70 71. [F10 99. |GGN 121. |MAGEB4
12. |LHCGR 34. |SPINK2 56. |CCIN 78.  |TDRD9 100. |PLAUR 122. |IMAGEBI
13. [FSHR 35. |BMP3 57. |NRSAL 79. |CATSPER2 101. [LHB 123. |NROBI
14. |DNAH6 36. |FGB 58. |ASSI 80. |TERB2 102. |NLRP7 124. |TBC1D25
15. [NPAS2 37. |FGA 59. |UPF2 81. |NME4 103. |NLRP2 125. |AR

16. [LOC101927142 |(38. |KLKBI 60. |CFAP43 82. |FAHDI 104. |AURKC 126. |TEXI1
17. |[PROC 39. |F11 61. [NANOSI 83. |MEIOB 105. |SIRPG 127. |USP26
18. |TFPI 40. |MTRR 62. |SYCEl 84. |SEPTI12 106. |SIRPA 128. |F9

19. |STRADB 41. |PRDM9 63. |FSHB 85. |PRM1 107. |THBD 129. |F8

20. |C2CD6 42. |ITGA2 64. |F2 86. |TERBI 108. [SUNS5 130. |FUNDC2
21. |LOC100129175 ||43. |F2R 65. |[MAIJIN 87. |SERPINF1 109. |E2F1 131. |SRY
22. |CFAP65 44. |F13A1 66. |CATSPERI 88. |CXCL16 110. |PROCR 132. |USP9Y

The most frequently observed variants are those ob-
served in the CFTR gene. 18 CFTR gene variants were de-
tected in 16 different patients. Among these, 7 variants are
pathogenic, 4 variants are likely pathogenic and 7 variants
are VUS. The remaining 40 variants are distributed among
the other 27 genes in the panel. Among these, 8 variants were
evaluated as pathogenic, 7 variants as likely pathogenic, and
25 variants as VUS. Segregation analyses could not be per-

Table 2. Variants detected in the patient group as a result of NGS

formed in patients with VUS. Pathogenic and likely patho-
genic variants were detected de novo. Among the variants
considered as VUS, the most frequently observed variants
clustered in the DNAHI gene. Among the pathogenic vari-
ants, the most common variants after CF'TR were detected
in the CBS and F'1] genes (Table 2). We also detected a
compound heterozygous CFTR variant in one of our patients.
This condition of the patient was evaluated clinically.

Pati- | VUS - inheritance

ent n.

Likely pathogenic- inheritance

Pathogenic- inheritance

1. |NM_000130.5(F5):c.1128G>T
p.R376S (PP3) (AD,AR)

NM _001370.2(DNAH6):¢.8422G>A
(p.V2808I) (PP3)
(n/a)

2. |NM_000313.4(PROSI): ¢.1021G>T
(p.A341S)
(PM1,PM2,PP3) (AD)

(p-I1e506Val)

NM_000492.4(CFTR):c.1516A>G

(PM1,PM2,PM3,PP3,BP6) (AR)

3. [NM_015512.5(DNAHI):c.8885A>C
(p.Lys2962Thr) (PP3) (AR)

4. NM _000492.4(CFTR):c.443T>C
(p.1le148Thr)
(PS3,M1,PM2,PM3,PP3,BS2,
BS3,BP2,BP6) (AR)

Continues on the next page
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(p.Thr1086A1a)(PP3) (AR)

5. NM_000492.4(CFTR):c.2981T>G NM_000128.4(F11):c.1556G>A
(p.Phe994Cys) (p.Trp519Ter) (PVS1,PS4,PM2,PM3,PP5)
(PM1,PM2,PP3) (AR) NM_000128.4(F11):c.403G>T (p.Glu135Ter)

(PA1,PVS1,PS3,PS4,PM3,PP5,BS1,BS2)
(AD,AR)

6. NM_001242805.2 (BRDT):c.163C>T
(p.Pro55Ser) (PP3) (AR)

7. NM 001350162.2 (TEX15):¢.2580 2583del |NM_000173.7(GP1BA):

(p-Asp860GlufsTerl5) (PS3,PP3) (AR) ¢.1235_1298delAGCCCAC... (p.E412fs*39)
(PVS1,PM2) (AD,AR)
8. NM_000789.4(ACE):c.2299G>A
(p.Glu767Lys)
(PM2,PP3) (AR)
9. NM 000312.4(PROC):c.982C>T NM 002203.4(ITGA2):c.981 985del
(p.Arg328Cys) (PM1,PM2,PP3,PP5) (AD,AR)| (p.Lys327AsnfsTer6) (PVS1,PM2) (n/a)
10. NM _000492.4 (CFTR):c.2491G>T
(p.Glu831Ter) (PVS1,PS3,PS4,PM2) (AR)
11. NM _000492.3(CFTR):c.1521_1523del
(p-Phe508del) (PA2,PS3,PM1,PM4,PP3,BS3,
BS4,BP2,BP5) (AR)
12. NM _000492.4(CFTR):c.1210-11T>G
(PA2,PS3,PM3,PP5,BS1,BS2,BP2) (AR)
13. | NM_000492.4(CFTR):c.2991G>C
(p.Leu997Phe)
(PS1,PM1,PM2,PM3,PP3,BS2,BP2,BP6)
(AR)
14. NM_054012.4(ASS1):¢.535T>C
(p.Trp179Arg)
(PS3,PS4,PM1,PM2,PM3,PP3,PP5) (AR)

15. | NM_144605.4(SEPT12): ¢.208T>C NM_000492.4(CFTR): c.1397C>T
(p.Phe70Leu) (PM2,PP3) (p.S466L) (PM1,PM2,PM3,PP3) (AR)

16.  |NM_000492.4(CFTR):c.2973A>G
(p.11e991Met)

(PM1,PM2) (AR)

17. |NM_015512.5(DNAH1):c.10164G>T
(p-K3388N)(PP3) (AR)

18. NM_015102.5(NPHP4):c.224G>A

(p.Trp75Ter) (AR)
19. | NM_000492.4(CFTR): ¢.1043T>A (p.M348K) NM _000492.4 (CFTR) : ¢.3038C>T
(PM1,PM2,PM3,PP3,BP2,BP6) (AR) (p.P1013L) (PM1,PM2,PM3,PP3)
NM 012128.4 (CLCA4): ¢.760dupA
(p.T254£s*3) (PVS1) (n/a)
20. NM_000071.3(CBS):c.833T>C (p.11e278Thr)
(PS3,PS4,PM1,PM2,PM3,PM5,PP3) (AR)
21. NM _000128.4(F11):¢c.325G>A
(p.Alal09Thr) (AD,AR)
(PS3,PS4,PM1,PM2,PM3,PP3,PP5)
NM_000492.4(CFTR):c.1516A>G
(p.Ille506Val)
(PM1,PM2,PM3,PP3,BP6) (AR)
22. NM_173812.5(DPY19L2): ¢.247C>T NM _000492.4(CFTR):c.1521_1523delCTT
(p-Q83*) (PVS1,PM2) (AR) (p.F508del) (PA2,PS3,PS4,PM1,PM3,PM4,
PP3,PP5,BS1,BS2,BS4,BP2) (AR)
23. NM_000492.3(CFTR):c.3872A>G
(p-Q1291R)
(PM1,PM2,PM3,PM5,PP3,PP5) (AR)
24. NM_000071.3(CBS):c.833T>C
(p1278T)
(PS3,PS4,PM1,PM2,PM3,PM5,PP3) (AR)
25. | NM_000492.4(CFTR):c.3256A>G
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26.  |NM_000894.2 (LHB):c.169T>C
NP_000885.1:p.Tyr57His (PM2,PP3) (AR)
27. NM_000301.5(PLG):c.2384G>A
(p.Arg795His) (PS4,PM2,PP3) (AD,AR)
28. | NNM_000789.4(ACE): ¢.3490G>A
(p.G1164R) (PM2,PP3) (AR)
29. NM_000492.4(CFTR): ¢.350G>A (p.R117H)
(PA2,PS3,PM1,PM2,PM3,PM5,PP1,PP3,
PP5,BS2,BS4,BP2) (AR)
30. | NM_015512.5 (DNAHI): ¢.8976C>G
p-F2992L(PP3) (AR)
31 NM _000131.4 (F7):
¢.805+3_805+6delGGGT
(-) (PVS1,PM2) (AR)
32. |NM_001994.3(F13B): ¢.209A>C NM 000492.4 (CFTR) : ¢.1521 1523delCTT
(p.Q70P) (PM2,PP3) (AR) (p.F508del)
(PA2,PS3,PM1,PM3,PM4,PP3,PP5,BS1,
BS2,BS3,BS4,BP2) (AR)
33. NM _017780.4 (CHD7) :¢.5995G>A
(p-A1999T)(PS4,PM2,PP2,PP3) (AD)
34, |NM_012128.3 (CLCA4):c.575C>A
NP_036260.2:p.Ser192Cys (PP3) (n/a)
35, |NM_015512.5(DNAHI): ¢.9495G>A
(p.Thr3165) (PM2,PP3) (AR)
NM_152467.5 (KLHL10):
¢.1226A>G (p.E409G) (PM2,PP3) (AD)
NM_144605.4 (SEPTIN12) :¢.611G>T
(p.Arg204Leu) (PP3) (AD)
36.  |NM_001330438.2 (DDX25): ¢.110C>T
(p.Ala37Val) (PP3) (n/a)
37. NM_000071.3(CBS):c.833T>C (p.1le278Thr)
(PS3,PM1,PM5,PP3)
38. |NM_001312675.1 (F10):c.202C>T
NP_001299604.1:p.Arg68Cys (PM2,PP3)
(AR)
NM_000212.2 (ITGB3):¢.1576G>C
NP_000203.2:p.Glu526Lys (PP3) (AD,AR)
NM_015512.5 (DNAHI1): ¢.4642C>G
(p.L1548V) (PM2,PP3) (AR)
39.  |NM_000301.5(PLG):c.2134G>A
(p.Gly712Arg) (PP3) (AD,AR)
40. | NM_000492.4(CFTR):c.890G>A
(p.Arg297GIn)
(PS3,PM1,PP3,BS3,BS6) (AR)
NM_173812.5(DPY19L2):
¢.2221C>A (p.P741T) (PM2,PP3) (AR)
41, |NM_173628.3(DNAH17):c.7752+2T>A
(PVS1) (AR)
Total |32 1 15

AD: autosomal dominant; AR: autosomal recessive

DISCUSSION

genetic cause of infertility due to the large number of can-

Highly diverse phenotypic representation and a com-
plicated multifactorial etiology, including environmental
and genetic factors, characterize the condition of male
infertility. In most cases, it is challenging to identify a

didate genes (9, 10). In any case, a multi-disease gene panel
can help identify the cause of male infertility. In order
to categorize genetic variants, a multifactorial likelihood
model can be used to assess the likelihood that a variant
is pathogenic based on a previous likelihood of patho-
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genicity based on in silico research and the genetic and
epidemiological data that are currently available (11-13).
Genetic variants can be categorized into five categories
according to the American College of Medical Genetics
and Genomics’ references: pathogenic, likely pathogenic,
variant of unknown consequence, likely benign, or benign
(14). A genetic alteration known as a VUS has ambiguous
effects on gene function. The interpretation of VUS is a
challenging task for the clinical management of infertile
male patients and genetic counseling. Since VUS are not
clearly related with a phenotype currently, but could be
categorized as pathogenic in the future, it is crucial to
detect and assess them. An example of this situation is
the NM_000071.3(CBS):c.833T>C (p.1le278Thr) variant
detected in our patient group. This variant, which was
evaluated as VUS in the databases at the beginning of our
study, was later classified as pathogenic.

Variants in PROS! and CFTR were detected in our
patient number 2. PROS! variants show autosomal domi-
nant inheritance. Even though the detected variant was
evaluated as VUS, the classification of this variant should
be followed in the future.

Similarly, in our patient number 5, 2 pathogenic vari-
ants belonging to the F11 gene and a variant evaluated as
VUS in CFTR were detected. F11 variants show autosomal
dominant inheritance. The detected variants were evalu-
ated as pathogenic. OMIM has been associated with Factor
XI deficiency.

In another patient, case number 7, variants were de-
tected in 2 separate genes. VUS evaluation was performed
for TEX15. TEX15 is associated with the Spermatogenic
failure 25 phenotype in the OMIM database, and exhibits
an autosomal recessive pattern of inheritance. The other
variant detected in the patient is a possible pathogenic
variant belonging to the GP/BA gene. This gene, which
is associated with different types of diseases in the OMIM
database, can show autosomal dominant and recessive
inheritance. Particularly notable among these diseases are
Bernard-Soulier syndrome, type A2 (dominant) and von
Willebrand disease, platelet-type (dominant).

PROC variant was detected in patient number 9 and
was reported as possibly pathogenic. PROC variants have
been associated with autosomal recessive and dominant
forms of Thrombophilia 3 due to protein C deficiency in
OMIM. Another variant in the patient is the pathogenic
variant in the /TGA2 gene. The inheritance pattern and phe-
notype of variant of this gene have not yet been elucidated.

We detected variants in SEPT 12 and CFTR genes
in patient number 15. SEPT 12 variants cause autosomal
dominant Spermatogenic failure 10.

In patient number 19, we detected compound hetero-
zygous variants of the CFTR gene and an additional variant
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of the CLCA4 gene. While CFTR gene variants exhibit
autosomal recessive inheritance, there are no entries in
the databases yet for the CLCA4 gene.

We detected 1/ and CFTR pathogenic variants in
patient number 21. F'// was found to be associated with
autosomal dominant and recessive forms of Factor XI
deficiency in the OMIM database.

We detected DPY19L2 and CFTR pathogenic variants
in patient number 22. DPY19L2 was found to be associated
with autosomal recessive forms of spermatogenic failure
9 in the OMIM database. Similarly, patient number 40 has
variants in these two genes that were evaluated as VUS.

F13B and CFTR variants were detected in another of
our patients, case number 32. F/3B has been associated
with Factor XIIIB deficiency in OMIM. F3B variants
show autosomal recessive inheritance.

Interestingly, variants in 3 different genes were de-
tected in our last 2 patients. Variants considered to be
VUS were detected in the DNAHI, KLHL10 and SEPT12
genes in the first patient. KLHL10 and SEPTI2 variants
have been associated with autosomal dominant spermato-
genic failure. DNAH1 has been found to be associated
with autosomal recessive Ciliary dyskinesia, primary and
Spermatogenic failure. These findings were associated
with the patient’s phenotype. In the second patient, vari-
ants considered to be VUS were detected in the DNAH I,
F10and ITGB3 genes. The F10 gene has been associated
with autosomal recessive Factor X deficiency. /TGB3 has
been associated with autosomal recessive Bleeding dis-
order, platelet-type and autosomal dominant Glanzmann
thrombasthenia.

Although it is difficult to reconcile those with reces-
sive inheritance in the detected variants with the patient
clinics, those with dominant inheritance were compatible
with the patient clinics.

DNAH]I gene is the most frequently detected VUS
variant in our patient group. A diverse range of patients
with aberrant flagellar structures have been shown to have
mutant DNAH1 in the majority of current research. Male
infertility has been linked to numerous morphologic de-
fects of the sperm flagella caused by mutations in DNAH .
After intracytoplasmic sperm injection, patients with mul-
tiple morphologic abnormalities of the flagella (MMAF)
caused by mutations in the DNAH gene have a favorable
prognosis. These investigations have demonstrated that
dysplasia of the sperm fibrous sheath (DFS) and infertility
are directly related to abnormalities in the DNAHI gene
(15-18).

The most frequently detected CFTR variants in our
patient group were seen in all 3 groups (pathogenic, likely
pathogenic, VUS). One of the most researched genes for
male infertility, the CFTR gene, has 27 exons and more
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than 180,000 base pairs of DNA. A membrane ion chan-
nel protein called CFTR, which is encoded on chromo-
some 7p, controls the vas deferens in the male genital
tract. Considered a moderate type of cystic fibrosis (CF),
CBAVD is a major contributing factor to obstructive azo-
ospermia (OA) and is one of the primary factors leading
to male reproductive abnormalities. Previous research has
shown a positive correlation between CFTR mutations and
CBAVD. There are about 1,500 variants listed in the CFTR
database. Mutations in the F508 and IVS8-5T genes may
be important in nonobstructive male infertility disorders
such oligozoospermia and nonobstructive azoospermia
(NOA). According to our findings, there is a chance that
the genetic variant IVS8-5T could serve as a biomarker
for nonobstructive male infertility. Three of the pathogenic
variants we detected in the patient group are [IVS8-5T. We
also detected a compound heterozygous CFTR variant
in one of our patients. The condition of the patient was
evaluated clinically. CFTR variant rates are also signifi-
cantly higher than the carrier rate reported in our patient
group (19-22).

Another gene we detected among pathogenic gene
variants is the CBS gene. The CBS gene is the most com-
mon locus for mutations associated with homocystin-
uria. Cystathionine-B-synthase, also known as CBS, is
an enzyme that is encoded by the CBS gene in humans.
The trans-sulfuration pathway enzymes cystathionine
B-synthase (CBS) and cystathionine y-lyase (CSE) are
recognized for their non-specific substrate recognition.
These enzymes provide their substrates an alternate CBS
and CSE pathway, allowing them to function somewhat
in reverse. In addition, these enzymes are involved in the
synthesis of hydrogen sulphide (H,S). This is a gaseous
transmitter with antioxidant and anti-inflammatory proper-
ties. Although both CSE and CBS are frequently present in
the testes—CSE is mostly found in immature germ cells
and Sertoli cells, while CBS is extensively distributed in
Leydig cells, germ cells, and Sertoli cells—it is unclear
how much each kind of cell contributes to the produc-
tion of H, S in the testes. Numerous research studies have
demonstrated that male infertility is associated with failure
of one carbon metabolism, namely the imbalance of CBS
and CSE enzymes in the trans-sulfuration pathway, and
a specific deficit in H, S output is documented (23, 24).

Another gene we detected as a pathogenic variant in
our patient group was FXI. Compound heterozygous FXI
pathogenic variant was detected in one of our patients.
In another patient, we detected a heterozygous FX7 vari-
ant of CFTR accompanied by pathogenic variant. FX7, or
coagulation factor XI, inhibits fibrinolysis and encour-
ages the production of fibrin. One measurement only el-
evated plasma FXI levels are linked to an increased risk
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of thrombosis. Hemophilia C, another name for factor XI
deficiency, is an autosomal recessive condition mostly
affecting Ashkenazi Jews. It is typically linked to variants
in bleeding characteristics. The majority of transmission is
autosomal recessive. Couples who are considered at-risk
(both individuals carry a mutation that causes the dis-
ease) should be informed through genetic counseling that
there is a 25% chance that each pregnancy will result in a
homozygous child who is affected. There have also been
reports of heterozygous patients with bleeding symptoms,
pointing to an autosomal dominant mode of transmission
with varying penetrance (25, 26).

Genes that code for hormones and hormone receptors
which are involved in the functioning of the human repro-
ductive system are included in the fertility panel design.
Numerous investigations have demonstrated the associa-
tion between specific polymorphisms in genes encoding
receptors, including those that bind to FSH and LH, and the
results of an ovarian hyperstimulation cycle under control
and in vitro fertilization treatment. The intended genetic
panel’s results will yield the data required to ascertain the
frequency of these variants in our community and assess
the panel’s usefulness in clinical settings.

The involvement of the clinicians who seek this ge-
netic investigation needs to be emphasized. If the gene
panel is able to pinpoint the underlying reason of infertility,
clinicians will need to have a comprehensive picture of the
patient’s phenotype. “Idiopathic infertility” affects a large
number of individuals, and while a genetic component
may be identified in certain cases, the absence of a distinct
phenotype may make it more difficult to interpret the data,
particularly variants with unclear significance. Clinicians
should also be aware that three factors play a major role
in how these investigations are interpreted: the patient’s
phenotypic characteristics, their medical history, and any
pertinent family history. For the diagnostic laboratory to
properly interpret variants found through testing, it is im-
perative that they have information about all observable
traits as well as the family’s medical history (27-30).

The first unique gene sequencing panel intended for
the diagnosis of hereditary infertility in males is presented
here, for the first time in Turkey. The use of this panel will
advance knowledge of the genetic causes of infertility, en-
hance genetic and reproductive counseling, and eventually
lead to more accurate assisted reproductive techniques.

CONCLUSION

Consequently, pre-diagnostic genes included in a cus-
tom-made NGS panel test can enhance genetic diagnostic
testing and have an impact on the clinical management
of male infertility. There are currently no comprehensive
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systematic studies or meta-analyses on the epidemiology
of male infertility, and it is unknown how common male
infertility is. The need of diagnosing hereditary infertility
is further supported by the epidemiological data that show
infertile patients have greater morbidity and a shorter life
expectancy. Finally, we demonstrated the effectiveness of
NGS-based methods that additionally use pre-diagnostic
genes. This gene panel may aid in determining the disor-
der’s underlying etiology and directing clinical treatment.
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ABSTRACT

The complex cytokine network plays an important
role in disease susceptibility and development, therefore
single-nucleotide polymorphisms (SNPs) in or near cyto-
kine genes may be relevant to development of systemic
sclerosis (SSc). We in this study investigated 22 SNPs in
13 cytokine genes of SSc patients, and their association
with disease susceptibility. Twenty-three clinically diag-
nosed SSc patients were enrolled for this purpose along
with 80 healthy volunteers for comparisons. Aseptically
collected 2ml of peripheral venous blood from each subject
was processed for DNA extraction. Cytokine genotyp-
ing was carried out using the extracted genomic DNA
by PCR employing sequence-specific primers and data
was analyzed for any association with SSc susceptibility.
Variations in allele, genotype, or haplotype distribution
between patients and healthy volunteers were observed
for the following SNPs: IL-15 —511 C/T (rs16944) and
+3962 T/C (rs1143634); IL-4Ra. +1902 G/A (rs1801275);
IL-12 —1188 C/A (rs3212227); TGF-1 codon 25 G/C
(rs1800471); TNF-0-308 G/A (rs1800629) and —238 G/A
(rs361525); IL-4 —1098 T/G (rs2243248) and —590 T/C
(rs2243250); IL-6 —174 G/C (rs1800795) and nt565 G/A
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(rs1800797); and IL-10 —1082 G/A (rs1800896), —819
C/T (rs1800871) and —592 C/A (rs1800872). However,
only the SNPs in /L-1£ —511 and +3962, and TNF-a —308
and —238 were found to be significantly associated with
SSc susceptibility. Our findings suggest that /L-1f and
TNF-a gene SNPs may play a role in development of SSc,
although large observational and experimental studies are
needed to substantiate these findings.

Keywords: Autoimmunity; Cytokines; Disease de-
velopment; Genotyping; Predisposition

INTRODUCTION

Systemic sclerosis (SSc) is a generalized disorder of
small arteries, microvessels, and connective tissue. It is
a disease of unknown origin, with the highest incidence
occurring between 45 to 55 years of age [ 1]; the frequency
is three to eight times higher in females [2]. Several stud-
ies have demonstrated that the extent of skin involvement
directly correlates with internal organ involvement and
prognosis in SSc patients [3, 4]. Manifestations associated
with SSc¢ have been found to negatively impact the quality
of life in affected individuals [5].

Long-term occupational exposure to environmental
toxins is a common finding in SSc patients [6]. However,
the effect of these environmental toxins on immune sys-
tem of these genetically susceptible patients is unclear.
Recent studies have raised the possibility that both genetic
and environmental factors act synergistically at several
stages of autoimmunity pathogenesis. These studies predict
that individuals susceptible to spontaneous autoimmunity
should be more susceptible following xenobiotic exposure
by virtue of the presence of predisposing background genes
[7]. Studies have shown that genetic predisposition plays
an important role in susceptibility and the development
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of autoimmune diseases. This is likely due to functional
polymorphisms within multiple genes, each of which, by
modulating corresponding protein expression, influences
disease susceptibility.

Cytokines may promote the deposition of collagen and
fibrosis [8] and many studies have focused on the role of
these mediators in SSc, enlisting alterations in their con-
centrations [9, 10] or in the balance between Th1 and Th2
cytokine levels [11]. Because cytokine production is regu-
lated at the genetic level [12, 13], it has been hypothesized
that single-nucleotide polymorphisms (SNPs) in or near
cytokine genes may be relevant to the development of SSc.

Numerous studies examining patients with SSc from
diverse ancestral backgrounds have identified SNPs in
various cytokine genes. Among these, the /L-/ cytokine
family has emerged as particularly significant in the
pathogenesis of SSc. There is compelling evidence link-
ing polymorphisms within the /L-/ family to the disease,
as summarized by Xu et al. [ 14]. Specific gene variants in
IL-1a[15], IL-1fand IL-2[16,17], as well as IL-10[18,19],
have been observed across different populations. However,
some associations reported in individual studies [19] have
not been consistently replicated in others [17], highlight-
ing the complexity and variability of these genetic links.

These and several other contradictions motivated us
to investigate the commonly studied cytokine gene SNPs
among our SSc patients, and compare our findings with
those previously reported. In this study we evaluated the
presence of 22 SNPs in 13 cytokine genes in SSc patients
and attempted to associate the significant SNPs with SSc
disease susceptibility in our population.

MATERIALS AND METHODS

Samples

Patients clinically diagnosed with SSc, confirmed
through established laboratory investigations and meeting
the American College of Rheumatology (ACR) criteria
[20], were consecutively enrolled at a tertiary care hospital
in North India. The rarity of SSc, its genetic heterogeneity,
and strict diagnostic criteria present significant challenges
in participant recruitment for SNP studies. Additionally,
specific disease subtypes, comorbidities, drug exclusions,
geographic barriers, and ethical concerns further limit the
eligible patient pool.

Our study involved 23 SSc patients and 80 age-
matched healthy volunteers of Asian ethnicity. Patients
and healthy volunteers were unrelated, and the latter had no
clinical history of skin disease, minimizing potential con-
founders and ensuring clear group distinction. Peripheral
venous blood (2ml) was collected aseptically from each
patient and healthy volunteers into EDTA vacutainer tubes
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and used for DNA extraction. The study was approved by
the Institutional Ethical Committee-Human Research, and
written informed consent was obtained from each patient
and healthy volunteer before enrollment in the study.

Genomic DNA Extraction from Blood

Genomic DNA was extracted from blood samples
of 23 SSc patients and 80 healthy controls for cytokine
genotyping of 22 SNPs in 13 cytokine genes using PCR
with sequence-specific primers. DNA extraction was per-
formed using the HiPurA™ blood genomic DNA extrac-
tion kit (HiMedia Laboratories) as per the manufacturer’s
protocol. Briefly, 200ul of blood was mixed with 20ul
Proteinase K solution, vortexed, then treated with 20ul
RNase A solution. After incubation, 200ul of lysis buf-
fer (C1) was added, followed by a 10-minute incubation
at 55°C. Ethanol (200ul) was added, and the lysate was
transferred to a spin column for centrifugation. The column
was washed with prewash and wash buffers, then eluted
with 100pl elution buffer after a 5-minute incubation. DNA
was stored at -20°C for PCR analysis.

Cytokine Genotyping by PCR

Cytokine genotyping was carried out from genomic
DNA by PCR with sequence-specific primers using com-
mercially available Cytokine Genotyping Kit (Invitrogen
Corporation, USA). Twenty two SNPs (/L-1a —889 T/C;
IL-15-511 C/T and +3962 T/C; IL-1R pstl 1970 C/T; IL-
1RA mspal 11100 T/C; IL-4Ra. +1902 G/A; IL-12 —1188
C/A; IFN-y +874 A/T; TGF-f1 codon 10 T/C and codon
25 G/C; TNF-0.-308 G/A and —238 G/A; IL-2 -330 T/G
and +166 G/T; IL-4 —1098 T/G, -590 T/C, and —-33 T/C;
1L-6 —174 G/C and nt565 G/A; IL-10 —1082 G/A, 819
C/T, and =592 C/A) in thirteen cytokine genes were as-
sessed in all the patients and healthy volunteers using the
kit according to the included instructions.

For 48 reactions/wells for each sample, 140ul of PCR
buffer was mixed with 3.3l of Tag DNA polymerase, 329l
of water and 50pl of 75-125ng/ul concentrated DNA tem-
plate. The reaction mixture (10ul) was dispensed into each
well and the following thermal cycler profile was used for
amplification. Step 1 was denaturation for 2 minutes at 94°C;
Step 2 comprised 10 cycles of 94°C for 15 seconds and 65°C
for 60 seconds with no separate extension step; Step 3 (20
cycles) consisted of 94°C for 15 seconds, 61°C for 50 seconds,
and 72°C for 30 seconds. The profile was set on hold at 4°C.

The PCR products were loaded onto a 2 percent aga-
rose gel in a specific order for electrophoresis and run
at 150 volts for 20-25 minutes for separating the DNA.
After electrophoresis, the ethidium bromide stained gel
was photographed and interpreted for specific amplifica-
tion patterns using the worksheet provided with the kit.
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Presence of a control band in each lane was ascertained.
Wells identifying the IL-2, IL-4, IL-6, and IL- 10 cyto-
kines contained an 89 bp fragment of the B-globin gene
as an internal control. Wells identifying the /L-/a, IL-1p,
IL-1R, IL-1Ra, IL-4Ra., IL-12, [FN-y, TGF-f, and TNF-o
cytokines contained a 440 bp fragment of the human C-
reactive protein gene as an internal control.

Statistical Analysis

Two-sided Fisher’s exact test was used to compare al-
lele, genotype and haplotype frequencies between patients
and controls. The threshold for significance was p<0.05,
and the relative risks associated with rare alleles, genotypes
and haplotypes were estimated as odds ratios (ORs) with
95% confidence intervals (Cls). The deviation from Hardy-
Weinberg equilibrium (HWE) was determined using a
goodness-of-fit Chi-square test to compare the observed
genotype frequencies with the expected frequencies among
the patients and healthy volunteers. The polymorphisms
were excluded if they deviated from HWE. All statistical
analyses were performed by SPSS 16.0 (SPSS Inc).

RESULTS

Patients and controls

A total of 23 patients with SSc (4 males, 19 females;
mean age 35.5 years) and 80 healthy volunteers (32 males,
48 females; mean age 36 years) were analyzed for 22 SNPs
in 13 cytokine genes using cytokine genotyping with se-
quence-specific primers. The duration of SSc disease ranged
from 2 months to 14 years. Common presentations included
Raynaud phenomenon, skin sclerosis, and pigmentation,
along with finger contractures, digital ulcers, dyspnea, re-
stricted mouth opening, joint issues, and dysphagia. The

Rodnan skin score ranged from 9 to 51. The higher propor-
tion of females in the SSc patient group (82.6%) compared
to the control group (60%) reflects the well-established
female predominance in systemic sclerosis (SSc), with the
disease being more prevalent in women. The higher number
of healthy volunteers was driven by the rarity of SSc, its
strict diagnostic criteria, and the challenges in recruitment,
while healthy volunteers are more readily available. This
larger control group ensures a robust comparison, minimiz-
es biases, and enhances the study’s ability to detect genetic
associations, especially given SSc¢’s genetic heterogeneity
and clinical variability. All SNPs, except the /Z-12 -1188
C/A (p<0.05 for patients and p<0.01 for controls), were
in Hardy-Weinberg equilibrium (p>0.05) for both groups.

Significance of Cytokine Gene Polymorphisms

Distribution of allelic or genotypic frequencies
of IL-1a —889 T/C (rs1800587); IL-1RI pst11970 C/T
(rs2234650); IL-1R4A mspalll100 T/C (rs315952);
IFN-y +874 A/T (rs2430561); TGF-f1 codon 10 T/C
(rs1982073); IL-2 -330 T/G (rs2069762) and +166 G/T
(rs2069763); and IL-4-33 T/C (rs2070874) cytokine gene
polymorphisms was similar in patients and controls. No
statistically significant associations of these SNPs with the
disease could be found (data not shown). However, varia-
tions in allele, genotype or haplotype distribution were
observed in IL- I —511 C/T (rs16944) and +3962 T/C
(rs1143634); IL-4Ro.+1902 G/A (rs1801275); IL-12-1188
C/A (rs3212227); TGF-f1 codon 25 G/C (rs1800471);
TNF-0-308 G/A (rs1800629) and —238 G/A (1s361525);
1L-4-1098 T/G (rs 2243248) and —590 T/C (rs2243250);
1L-6 —174 G/C (rs1800795) and nt565 G/A (rs1800797);
and /L-10-1082 G/A (rs1800896),—-819 C/T (rs1800871)
and —592 C/A (rs1800872) gene polymorphism (Table 1).

Table 1. Single nucleotide polymorphisms showing allele and genotype frequencies in patients with systemic sclerosis

and healthy controls.
Cytokine polymorphism SSc (n=23) HC (n=80) p-value
T 33(71.7) 80 (50.0) 0.011°
L1651t Alleles C 13 (28.3) 80 (50.0) 0.011°
(rsl%é 44) TT 14 (60.9) 29 (36.3) 0.054
Genotypes TC 5(21.7) 22 (27.4) 0.789
cC 4(17.4) 29 (36.3) 0.128
C 28 (60.9) 129 (80.6) 0.01°
IL1p 43962 Alleles T 18(39.1) 31 (19.4) 0.01°
(o1143634) cC 11 (47.8) 56 (70.0) 0.081
Genotypes CT 6(26.1) 17 (21.2) 0.585
TT 6(26.1) 7(8.8) 0.068
G 9(19.6) 23 (14.4) 0.488
L4Ra 41902 Alleles A 37 (80.4) 137 (85.6) 0.488
o *
(151801275) GG 2(8.7) 0(0.0) 0.048
Genotypes GA 5(21.7) 23 (28.8) 0.602
AA 16 (69.6) 57(712) 1.000

Continues on the next page

61



BJMG

IL-1p AND TNF-a SNPS IN SSC

Continuation of the previous page

C 16 (34.8) 94 (58.8) 0.005°
(IrI§31 5121212878) Alleles A 30 (65.2) 66 (41.2) 0.005"
(doviation from HWE, cC 0(0.0) 35 (43.8) 0.000°
therefore excluded] Genotypes CA 16 (69.6) 24 (30.0) 0.001
AA 7(30.4) 21 (26.2) 0.791
C 23 (50.0) 81 (50.6) 1.000
Alleles T 23 (50.0) 79 (49.4) 1.000
T?i‘f;;;gf;w cC 0(0.0) 1(12) 1.000
Genotypes CT 23 (100.0) 79 (98.8) 1.000
T 0(0.0) 0(0.0) ;
G 35 (76.1) 96 (60.0) 0.056
Alleles C 11(23.9) 64 (40.0) 0.056
T((}rFS [fé(fgf;’f)% GG 12(522) 16 (20.0) 0.006"
Genotypes GC 11 (47.8) 64 (80.0) 0.006"
cC 0(0.0) 0(0.0) ;
CG 12 (26.1) 17 (10.6) 0.014°
TGFp1 codonl0, codon25 Haplotypes TG 23 (50.0) 79 (49.4) 1.000
cC 11(23.9) 64 (40.0) 0.056
Alleles G 42(91.3) 103 (64.4) 0.000°
TNFo -308 A 4(8.7) 57 (35.6) 0.000
(rs1800629) GG 19 (82.6) 23 (28.8) 0.000°
Genotypes GA 4(17.4) 57 (71.2) 0.000°
AA 0(0.0) 0(0.0) ;
G 27 (58.7) 137 (85.6) 0.000°
Alleles A 19 (41.3) 23 (14.4) 0.000°
(Trlgg 52235§ GG 4(17.4) 57(71.2) 0.000°
Genotypes GA 19 (82.6) 23 (28.8) 0.000°
AA 0(0.0) 0(0.0) ;
GG 23 (50.0) 80 (50.0) 1.000
TNFa -308, -238 Haplotypes AG 4(8.7) 57 (35.6) 0.000°
GA 19 (41.3) 23 (14.4) 0.000°
T 35 (76.1) 138 (86.2) 0.112
Alleles G 11(23.9) 22 (13.8) 0.112
(rISLz“Z;ngg) T 14 (60.9) 58 (72.5) 0.309
Genotypes TG 7 (30.4) 22 (27.5) 0.796
GG 2(8.7) 0(0.0) 0.048°
C 38 (82.6) 109 (68.1) 0.065
Alleles T 8(17.4) 51(31.9) 0.065
(r% 4'3529500) cC 15 (65.2) 43(53.7) 0.353
Genotypes CT 8 (34.8) 23 (28.8) 0.611
T 0(0.0) 14 (17.5) 0.036"
T 9(19.6) 52 (32.5) 0.102
Alleles C 37 (80.4) 108 (67.5) 0.102
(rslzLo‘;(_)?;% " T 3(13.05) 15 (18.8) 0.757
Genotypes TC 3 (13.05) 22 (27.4) 0.180
cC 17 (73.9) 43 (53.8) 0.098
G 38 (82.6) 144 (90.0) 0.193
Alleles C 8 (17.4) 16 (10.0) 0.193
(r?fgo’&7735> GG 18 (78.3) 64 (80.0) 1.000
Genotypes GC 2 (8.7) 16 (20.0) 0.350
cC 3(13.0) 0(0.0) 0.01°
G 40 (87.0) 145 (90.6) 0.580
Alleles A 6 (13.0) 15 (9.4) 0.580
( 3;683657695;) GG 20 (87.0) 65 (81.2) 0.757
Genotypes GA 0(0.0) 15 (18.8) 0.021°
AA 3(13.0) 0(0.0) 0.01°
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A 32 (69.6) 88 (55.0) 0.091
L10-1082 Alleles G 14 (30.4) 72 (45.0) 0.091
(r51800896) AA 9(39.1) 8 (10.0) 0.002°

Genotypes AG 14 (60.9) 72 (90.0) 0.002

GG 0(0.0) 0(0.0) -
C 23 (50.0) 103 (64.4) 0.088
L1051 Alleles T 23 (50.0) 57 (35.6) 0.088
(151800871) cC 6(26.1) 23 (28.8) L000
Genotypes CT 11 (47.8) 57 (71.2) 0.047
TT 6(26.1) 0(0.0) 0.000°
A 19 (41.3) 57 (35.6) 0.493
L1059 Alleles C 27 (58.7) 103 (64.4) 0.493
(151800872 AA 2(8.7) 0(0.0) 0.048
Genotypes AC 15 (65.2) 57(71.2) 0.611
cC 6(26.1) 23 (28.8) 1.000
ATA 17 (37.0) 50 31.2) 0.479
IL10 -1082, -819, -592 Haplotypes ACC 15 (32.6) 38 (23.8) 0.252
GCC 14 (30.4) 72 (45.0) 0.091

Allele, genotype and haplotype frequencies are presented as absolute numbers with percentage in parentheses; rs - refSNP cluster ID number;

*Mean difference is significant at the indicated p-value

As polymorphism in /L-72—-1188 C/A did not obey HWE,
it was excluded from the study. While HWE deviations can
signal genotyping errors or population stratification, in our
case, they are likely due to the small sample size and the
specific characteristics of the SSc population.

IL-1f Cytokine Gene Polymorphism

Significant differences in allele distributions were
found between the patients with SSc and controls for /L-
15 +3962. The T allele was significantly more common in
patients than in controls (OR 2.675, 95% CI 1.315-5.442;
p<0.05). The T allele of /L-1§ -511 also showed a trend
towards association with SSc (OR 2.538, 95% CI 1.245-
5.177; p<0.05). No significant difference in their genotype
distribution was found between patients with SSc and
controls (all p>0.05) (Table 2).

TNF-a Cytokine Gene Polymorphism

The TNF-0.-308 G allele frequency was significantly
increased in patients with SSc compared with the healthy
volunteers (91.3% vs 64.4%; p<0.001; OR 5.811, 95%
CI 1.982- 17.032). The GG genotype at TNF-o. -308 was
also significantly increased in the SSc patients (82.6% vs
28.8%; p<0.001; OR 11.772, 95% CI 3.61-38.384). Car-
riage of the TNF-a -238 A allele was significantly more
common among patients with SSc than among control
subjects (41.3% vs 14.4%; p<0.001; OR 4.192, 95% CI
2.011-8.737). The GA genotype frequency at TNF-o. -238
was also significantly higher in patients than in controls
(82.6% vs 28.8%; p<0.001; OR 11.772, 95% CI 3.61-
38.384). Haplotype analysis showed that specific (-308G
-238A) haplotype was observed more often in the SSc
patients than in controls (p<0.001) (Table 3).

Table 2. IL-1B Cytokine Gene Polymorphism association with systemic sclerosis.

Cytokine polymorphism SSc (n=23) HC (n=80) p-value Odds Ratio 95% CI
Aleles T 33(717) 80 (50.0) 0.011° 2538 1245 -5.177
C 13(283) 80 (50.0) 0.011° 0.394 0.193 - 0.803
1(1;;129‘2 j)l TT 14 (60.9) 29(363) 0.054 2.736 1.054 - 7.098
Genotypes | TC 5017 22 (27.4) 0.789 0.732 0242-2213
cC 4(17.4) 29(363) 0.128 0370 0.115 - 1.194
ol C 28 (60.9) 129 (30.6) 0.01° 0374 0.184 - 0.760
L1 43962 T 18(39.1) 31(19.4) 0.01° 2.675 1315 - 5.442
ol Lso3) cC 11 (47.8) 56 (70.0) 0.081 0.393 0.152- 1.013
Genotypes | CT 6(26.1) 17 (21.2) 0.585 1308 0.447-3.828
TT 6(26.1) 7(8.3) 0.068 3.681 1.096 - 12.36

Allele and genotype frequencies are presented as absolute numbers with percentage in parentheses;
rs - refSNP cluster ID number; 95% CI - 95% confidence interval; "Mean difference is significant at the indicated p-value
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Table 3. TNF-a Cytokine Gene Polymorphism association with systemic sclerosis.

Cytokine polymorphism SSc (n=23) HC (n=80) p-value Odds Ratio 95% CI
Alleles G 42 (91.3) 103 (64.4) 0.000 5.811 1.982 - 17.032
TNF-a -308 A 4(8.7) 57 (35.6) 0.000" 0.172 0.059 - 0.504
(rs1800629) GG 19 (82.6) 23 (28.8) 0.000" 11.772 3.61 - 38.384
Genotypes | GA 4(17.4) 57(71.2) 0.000" 0.085 0.026 - 0.277
AA 0(0.0) 0(0.0) - - -
Alleles G 27 (58.7) 137 (85.6) 0.000" 0.239 0.114 - 0.497
A 19 (41.3) 23 (14.4) 0.000" 4.192 2.011 - 8.737
T(fg 6‘;52’? GG 4(17.4) 57(71.2) 0.000° 0.085 0.026 - 0277
Genotypes | GA 19 (82.6) 23 (28.8) 0.000" 11.772 3.61-38.384
AA 0(0.0) 0(0.0) - - -
GG 23 (50.0) 80 (50.0) 1.000 1.000 0.519 - 1.927
TNF-a -308, -238| Haplotypes | AG 4(8.7) 57 (35.6) 0.000" 0.172 0.059 - 0.504
GA 19 (41.3) 23 (14.4) 0.000" 4.192 2.011-8.737
Allele, genotype and haplotype frequencies are presented as absolute numbers with percentage in parentheses;
rs - refSNP cluster ID number; 95% CI - 95% confidence interval, “Mean difference is significant at the indicated p-value
Table 4. IL-10 Cytokine Gene Polymorphism association with systemic sclerosis.
Cytokine polymorphism SSc (n=23) HC (n=80) p-value Odds Ratio 95% CI
Alleles A 32 (69.6) 88 (55.0) 0.091 1.870 0.928 - 3.77
G 14 (30.4) 72 (45.0) 0.091 0.535 0.265 - 1.078
%1;—11%3()0618%862) AA 9.(39.1) 8 (10.0) 0.002° 5.786 1.904 17.577
Genotypes | AG 14 (60.9) 72 (90.0) 0.002" 0.173 0.057 - 0.525
GG 0(0.0) 0(0.0) - - -
Alleles C 23 (50.0) 103 (64.4) 0.088 0.553 0.285-1.073
T 23 (50.0) 57 (35.6) 0.088 1.807 0.932 - 3.504
(IrIQf ég(;g;f) cC 6(26.1) 23(28.8) 1.000 0.875 0.306 - 2.497
Genotypes | CT 11 (47.8) 57 (71.2) 0.047" 0.370 0.143 - 0.957
TT 6(26.1) 0(0.0) 0.000" 0.739 0.580 - 0.942
Alleles A 19 (41.3) 57 (35.6) 0.493 1.272 0.651 - 2.485
C 27 (58.7) 103 (64.4) 0.493 0.786 0.402 - 1.537
(Irgl' égdg% AA 2(87) 0(0.0) 0.048° 0.913 0.805 - 1.036
Genotypes | AC 15(65.2) 57(71.2) 0.611 0.757 0.282 - 2.026
CC 6(26.1) 23 (28.8) 1.000 0.875 0.306 - 2.497
ATA 17 (37.0) 50 (31.2) 0.479 1.290 0.650 - 2.560
01> | Haplotypes [ ACC | 15 (326) 38 (23.8) 0252 1553 0.759-3.179
’ GCC 14 (30.4) 72 (45.0) 0.091 0.535 0.265 - 1.078

Allele, genotype and haplotype frequencies are presented as absolute numbers with percentage in parentheses;
rs - refSNP cluster ID number; 95% CI - 95% confidence interval; "Mean difference is significant at the indicated p-value

IL-10 Cytokine Gene Polymorphism

There were significant differences in the genotype
frequencies of the 7/L-70 -1082 A/G, - 819 C/T and -592
C/A polymorphisms between SSc patients and healthy vol-
unteers. We found a higher frequency of the AA genotype
at IL-10 -1082 (39.1% vs 10%; p<0.01), TT genotype at
1L-10-819 (26.1% vs 0%; p<0.001) and the AA genotype
at IL-10 -592 (8.7% vs 0%; p<0.05) in SSc patients than
in the healthy volunteers. We also found that the ACC
and ATA haplotypes were more frequent in SSc patients
compared to healthy volunteers, but the difference was not
statistically significant (Table 4).
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In addition to these results, significantly higher fre-
quencies of genotypes were also observed in SSc patients
as compared to controls in TGF-f1 codon25 GG genotype
(52.2% vs 20.0%; p<0.01) and IL-6 nt565 AA genotype
(13% vs 0%; p<0.05). IL-6 gene polymorphism showed
near complete linkage disequilibrium between the —174
G and nt565 G alleles.

DISCUSSION

Cytokine production and release are key events in SSc
pathogenesis as they are involved in T and B cell activa-
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tion leading to inflammation, auto-antibodies production,
microvascular damage and fibrosis [21]. The Th1/Th2/
Th17/Treg balance is one of the hallmarks of SSc patho-
genesis, as the Th2 and Th17 cytokines response leads to
tissue fibrosis, whereas Th1 and Th17 cytokines promote
inflammation in SSc patients.

IL-1a and [L-1f are proinflammatory cytokines in-
volved in a number of autoimmune diseases. Patients who
have SSc have increased circulating levels of /L-/a and
IL-1p. Genetic associations with /L- 1/ have been investi-
gated in patients with SSc and significant associations of
the /L-1f-31 C and /L-1f -511 T alleles have been found
[17]. Our results provide evidence suggesting that the T
alleles of IL-1/-511 and IL- 15 +3962 are associated with
SSc in our population. Polymorphism in the human /L-15
gene has been reported to influence cytokine expression
[22]. IL- 1§ stimulates the production of prostaglandin E2,
which is an important cofactor for the induction of T-helper
lymphocyte activity towards Th2 direction. A shift towards
the Th2 system has been indicated in SSc [11].

Changes in /L-1f expression levels may reflect the
genetic variation in /L- 1 gene. The findings on biological
roles of /L-1f polymorphisms, however, have not been
consistent across studies. TT genotype of /L-1f -511 has
been associated with higher gastric mucosa IL-1/ levels in
Helicobacter pylori positive population [23]. On the other
hand, subjects with CC genotype showed an increased
release of /L- 1/ from mononuclear cells after stimulation
with lipopolysaccharide [24]. Recent studies suggest that
the functional role of /L-/f -511 may depend on /L-1f
promoter region haplotypes including /L-1f -511 [25].
Although the findings are inconsistent, these previous stud-
ies suggest that /L-1f -511 could affect the expression
levels of IL-1f. On the other hand, the influence of /L-1/
+3962 on /L- 1 expression levels has not been previously
reported. Polymorphisms in /L-1, particularly SNPs /L-1f
+3962 and IL-1$ -511, have been identified as risk factors
for susceptibility, progression, and severity of periodontal
disease across various populations [26,27]. Elevated /L-
1p levels in gingival crevicular fluid, saliva, and serum of
periodontitis patients further support these associations
[27]. Additionally, existing literature links inflammation
associated with SSc etiology to the development of oral
conditions like periodontitis [28]. Together, these findings
suggest that /L- 18 gene polymorphisms may contribute to
the development of SSc in our study population.

A significant association of TNF-a -308 G allele and
TNF-a -238 A allele with SSc was observed in this study.
TNF-o0, a member of TNF-superfamily, is a potent pro-
inflammatory cytokine which affects different aspects of
immune response, cell growth, differentiation and activa-
tion [29]. Due to its broad spectrum of pro- inflammatory

functions TNF-a has been implicated in the pathogenesis
of many immune disorders including all connective tissue
diseases [29]. Increased production of TNF-a by PBMCs
as well as elevated serum concentrations of 7NF-a have
been demonstrated SSc patients [30]. The enhanced pro-
duction of TNF-o. by PBMCs of SSc patients is associ-
ated with increased synthesis of 7NF-a mRNA indicating
increased expression of the TNF-a gene in SSc patients
[31]. Moreover, elevated concentrations of 7NF-a have
been demonstrated in bronchoalveolar lavage fluid of SSc
patients with interstitial lung disease [32]. Similarly, el-
evated serum 7NF-o concentration in SSc patients were
found in SSc patients with pulmonary fibrosis [33]. Re-
cent studies have revealed inconsistent results regarding
correlation of TNF-o polymorphisms with periodontitis
susceptibility [34].

In our study, despite the patients and controls being
of the same ethnic origin and from the same geographic
region, we identified a strong association between the
TNF-a-308 G allele and SSc. The functional significance
and transcriptional impact of this allele remain a topic of
debate, as some studies have found no direct link between
TNF-a. -308 polymorphisms and TNF-a production [35].
However, it is possible that an unidentified gene in link-
age disequilibrium with the TNF-a -308 G allele may play
a role in the increased susceptibility to SSc observed in
individuals carrying this allele. In contrast, the TNF-a
-238 A allele and GA genotype have also been previously
associated with SSc [36]. Collectively, these findings sug-
gest that TNF-o gene polymorphisms contribute to the
pathogenesis of SSc in our study population.

The IL-10 gene promoter region contains several
SNPs including —1082 G/A, —819 C/T and —592 C/A in
the transcription factor-binding region. Alleles of all three
polymorphisms are in linkage disequilibrium, giving rise
to only three major allele combinations out of possible
eight in Caucasian populations: the GCC haplotype is
responsible for higher /L-10 secretion, whereas ACC and
ATA haplotypes are associated with its lower production.
Although we observed significant differences in the geno-
types of the three /L-10 SNPs, no significant difference
in haplotype (GCC/ATA/ACC) distribution between SSc
patients and healthy individuals was observed. The G allele
at —1082, and haplotypes containing this allele, have been
associated with high /L-10 production, while the A allele
and the ATA haplotype have been associated with low /L-
10 production [37]. Our study does not show a possible
correlation between /L-10 SNPs and its production in SS¢
patients. However, a significant association of /L-10 SNPs
have recently been shown with chronic periodontitis [38].

The importance of T7GF-f in SSc pathogenesis has
been demonstrated well. TGF-p, its receptor, and down-
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stream signaling molecules are expressed at increased
levels in affected organs in SSc. TGF-f activates dermal
fibroblasts leading to increased production of extracellu-
lar matrix. Given the importance of TGF-§ in SSc, it has
been hypothesized that polymorphisms in its gene may
contribute to SSc susceptibility. However, there is a pau-
city of studies in this direction and the findings have been
conflicting [39-41]. In this study we found no association
between the SNP in T7GF-f1 codon10 and SSc. However,
significant differences were observed in TGF-£1 codon25
genotypes between patients and controls. Given the strong
linkage disequilibrium among the SNPs in this gene, it is
difficult, if not impossible, to assess which, if any, of these
SNPs is truly responsible for the quantitative variation in
TGF-p1 level. Possibly, particular alleles at these loci ad-
ditively (or interactively) influence the quantitative (and
possibly qualitative) expression of this cytokine.

The significant association between IL-1f (-511,
+3962) and TNF-a (-308, -238) SNPs with SSc suggests
a genetic predisposition to the disease, highlighting their
potential as biomarkers for early diagnosis, risk assess-
ment, and targeted therapies. These SNPs may contribute
to SSc pathogenesis by dysregulating key inflammatory
cytokines, promoting fibrosis and vascular damage. Ad-
ditionally, they could help explain disease heterogeneity,
offering insights into the severity of SSc and enabling
better patient stratification. Given their role in other auto-
immune conditions, these findings also provide broader
implications for shared pathogenic mechanisms and thera-
peutic strategies, with the potential for inclusion in genetic
screening panels for at-risk individuals.

Our study is limited by a small sample size and a
restricted number of SNPs, as genetic susceptibility to SSc
likely involves a broader combination of genes, along with
environmental and epigenetic factors. Additionally, we did
not adjust p-values for multiple testing, which complicates
the determination of statistical significance and requires
further investigation. While our findings suggest a po-
tential association between /L-1f and TNF-a SNPs and
SSc, larger studies are needed to confirm these results.
The higher proportion of females in the SSc patient group
compared to the control group reflects the well-known
female predominance in systemic sclerosis [42], which
is more common in women, especially in younger and
middle-aged adults. While this sex distribution aligns with
existing epidemiological data, the small sample size and
sex imbalance may reduce the study’s statistical power
and affect the generalizability of the results. Larger, more
balanced studies are needed to confirm these findings and
explore potential sex-specific genetic associations.

Future research should explore the functional roles of
these SNPs through in vitro expression studies to evalu-
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ate their effects on cytokine production and immune cell
activation. Employing genome-editing technologies like
CRISPR-Cas9 could also provide insights into how these
SNPs influence gene expression and cellular responses
in relevant immune cells. Longitudinal cohort studies in
diverse populations would further elucidate how these
variants correlate with disease progression and treatment
outcomes. These approaches would offer valuable insights
into the mechanisms underlying SSc and help identify
potential therapeutic targets, providing clearer directions
for future studies in this field.

CONCLUSION

Our study found a significant association between
IL-1f -511, 43962, and TNF-o. -308, -238 SNPs and SSc
in our population, consistent with previous research linking
these SNPs to SSc susceptibility and progression. Larger,
more balanced studies are needed to confirm these associa-
tions. Future research should focus on the functional roles
of these SNPs through in vitro studies, genome editing,
and longitudinal cohort studies to better understand their
impact on disease progression and treatment outcomes.
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ABSTRACT

INTRODUCTION

Clopidogrel, a P2Y 12 receptor antagonist, is widely
used to prevent cardiovascular events, but significant vari-
ability in its efficacy persists among patients. AKR1D1,
involved in bile acid synthesis and regulation of CYP en-
zymes, may contribute to this variability. This study aims to
investigate whether clopidogrel and its inactive metabolite,
2-oxoclopidogrel, interact with AKR1D1 at the enzymatic
or transcriptional level. Enzymatic activity assays demon-
strated that neither clopidogrel nor 2-oxoclopidogrel acts
as a substrate or inhibitor of AKR1D1. Expression studies
in HepG2 cells further revealed no significant changes in
AKRIDI mRNA levels following treatment with these
compounds. These findings indicate that clopidogrel does
not directly influence AKR1D1’s metabolic functions, in-
cluding bile acid synthesis, steroid hormone clearance,
or the production of 5p-reduced steroids, which regulate
CYP enzyme expression. From a physiological perspective,
the absence of interaction minimizes the risk of adverse
effects on CYP-mediated drug metabolism, nutrient ab-
sorption, lipid digestion, and the absorption of lipophilic
drugs. Future research should explore AKR1D1’s broader
substrate specificity, particularly focusing on non-steroidal
compounds, and investigate the clinical implications of
AKRIDI polymorphisms in clopidogrel-treated patients
to enhance personalized therapeutic strategies.

Keywords: AKR1D1, clopidogrel, drug metabolism,
enzyme interaction, pharmacogenomics, gene expression.
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Clopidogrel, a P2Y 12 receptor antagonist, is a cor-
nerstone of dual antiplatelet therapy alongside aspirin,
widely used to prevent major cardiovascular events in
patients with acute coronary syndromes or undergoing
percutaneous coronary interventions (1, 2). While clopi-
dogrel has been shown to be more effective than aspirin
in reducing the risks of myocardial infarction, ischemic
stroke, and vascular death, there remains significant vari-
ability in treatment outcomes among patients (3, 4). This
variability can range from reduced efficacy or resistance
to therapy, affecting 5-44% of patients, to increased risk
of bleeding due to excessive antiplatelet activity (5, 6).
The phenomenon of “clopidogrel resistance” presents a
major clinical challenge, particularly because the underly-
ing mechanisms are not fully understood (7-9).

The metabolism of clopidogrel is complex. As a prod-
rug, it undergoes two primary processes: hydrolysis by
carboxylesterase 1 (CES1), which inactivates the majority
of the drug, and a two-step activation mediated by several
cytochrome P450 (CYP) enzymes, which convert clopi-
dogrel to its active form (10, 11). Among these, CYP2C19
is the most crucial, with polymorphisms in this enzyme
(CYP2C19%2, *3, and *17) being major determinants of
clopidogrel’s variable pharmacokinetics and treatment out-
comes (12—14). However, these genetic variations explain
only about 12% of the observed variability, leaving much
of the interindividual differences unexplained (12, 15).

The variability in CYP enzyme activity and its ef-
fects on drug metabolism extend beyond clopidogrel,
as CYP enzymes play a pivotal role in the biotransfor-
mation of many medications (16). Aldo-Keto Reductase
1D1 (AKR1D1), an enzyme critical in bile acid synthe-
sis and steroid clearance (17—19), has been identified by
Chaudhry et al. (2013) as a key trans-regulator of the
CYP enzyme network, suggesting a broader regulatory
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mechanism. AKRID] regulates CYP2C19, CYP3A44, and
CYP2(C9 expression via its metabolic products. Specifical-
ly, the 5B-reduced steroids generated by AKR1D1 activity
act as ligands for nuclear receptors such as farnesoid X
receptor (FXR), pregnane X receptor (PXR), and consti-
tutive androstane receptor (CAR), which in turn regulate
CYP enzyme expression (20, 21). The AKRID1*36 poly-
morphism (rs/872930), in particular, leads to increased
expression of AKRID1, resulting in the upregulation of
these CYP enzymes (21).

Kapedanovska et al. (2019) explored this hypothesis
in the context of clopidogrel and demonstrated that the
AKRID1*36 allele is associated with an increased risk of
major adverse cardiovascular and cerebrovascular events
(MACCE) in patients treated with clopidogrel, establishing
AKRID]I as an independent risk factor (22).

Building on previous findings linking AKR/D1*36 to
the regulation of the cytochrome P450 enzyme network,
this study seeks to elucidate the potential role of AKR1D1
in clopidogrel metabolism. Specifically, the research aims
to evaluate whether clopidogrel and its inactive metabo-
lite, 2-oxoclopidogrel, act as substrates or inhibitors of
the AKRIDI enzyme, thereby elucidating potential in-
teractions at the protein level. Furthermore, the study in-
vestigates the influence of clopidogrel and its metabolite
on AKRIDI gene expression in HepG2 cells to explore
potential mechanisms that could modulate clopidogrel
metabolism. These investigations are intended to provide
a deeper understanding of AKR1D1’s involvement in drug
metabolism and its broader implications for pharmacologi-
cal research.

MATERIALS AND METHODS

Reagents and Chemicals
— Molecular Cloning Reagents:
¢ Full-length AKRI1D1 cDNA (OriGene, Rockville,
MD, USA; Cat# RC223056): Used for amplify-
ing and cloning the AKR 1D gene into an expres-
sion vector.
® pET28b+ vector (Novagen (Merck KGaA),
Darmstadt, Germany; Cat# 69865-3): Expression
vector used for recombinant protein production.

— Enzyme Assay Reagents:

® Testosterone (Sigma-Aldrich, St. Louis, MO,
USA; Cat# T1500): Substrate for AKRIDI ac-
tivity assays.

® Clopidogrel Bisulfate (Sigma-Aldrich, St. Louis,
MO, USA; Cat# C0612): Evaluated for interac-
tions with AKR1D1 at both enzymatic and tran-
scriptional levels.
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2-oxoclopidogrel (Cayman Chemical, Ann Ar-
bor, MI, USA; Cat# 20394): Metabolite of clopi-
dogrel tested for interactions with AKR1DI1 at
both enzymatic and transcriptional levels.

— Cell Culture Reagents:

HepG2 Hepatocyte Cell Line (ATCC, Manassas,
VA, USA; Cat# HB-8065): An in vitro model
system used to study AKR1D1 expression and
hepatic metabolism.

Dulbecco’s Modified Eagle Medium (DMEM;
Sigma-Aldrich, St. Louis, MO, USA; Cat#
D6429): Basal medium for HepG2 cell mainte-
nance.

Fetal Bovine Serum (FBS) (Capricorn Scientific,
Ebsdorfergrund, Germany; Cat# FBS-12A): Sup-
plemented in DMEM to support cell growth and
viability.

Trypsin-EDTA Solution (Lonza, Walkersville,
MD, USA; Cat# CC-5012): Used for cell detach-
ment during subculturing.

— MTT Assay Reagents:

MTT Solution (5 mg/mL) (Sigma-Aldrich, St.
Louis, MO, USA; Cat# M2128): Used to evaluate
cell viability through formazan crystal formation.
Dimethyl Sulfoxide (DMSO) (Thermo Fisher
Scientific, Waltham, MA, USA; Cat# D12345):
Used to dissolve formazan crystals for spectro-
photometric analysis.

NADPH (Sigma-Aldrich, St. Louis, MO, USA;
Cat# N7505): Essential cofactor for spectrofluo-
rometric enzyme activity assays.

—Expression Assay Reagents

Hpal Restriction Enzyme (New England Biolabs,
Ipswich, MA, USA; Cat# R0105S): Used for
linearizing the AKR1D1 plasmid to generate a
calibration curve for qRT-PCR quantification.
Shrimp Alkaline Phosphatase (Takara Bio, Shiga,
Japan; Cat# 2650A): Used for dephosphorylat-
ing the linearized plasmid DNA to prevent self-
ligation.

TRI Reagent® (Sigma-Aldrich, St. Louis, MO,
USA; Cat# T9424): Used for total RNA extrac-
tion from HepG2 cells.

ProtoScript® I Reverse Transcriptase (New Eng-
land Biolabs, Ipswich, MA, USA; Cat# M0368):
Used to synthesize complementary DNA (cDNA)
from isolated RNA.

XCEED gPCR SG 2x Mix Lo-ROX (Institute of
Applied Biotechnologies, Prague, Czech Repub-
lic; Cat# QR0100): Used for quantitative real-
time PCR analysis of AKR1D1 gene expression.
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¢ Forward and Reverse Primers (GeneriBiotech,
Hradec Kralové, Czech Republic): Specific prim-
ers designed for the amplification of 4AKR1D1
during quantitative real-time PCR.

METHODS

Cloning, Expression, and Purification

of AKRIDI

The coding sequence for the wild-type AKRID1
(AKRIDI1*I) was amplified and subcloned into the
pET28b+ vector using standard molecular cloning tech-
niques (23,24). E. coli BL21 (D3) cells were transformed
with the prepared pET28b+ AKRIDI vector, and over-
expression of the enzyme was induced using isopropyl
B-D-1-thiogalactopyranoside (IPTG). The enzyme was
subsequently purified using the NGC™ Discover™ 100
Pro chromatography system (Bio Rad, USA). The clon-
ing, expression, and purification methods for AKR1D1,
including optimization steps, have been comprehensively
described in a recent publication (25).

Standard Spectrofluorometric Assay

and Enzyme Studies

Substrate Evaluation: The enzymatic reduction of
testosterone to 5B-dihydrotestosterone (58-DHT) was
monitored using a spectrofluorometric assay. The reac-
tion mixture contained AKR1D1 (7.8 uM), NADPH (15
uM), and testosterone (10 uM) in 100 mM potassium
phosphate buffer (pH 6.0). The reduction was followed
by measuring NADPH fluorescence, with an excitation
wavelength of 340 nm and an emission wavelength of 460
nm, on an Infinite M200 Tecan spectrophotometer (Tecan,
Switzerland) over a 45-minute period. For substrate evalu-
ation, testosterone was replaced with either clopidogrel or
2-oxoclopidogrel at a final concentration of 50 uM.

Inhibition Studies: For inhibition studies, AKR1D1 (7.8
uM) was pre-incubated with clopidogrel or 2-oxoclopidogrel
(10 uM or 50 uM) in the same reaction conditions as de-
scribed above. Reactions were initiated by the addition of
NADPH, and fluorescence changes were monitored over
45 minutes.

The concentrations of clopidogrel and 2-oxoclopidogrel
(10 uM and 50 uM) were chosen based on established
practices in enzymatic studies involving related AKR1C
enzymes (26). The 50 uM concentration was selected to
ensure sufficient substrate availability for detecting poten-
tial enzymatic activity, while 10 uM and 50 uM were used
in inhibition studies to observe potential dose-dependent
effects. This approach allows for exploratory assessment of
AKRI1DI interactions with these compounds under condi-
tions aligned with prior enzymatic studies.

Cell Culture Preparation and Viability Assessment

HepG?2 cells, chosen for their similarity to AKRID1
expression in primary human liver cells (27), were
maintained in Dulbecco’s Minimum Essential Medium
(DMEM) supplemented with 10% fetal bovine serum
(FBS) at 37°C in a 5% CO: atmosphere.

An MTT assay was performed to determine non-toxic
concentrations of clopidogrel and 2-oxoclopidogrel for
expression studies. HepG2 cells were treated with con-
centrations ranging from 0.1 uM to 50 uM for 48 hours,
and cell viability remained >90% at all tested concentra-
tions. Based on these findings 5 M was selected as a
safe and physiologically relevant concentration for further
experiments.

Expression Studies

HepG2 cells were seeded into 12-well plates
(1,600,000 cells per well) and allowed to adhere for 24
hours. Cells were then treated with 5 uM clopidogrel or
2-oxoclopidogrel for 24 hours. Following treatment, total
RNA was extracted using TRI Reagent®, and RNA quality
and concentration were assessed spectrophotometrically.
Complementary DNA (cDNA) was synthesized using re-
verse transcriptase, and 80 ng of cDNA was utilized for
quantitative real-time PCR (qRT-PCR) analysis.

qRT-PCR was conducted in triplicate to quantify
AKRID] expression, with amplification specificity vali-
dated by dissociation curve analysis. Absolute quantifica-
tion was achieved using a calibration curve generated from
serial dilutions of linearized AKRI/D1 cDNA.

To prepare the plasmid for the calibration curve, the
AKRI1DI plasmid was linearized using the Hpal restriction
enzyme and subsequently dephosphorylated with shrimp
alkaline phosphatase to prevent self-ligation.

The concentration of 5 uM aligns with previous
studies involving AKR1D1-related compounds, such as
anabolic steroids, where 5 uM approximates intracellular
levels after cellular uptake (28). While plasma concentra-
tions of clopidogrel and its metabolites are in the nanomo-
lar range due to rapid metabolism (12), the chosen con-
centration ensures sufficient exposure to detect potential
regulatory effects on AKR1D1 expression in vitro (29).

Statistical Analysis

Statistical comparisons between treated and control
groups were conducted using a two-tailed Student’s t-test.
Data are presented as mean =+ standard deviation (SD),
with significance set at p < 0.05. All experiments were
performed in triplicate unless otherwise stated.
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Figure 1. Evaluation of AKR1D1 substrate specificity using
NADPH fluorescence assays for: (a) clopidogrel (50 pM)
and (b) 2-oxoclopidogrel (50 uM). Changes in NADPH
fluorescence over time were measured in the presence (blue)
and absence (orange) of the substrate candidates.

No significant differences were observed (p > 0.05).

RESULTS

Enzyme Substrate and Inhibition Studies

The potential role of clopidogrel and 2-oxoclopi-
dogrel as substrates or inhibitors of AKR1D1 was inves-
tigated through a set of enzymatic activity assays using
spectrofluorometric measurements. The enzymatic activity
was monitored by measuring NADPH fluorescence, and no
significant changes were observed in the presence of either
clopidogrel or 2-oxoclopidogrel, suggesting that neither
compound acts as a substrate (Fig. 1) or an inhibitor (Fig.
2) of AKRI1DI1. The fluorescence remained unchanged
across all treatment groups, supporting the conclusion that
these compounds do not interact directly with AKR1D1
(p > 0.05).

Expression Studies

The impact of clopidogrel and 2-oxoclopidogrel on
AKRIDI expression was assessed by conducting qRT-
PCR on HepG2 cells treated with each compound. The
absolute quantification approach, employing a calibra-
tion curve generated from linearized AKRID]I, revealed
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Figure 2. Evaluation of the inhibitory activity of (a) clopidogrel
(50 uM) and (b) 2-oxoclopidogrel (50 uM) on AKR1D1.
NADPH fluorescence was measured in the presence of the
candidate inhibitor and testosterone (blue) and compared

to the response to testosterone alone (orange).

No significant differences were observed (p > 0.05).
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Figure 3. AKR1D1 mRNA expression levels (mean + SD)
in HepG2 cells following treatment with clopidogrel and
2-oxoclopidogrel (5 uM each). No significant changes were
observed compared to the control group (p > 0.05).

no statistically significant changes in AKRIDI mRNA
levels in response to treatment with either clopidogrel or
2-oxoclopidogrel compared to control samples (p > 0.05;
Fig. 3). These results suggest that these compounds do not
induce or repress AKR 1D expression at the transcriptional
level in HepG2 cells.



BALKAN JOURNAL OF MEDICAL GENETICS

Shutevska K, Kadifkova Panovska T, Zhivikj Z, Kapedanovska Nestorovska A

DISCUSSION

The study provides valuable insights into the interaction
of clopidogrel and its metabolite, 2-oxoclopidogrel, with
the enzyme AKR1D1. The enzymatic assays demonstrate
that neither clopidogrel nor its metabolite, 2-oxoclopidogrel,
acts as a substrate or inhibitor of AKR1D1. This aligns with
the known specificity of AKR1D1, which predominantly
interacts with steroidal compounds and not with non-ste-
roidal drugs like clopidogrel. The absence of inhibition
is significant because it suggests that clopidogrel does
not interfere with AKR1D1’s essential role in bile acid
synthesis and steroid hormone clearance, thus preserving
critical metabolic processes (17, 18, 20, 30). Disruption of
this processes could impair digestion, absorption, and drug
solubilization, which further emphasizes the physiological
importance of AKR1D1’s functional integrity.

While AKR1D1’s substrate specificity appears to
favor steroidal compounds, its structural homology with
AKRI1C enzymes - which can interact with both steroi-
dal and non-steroidal substrates - raises the possibility
that AKR1D1 could be flexible under certain conditions
(19, 30, 31). Although studies have demonstrated that
certain non-steroidal compounds, including indometha-
cin, mefenamic acid, and 4-benzoylbenzoic acid, which
are potent inhibitors of AKR1C enzymes, do not inhibit
AKRI1DI1 (31), only three non-steroidal compounds have
been evaluated to date. Given the limited scope of these
investigations, the possibility remains that AKR1D1 could
interact with other non-steroidal substrates or inhibitors,
warranting further exploration.

The potential flexibility in AKR1D1’s substrate speci-
ficity is an intriguing aspect of the enzyme’s functional-
ity, particularly when considered in the context of genetic
polymorphisms, such as the AKR1D1*36 variant that has
been is associated with an increased risk of major adverse
cardiovascular and cerebrovascular events (MACCE) in pa-
tients treated with clopidogrel (22). While the AKR1D1*36
polymorphism has been linked to altered expression levels
and downstream effects on CYP enzyme regulation (21), its
direct impact on enzymatic function and substrate specific-
ity remains unexplored. By contrast, engineered mutations,
such as the E120H substitution, have demonstrated that sin-
gle amino acid changes can significantly alter AKR1D1’s
enzymatic activity and substrate specificity (32). These
findings highlight the potential for naturally occurring
genetic variants, like AKRID1*36, to similarly influence
enzyme functionality, warranting further investigation.

Gene expression analyses further demonstrated
that clopidogrel and 2-oxoclopidogrel do not modulate
AKRI1DI expression at the transcriptional level. This find-
ing implies that clopidogrel does not interfere with the

production of 5B-reduced steroids, metabolic products
of AKR1DI1 that regulate CYP enzyme expression via
nuclear receptor pathways such as FXR, CAR, and PXR
(21). Consequently, the lack of AKRID1 modulation by
clopidogrel reduces the likelihood of indirect effects on
CYP enzyme activity, which could otherwise alter the
metabolism of co-administered drugs.

This study’s findings should be interpreted with cau-
tion regarding clinical relevance. In vivo systems involve
a complex interplay of metabolic factors that may not be
fully represented in the in vitro model used here. Therefore,
further research is necessary to validate these observations
and assess the broader implications of AKR1D1 and its
genetic variations on drug metabolism as well as their
potential impact on clinical outcomes particularly in the
context of personalized medicine.

CONCLUSION

This study provides foundational insights into
AKRI1D1’s interactions with clopidogrel and its metabo-
lite, suggesting that they do not directly influence AKR1D1
activity or expression. However, further research, particu-
larly in vivo and genetic studies, is necessary to fully elu-
cidate AKR1D1’s role in drug metabolism and its potential
implications for clinical practice.
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ABSTRACT

The CYP2C19%*2 ¢c.681G>A (rs4244285) loss-of-
function (LOF) allele has been associated with reduced
clopidogrel efficacy and increased risk of major adverse
cardiovascular events (MACE). PGx-guided treatment,
despite the recommendations, is not fully implemented in
routine clinical practice. The primary aim of this hybrid
retrospective-prospective study was to determine whether
identifying CYP2C19 LOF patients may benefit the anti-
platelet drug prescribing decisions made in Kosovo. The
study cohort consisted of clopidogrel treated patients pre-
senting at the University Clinical Center in the period from
December 2023 to May 2024. To evaluate the correla-
tion between CYP2C19 LOF and the treatment outcome
in a follow-up period of 2 years, we first assessed the
CYP2C19%*2 genotype using the Taq Man Real Time PCR
method. Among 150 patients, 58 (19.33%) were identified
as carriers CYP2C19*2 LOF allele. The observed allele
distribution was significantly different when compared
with the one reported for a healthy Kosovar population
(13.03%). CYP2C19*2 LOF carriers exhibited a 1.6-fold
higher probability of developing cardiovascular disease
compared to non-carriers, based on allelic and codominant
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model of statistical analysis (OR=1.60; 95% CI=1.08-2.37,
p=0.018 and OR=1.64; 95% CI=1.04-2.57; p=0.031, re-
spectively). The median observation time of follow up was
not reached until this analysis was conducted. Our data
supports the potential association of the CYP2C19*2 LOF
allele with an increased risk for CVD in the population
of Kosovo. Our data add to the evidence advising careful
consideration of CYP2C19 genetic diversity when recom-
mending PGx-guided clopidogrel therapy, particularly in
populations, such the Kosovar, where genetic determinants
are not yet fully elucidated.

Keywords: clopidogrel, CYP2C19*2, Kosovo popu-
lation, pharmacogenetics, risk for cardiovascular disease.

INTRODUCTION

Clopidogrel remains a cornerstone in dual antiplatelet
therapy for reducing the risk of cardiovascular events in
patients with coronary artery disease (CAD), as well as
those undergoing percutaneous coronary interventions
(PCI). It is particularly beneficial in preventing thrombotic
events in patients at risk for or who have experienced
acute coronary syndromes (ACS), including myocardial
infarction (MI) with or without ST-elevation (STEMI or
NSTEMI) or unstable angina [1]. Clinical trials (such as
CAPRIE, PLATO, CLARITY-TIMI 28, COMMIT/CCS-
2), have consistently demonstrated clopidogrel’s efficacy
in various settings, including in secondary prevention and
acute coronary syndromes. However, these clinical trials
also emphasize the emergence of newer antiplatelet agents,
such as prasugrel and ticagrelor that may demonstrate
superior efficacy in certain clinical scenarios, challenging
the traditional use of clopidogrel in some patient groups
[2]. Clopidogrel is the only irreversible P2Y , (purinergic
P2Y, G-protein coupled 12) inhibitor to have a class I
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indication in patients with stable CAD undergoing stent
implantation and is recommended in those with a contrain-
dication to ticagrelor or prasugrel or those taking an oral
anticoagulant [3]. Despite its proven benefits, clopidogrel’s
effectiveness as a prodrug is influenced by genetic and non-
genetic factors, with genetic variations in the CYP2C19
gene being a key determinant of its therapeutic outcomes.
CYP2C19 genetic variants, particularly loss-of-function
(LOF) alleles like *2, *3, *4, and *5, have been shown to
affect clopidogrel metabolism significantly. Individuals
carrying two LOF-alleles exhibit reduced enzyme activity,
leading to lower levels of the active metabolite and dimin-
ished antiplatelet effects. This reduction in efficacy has
been associated with a 2-4 fold increased risk of ischemic
events, stent thrombosis, and major cardiovascular and
cerebrovascular events, particularly in high-risk patient
populations [4-9]. As a result, genotype-guided clopidogrel
therapy has gained attention, with clinical guidelines from
the American College of Cardiology (ACC) and American
Heart Association (AHA) recommending its consideration,
especially for patients with CAD or those undergoing PCI
[10-13]. Despite promising results from studies, such as
from the POPular Genetics trial [12], conflicting findings
from other studies (such as CURE, TRITON-TIMI 38,
EAST-AFNET 4, GRAVITAS, ISAR-REACT 5) have
raised concerns about the generalizability of genotype-
guided therapy [14]. These inconsistencies in the evidence
contribute to the challenges in achieving widespread adop-
tion of routine CYP2C19 testing. The uncertainty sur-
rounding the benefits of genotype-guided therapy has led
to divergent recommendations from regulatory bodies,
professional societies and pharmacogenetics consortia [ 14-
16]. For example, The U.S. Food and Drug Administra-
tion (FDA) highlights reduced clopidogrel effectiveness
in individuals with CYP2C19 LOF-alleles and suggests
alternative therapies for poor metabolizers, whereas the
European Medicines Agency (EMA) adopts a more cau-
tious approach, advising against co-administration with
CYP2C19 inhibitors but not mandating genetic testing
[3]. Similarly, pharmacogenetic guidelines, such as those
from the Clinical Pharmacogenetics Implementation Con-
sortium (CPIC) and the Dutch Pharmacogenetics Working
Group (DPWG), recommend CYP2C19 genotype-guid-
ed antiplatelet therapy, particularly in specific high-risk
populations, but these recommendations differ in certain
aspects and have not been universally integrated into clini-
cal practice [3, 17, 18]. The ESC’s 2020 guidelines for
ACS management propose genotype-guided therapy as
an alternative to standard dual antiplatelet therapy with
prasugrel or ticagrelor but refrain from endorsing routine
testing for all PCI patients due to limited evidence. The
AHA also calls for more research to establish the role of
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genotyping in improving clinical outcomes, particularly
for ACS patients and secondary stroke prevention.

In addition to CYP2C19, other genetic polymor-
phisms such as those in CES1, PON1, ABCBI,and P2RY12
also influence clopidogrel’s pharmacokinetics and phar-
macodynamics by affecting drug absorption, metabolism,
and platelet receptor activity and further complicating the
variability in clopidogrel response [19, 20]. Non-genetic
factors, including age, comorbidities (e.g., chronic kidney
disease and diabetes mellitus), and drug interactions (co-
administration of medications that act as CYP2C19 sub-
strates, inhibitors, or inducers) also play a significant role
in modulating drug efficacy [21, 22]. Beyond cardiovascu-
lar outcomes, CYP2C19%*2 variants have been associated
with altered susceptibility to gastrointestinal disorders,
such as peptic ulcers and gastroesophageal reflux disease,
as well as certain neurological conditions, highlighting
their multifaceted impact [21, 23, 24]. Inter-ethnic variabil-
ity in the distribution of CYP2C19 genotypes adds another
layer of complexity. Certain alleles, such as CYP2C19*2,
are more prevalent in specific populations, with significant
differences observed across ethnic groups [25, 26]. The
lack of comprehensive data on the intra-ethnic distribu-
tion of CYP2C19 variants, coupled with challenges such
as cost-effectiveness, logistical barriers, and limitations in
the local healthcare infrastructure, restrict integration of
PGx testing into routine clinical practice, particularly in
resource-limited or under-researched settings like Kosovo,
where the integration of genetic testing into routine clinical
practice remains an ongoing problem.

This study aims to assess the frequency of the CY-
P2C19%*2 genotype in clopidogrel-treated patients with
cardiovascular disease indications (CVDI) in Kosovo and
evaluate its association with major adverse cardiovascular
events (MACE), including cardiovascular death, nonfa-
tal myocardial infarction, stroke, stent thrombosis, and
revascularization.

MATERIAL AND METHODS

Study population

The study population for the current hybrid ob-
servational study with retrospective data collection and
prospective follow up was comprised of 150 adult pa-
tients, 18 years and older, presenting at the cardiology
clinic at the University Clinical Center of Kosovo in the
period from December 2023 to May 2024. Major inclu-
sion criteria were the use of clopidogrel therapy because
of established cardiovascular diseases (CVD), coronary
heart disease (CHD), coronary artery disease (CAD),
and cerebrovascular disease, particularly patients with
acute coronary syndromes (ACS), including myocardial
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infarction (MI) with or without ST-elevation (STEMI or
NSTEMI) or unstable angina undergoing percutaneous
coronary intervention (PCI) with or without stent. Patients
were excluded from the study if they had: 1) a prior history
of bleeding (e.g., peptic ulcer, intracranial hemorrhage,
menstrual bleeding), 2) clinically significant abnormali-
ties in platelet function or severe hepatic insufficiency, 3)
drug addiction or alcohol use disorder, or 4) had donated
blood within the last 2 months before starting clopidogrel
therapy. Female patients on hormone replacement therapy
or using an intrauterine contraceptive device were also ex-
cluded. These exclusion criteria align with those in previ-
ously conducted Phase 3 randomized, double-blind clinical
studies of clopidogrel, ensuring a reliable, homogeneous
study population while minimizing the risk of confound-
ing variables and adverse effects. Demographic data (age
and gender) and clinical data, including indications for
clopidogrel therapy (e.g., acute myocardial infarction,
stroke, cardiac catheterization for coronary artery disease,
cardiac artery bypass graft surgery, carotid angiography,
carotid stenting, carotid endarterectomy, and extremity
arteriography), as well as risk factors and co-morbidities
(such as heart disease, ischemic heart disease, heart fail-
ure, hypertension, diabetes mellitus, stroke, and chronic
ischemic heart disease), were manually abstracted from
the medical health records (MHR). From each participant
previously written informed consent was obtained. The
follow-up period for Event-Free Survival (EFS) analysis
was 24 months. The study complied with the principles
of Helsinki Declaration and was approved from Com-
mittee Ethics of Alma Mater Europaca Campus College
“REZONANCA” (Protocol No: AD-762/23) and Chamber
of Pharmacists of Kosova (No.105).

Genotyping procedures

Genomic DNA was extracted from 2 ml of peripheral
blood using the NX-48S Genomic DNA Kit according to
the manufacturer’s recommended protocol (Genolution
Inc, Seoul, Republic of Korea) and stored at -20°C until
further analysis. DNA purity and concentrations were veri-
fied by UV absorption at 260/280 nm using the NanoDrop
2000™ spectrophotometer (Thermo Fisher Scientific).
CYP2C19%*2 c.681G>A (rs4244285) polymorphism was
genotyped by allele discrimination PCR on a Stratagene
Mx3005P (Agilent Technologies, Santa Clara, CA, USA)
real-time PCR system using TagMan® DME genotyping
assay (C_ 25986767 70; Thermo Fisher Scientific). The
genotypes were determined in a reaction mix containing 20
ng DNA in a total volume of 25 puL according to the manu-
facturer’s recommended protocol. Positive and negative
controls were included on each plate and reproducibility
was checked by re-genotyping 15% of the cases. In accord-

ance with the Clinical Pharmacogenetics Implementation
Consortium (CPIC)-recommended genotype-to-pheno-
type classifications, CYP2C19*2 metabolizer phenotypes
were assigned and reported as follows: Poor Metabolizer
(PM with 2 no function alleles; *2/*2 genotype), Inter-
mediate Metabolizer (IM with 1 no function allele; *7/*2
genotype), normal metabolizer (NM; *1/*1 genotype) [16].
All genotyping procedures were performed at the Center
for Biomolecular Pharmaceutical Analysis, Faculty of
Pharmacy-University Ss. Cyril and Methodius, Skopje,
Republic of North Macedonia.

Statistical analysis

The study population was analyzed descriptively,
with demographic, clinical, and genetic data presented as
counts and frequencies (percentages). Allele and genotype
frequencies were assessed for Hardy-Weinberg equilib-
rium using the Chi-squared (y?) test. CYP2C19*2 data
from patients were compared with a historical genotype
control of the healthy Kosovo population as reported by
Krasniqi et al. (2017) [27] utilizing Fisher’s exact test.
Stratified analyses examined the association between pa-
tients CYP2C19%*2 status and risk factors. Odds ratios (OR)
with 95% confidence intervals (CI) were calculated, with
statistical significance set at p < 0.05. All analyses were
conducted using MedCalc Software v22.026 (Med Calc
Software Ltd, Ostend, Belgium).

RESULTS

Baseline characteristics of the 150 Kosovo patients
treated with clopidogrel are summarized in Table 1. The
mean age was 68 years, 78.7% of patients being older than
61 year and 40% being female. Among the patients, 43.3%
presented with an ACS indication (STEMI/NSTEMI). All
patients had at least one comorbidity including common
conditions such as hypertension, diabetes, and dyslipi-
demia. Most patients had arterial hypertension (67.3%)
and 35.3% of patients presented with more than one co-
morbidity.

Allele, genotype, and phenotype frequencies of CY-
P2C19%*2 polymorphism are detailed in Table 2. A total of
34.0% of patients were CYP2C19 intermediate or poor me-
tabolizers (29.33% IMs and 4.67% PMs). The frequency
of CYP2C19*2 LOF allele was 19.33%. The observed
genotype distributions did not significantly deviate from
Hardy—Weinberg equilibrium (¥>=0.532; p=0.465).

Table 3 provides a comparison of CYP2C19*2 al-
lele and genotype frequencies observed in our cohort of
patients with those reported for the healthy Kosovo popu-
lation. According to the results, CYP2C19*2 LOF allele
carriers have approximately 1.6 times higher probability
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Table 1. Demographic and Clinical Characteristics of the Study Patient Cohort.

Full cohort N=150 Frequency
Demographic parameters n (%)
<40 years 2 1.3
Age group 41-60 years 30 20.0
> 61 years 118 78.7
Male 90 60.0
Gender Female 60 40.0
Clinical parameters
Indication for clopidogrel therapy STEMUNSTEMI® 63 433
Other 85 56.7
Co-morbidities One o7 647
More than one 53 353
Diabetes mellitus With 6 433
Without 85 56.7
Hypertension With 101 67.3
Without 49 32.7
Dyslipidemia With 6 40
Without 144 96.0
* STEMI/NSTEMI - ST segment elevated myocardial infarction / NonST segment elevated myocardial infarction
Table 2. Distribution of the CYP2C19*2 Allele and Genotype/Phenotype Frequencies in the Patient Population.
. Patient cohort (N=150) Frequency (%)
CYP2C19%2 polymorphism [rs4244285]
n observed expected
Genotype (phenotype)”
*1/*1 (NM) 99 66.0 65.07
*1/*2 (IM) 44 29.33 31.19
*2/*2 (PM) 7 4.67 3.74
Allele
*1 242 80.67
NA
*2 58 19.33
*1/%1 (NM) — Normal Metabolizer; *1/*2 (IM) — Intermediate Metabolizer; *2/*2 (PM) — Poor Metabolizer; NA- non applicable
Table 3. Association of CYP2C19*2 polymorphism and risk for CVD in Kosovo population.
Model Patients Healthy population®
of Statistical (N=150) (N=234) OR 95 % CI p- value
Analysis n | Frequency (%) n | Frequency (%)
Co — dominant
*1/%1 (NM) 99 66 178 76.07 1.00
*1/*2 (IM) 44 29.33 51 21.79 1.295 0.991 - 1.694 0.067
*2/*2 (PM) 7 4.67 5 2.14 1.632 0.896 - 2.701 0.112
Dominant
*1/41(NM) 99 66 178 76.07 1.00
*2*2H*1/*2 (PM+IM) | 51 34 56 23.93 1.334 1.035-1.719 | 0.031
Allelic
*1 allele 242 80.67 407 86.97 1.00
*2 allele 58 19.33 61 13.03 1.307 1.06 - 1.612 | 0.018

# Historical genotype control group according to Krasniqi et al., 2017 [27]
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Table 4. Distribution of CYP2C19*2 Allele, Genotype, and Phenotype Frequencies in the Patient Population (N=150), According to

Age, Gender, and the Most Common CVD Risk Factors.

Genotype (phenotype)* Allele
CYP2C19*2 polymorphism [rs4244285] *] /%] *1/%) *) /%) *) *]
n (%) n (%) n (%) n (%) n (%)
<40 years 1(50) 1(50) 0(0) 1(25) 3(75)
Group age 41-60 years 18 (60) 10(33.33) 2(6.67) 14 (23.33) 46 (76.67)
> 61 years 80 (67.80) 33 (27.96) 5(4.24) 43 (18.22) 193 (81.78)
Gend Male 61 (67.78) 25 (27.78) 4 (4.44) 33 (18.33) 147 (81.67)
ender
Female 38 (63.33) 19 (31.67) 3(5) 25(20.83) 95 (79.17)
. . With 45 (69.23) 16 (24.62) 4(6.15) 24 (18.46) 106 (81.54)
Diabetes mellitus -
Without 54 (63.53) 28 (32.94) 3(3.53) 34 (20) 136 (80)
. With 67 (66.34) 29 (28.71) 5(4.95) 39 (19.31) 163 (80.69)
Hypertension -
Without 32(65.31) 15 (30.61) 2 (4.08) 19 (19.39) 79 (80.61)
. With 4 (66.67) 2(33.33) 0(0) 16 (61.54) 10 (38.46)
Dyslipidemia -
Without 95 (65.97) 42 (29.16) 7 (4.87) 42 (15.33) 232 (84.67)

*1/%1 (NM) — Normal Metabolizer; *1/*2 (IM) — Intermediate Metabolizer; *2/*2 (PM) — Poor Metabolizer.
All p-values were greater than 0.05, indicating no statistically significant differences.

for developing CVD compared to non-carriers (OR=1.6;
95% CI=1.08-2.37; p=0.018). The association between
CYP2C19%*2 allele and increased probability of developing
CVD was further confirmed in dominant (NM vs. IM+PM)
model of statistical analysis (OR=1.64; 95% CI=1.04-2.57,
p=0.031) as well. Additionally, differences in the genotype/
phenotype distribution were observed between the patient
and historical healthy control groups (66.0%, 29.33% and
4.67% vs 76.07%, 21.76% and 2.14% for NM, IM and
PM, respectively), although these differences did not reach
statistical significance (codominant analysis: p=0.067 IM,
p=0.112 PM; NM as reference). The present analysis does
not allow a stratified assessment of association based on
age and gender, since it is based on previously published
data concerning CYP2C19*2 LOF allele in healthy Kosovo
population. No statistically significant difference between
stratified groups of patients (according to indication for
clopidogrel treatment, coexistence of one or more risk
factors) with respect to a CYP2C19*2 variant allele (Table
4; all p>0.05). The median observation time of follow up
was not reached until this analysis was conducted.

DISCUSSION

The worldwide implementation of pharmacogenet-
ics highlighted population-specific differences in allelic
and genotype/phenotype frequencies of genes coding for
drug-metabolizing enzymes. One significant challenge
in translating treatment-associated polymorphisms into
routine clinical use is the lack of knowledge regarding its
frequency in the targeted population in comparison to the
population frequency. In the context of clopidogrel treat-
ment, understanding the prevalence of CYP2C19 LOF

variants within a population is critical for assessing their
clinical implications. Careful consideration is necessary
when interpreting studies on the association between CY-
P2C19 metabolizer phenotype and clopidogrel treatment
outcomes. Evidence supporting this association primarily
stems from studies involving ACS patients (with at least
50% undergoing PCI) and settings where clopidogrel was
compared with an alternative P2Y , inhibitor [28]. Con-
versely, studies opposing this association often focus on
lower risk, non-PCI patients or data that did not strongly
justify the utility of PGx guided clopidogrel treatment
for secondary stroke prevention or ACS patients [13, 16].
The presented study primarily aimed to determine the
frequency of CYP2C19*2 LOF allele in clopidogrel treated
patients with cardiovascular disease indications (CVDI)
and other concurrent risk factors in Kosovo and to evalu-
ate the prognostic value and association of CYP2C19 PM
phenotype with the risk of MACE in this cohort during
two-year term follow-up under routine clinical care. The
prevalence of the CYP2C19*2 allele in this cohort of Ko-
sovo patients (19%) and the historical genotype control
group of healthy population (13%) was consistent with
the range reported in other European populations [29,
30], with latter falling within the 9-18% range observed
across the population from the Balkan region, including
Turkey (12%), Greece (13%), Macedonia (14.4%), Serbia
(11%), Republic of Srpska (16%) in Bosnia and Hercego-
vina) Croatia (15%) and Slovenia (16%). Intra-population
comparisons, however revealed a significantly higher fre-
quency of the CYP2C19*2 LOF allele in the patient cohort
compared to the healthy Kosovo population reported by
Krasniqi et al. (2017), suggesting a possible association
between the CYP2C19*2 LOF allele and increased overall
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probability of CVD. This association appeared to be inde-
pendent of the type and number of comorbidities as well
as patients’ previous history on MI (STEMI or NSTEMI).
Notably, the proportion of poor metabolizers (PMs) identi-
fied in our patient cohort was significantly higher than the
reported in studies of other European populations (4.67%
vs. 2.4%, respectively) [11, 29, 31].

This study is the first to report this correlation
within the Balkan population. Comparable research con-
ducted in Macedonia [32], Serbia [33] and Croatia [34] has
demonstrated that CYP2C19*2 functions as an independ-
ent risk factor for adverse treatment outcomes, defined
by the occurrence of MACE in patients receiving dual
antiplatelet therapy with aspirin and clopidogrel. Notably,
this is the first investigation that explores the relationship
between the CYP2C19%*2 allele and the risk of CVD among
the Balkan population. The potential mechanism by which
CYP2C19*2 may contribute to an increased risk of cardio-
vascular disease (CVD) extends beyond its pharmacoge-
netic role, encompassing disruptions in the metabolism of
critical endogenous substrates, such as eicosanoids (arachi-
donic acid derivatives) and steroids. These substrates are
integral to maintaining vascular homeostasis, modulating
inflammatory processes, and regulating oxidative stress.
Impaired CYP2C19 activity could alter the metabolism
of these molecules, leading to endothelial dysfunction,
compromised vascular function, and dysregulated blood
pressure. Such metabolic disruptions may exacerbate con-
ditions like hypertension and atherosclerosis, ultimately
contributing to the pathophysiology of CVD [35, 36].

These preliminary findings highlight the importance
of investigating intra-population genetic variations to
identify specific genetic markers or health risks prevalent
within a particular ethnic group. They supplement the
growing body of evidence linking the CYP2C19*2 LOF
allele with the occurrence and development of CAD, CVD
and CHD. The results align with previously published
studies suggesting that the CYP2C19 LOF allele may be
involved in CVD susceptibility [37-41]. Rothenbacher et
al. (2013) reported that stable CHD patients, carriers of
the homozygous CYP2C19*2 LOF allele are at increased
risk for subsequent CVD events during the long follow up,
independent of other risk factors [37]. Similarly, Zhang et
al. (2019) found that CYP2C19*2 not only increased the
risk of CHD, but also worsened clinical outcomes in CHD
patients during an extended follow-up period [38]. Cai
et al. (2023) observed that among the Hakka population,
carriers of the CYP2C19 LOF alleles, both heterozygous
and homozygous, exhibited increased susceptibility to
hypertension [39]. In Martinez-Quintana’s study (2017),
patients with an acute coronary event and poor or normal
CYP2C19 metabolizer phenotype were more likely to have
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insulin-dependent diabetes mellitus than those with rapid
or ultrarapid metabolizer phenotypes [40]. More recently,
Chen et al. (2024) reported that carriers of CYP2C19 LOF
alleles are at increased risk for premature coronary artery
disease, particularly when combined with other risk factors
such as overweight, smoking, hypertension and diabetes
mellitus [41].

When addressing the observed intra-population dif-
ferences in CYP2C19%*2 frequencies, it is important to
acknowledge that relying on previously published data
may introduce potential variability due to differences in
study design, methodology, or population characteristics
and recruitment between historical genotype controls and
the study cohort might affect the validity of direct compari-
sons. However, we recognize this limitation arising from
the lack of a contemporaneously recruited healthy control
group, as well as the small sample size and absence of
demographic data for the healthy population. Despite these
limitations, the internal validity of our findings remains
intact. Importantly, there were no differences in the sample
collection, handling and storing, DNA extraction or geno-
typing procedures, and both studies used DNA extraction
kits comparable in terms of sensitivity and specificity and
employed the same PCR-based methods and genotyping
assays. Additionally, both the patient cohort and the his-
torical control group primarily consist of ethnic Albanians
from all parts of Kosovo. Nevertheless, it is essential to
consider that differences in exposure to environmental
factors, diet, or healthcare access between the cohorts
could act as confounding variables, potentially mask-
ing genetic associations. Overall, these results provide
valuable insights into the allele, genotype, and phenotype
frequencies of the CYP2C19 drug-metabolizing enzyme
in Kosovar patients indicated for clopidogrel treatment.
They add to the growing evidence advising the need for
careful consideration of CYP2C19 genetic diversity as
a population-specific factor when recommending PGx-
guided clopidogrel therapy [25, 26], particularly in popu-
lations like Kosovo’s, where genetic determinants are not
yet fully elucidated. The observed association between the
CYP2C19*2 LOF allele and increased probability of devel-
oping CVD for clopidogrel treatment in our study hinders
the ability to conclusively demonstrate a clinical benefit
of CYP2C19*2 PGx guided treatment in the population
of Kosovo. Variability in treatment outcome, if identified
during the study follow up period, could potentially be
attributed to additional patient-specific determinants (such
as comorbidities, concomitant drug treatments or as-yet
undiscovered population-specific genetic factors). Future
studies incorporating a broader range of demographic and
clinical variables are needed to better elucidate the role
of CYP2C19*2 PGx guided therapy in optimizing clopi-
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dogrel treatment strategies for this population. Moreover,
additional investigations should evaluate whether the car-
riage of the CYP2C19*2 allele itself is associated with an
adverse outcome in patients not taking clopidogrel.

CONCLUSION

This study identifies a possible association between
the CYP2C19%*2 allele and an increased probability of
CVD within the Kosovo population, offering novel in-
sights into the intra-ethnic variability of this LOF allele and
its clinical relevance for PGx-guided therapy within the
region. The findings should be considered when optimiz-
ing the implementation of the clopidogrel PGx testing in
the routine clinical practice at the national level. Further
studies examining the relationship between the CYP2C19
PGx data, patient-specific follow up outcomes, and plasma
concentration of clopidogrel’s active metabolite are neces-
sary to validate these observations and assess the utility of
PGx-guided clopidogrel treatment in Kosovo population.
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ABSTRACT

Optical genome mapping (OGM) is a novel method
enabling the detection of structural genomic variants. The
method is based on the laser image acquisition of single,
labeled, high-molecular-weight DNA molecules and can
detect structural genomic variants such as translocations,
inversions, insertions, deletions, duplications, and com-
plex structural rearrangements. We aim to present our
experience with OGM at the Clinical Institute of Genomic
Medicine, University Medical Centre Ljubljana, Slovenia.
Since its introduction in 2021, we have used OGM for
the testing of facioscapulohumeral muscular dystrophy
1, characterization and resolution of variants identified
by other technologies such as microarrays, exome and
genome next-generation sequencing, karyotyping, as well
as testing of rare disease patients in whom no genetic cause
could be identified using these methods.

We present an example family case of two previously
undiagnosed male siblings with an overlapping clinical
presentation of thrombocytopenia, obesity, and presacral
teratoma. After karyotyping, microarray analysis and
next-generation sequencing, by using OGM, a maternally
inherited cryptic translocation t(X;18)(q27.1;q12.2) was
identified in both brothers. Despite an extended segrega-
tion analysis, based on strictly applied ACMG criteria and
ClinGen guidelines, the identified translocation remains
a variant of unknown significance. Despite the remaining
limitations of OGM, which will hopefully be resolved by
improvements in databases of known benign SV variation
and the establishment of official guidelines on the clinical

! Clinical Institute of Genomic Medicine, University Medical Centre
Ljubljana, Ljubljana, Slovenia.

2 Faculty of Medicine, University of Ljubljana, Ljubljana, Slovenia.

3 Center for Medical Genetic and Immunology, Clinical Center of Mon-
tenegro, Podgorica, Montenegro.

interpretation of OGM variants, our work highlights the
complexity of the diagnostic journey, including this novel
method, in rare disease cases.

Keywords: Optical genome mapping, OGM, struc-

tural variants (SV), genomic variants, rare disease genetic
testing

INTRODUCTION

Optical genome mapping (OGM) is a novel technol-
ogy enabling the detection of structural genomic vari-
ants (SV) at a resolution and in size range previously not
readily available by other methods, opening new fields of
research!?, In human diagnostics, OGM has so far been
applied to cancer genetics / haematology*-¢, constitutional
molecular genetics'?, quality control assurance in genome
modification (such as detection of off-target effects in
genetically modified cell lines)’, and in routine clinical
genomic diagnostics of facioscapulohumeral dystrophy
(FSHD)* !,

OGM has been in use at the Clinical Institute of
Genomic Medicine (CIGM), University Medical Cen-
tre Ljubljana (UMCL), Slovenia since 2021 for research
and diagnostic purposes. Our research focus (ARIS Pro-
gramme P3-0326) involves discovering mechanisms of
unexplained recurrent spontaneous pregnancy loss, male
infertility, and integration and co-interpretation of whole
genome sequencing (WGS) and OGM data (ARIS Pro-
gramme J3-4517). The planned integration of OGM data
with WGS will hopefully further increase the yield of
diagnostics in such cases. In routine genetic diagnostics
at CIGM, OGM is currently used for diagnostic testing
of FSHD'", characterization and resolution of variants
identified by other technologies, and undiagnosed rare
disease patients. In this way, we have so far successfully
used OGM to characterize variants identified by other
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technologies, such as microarray, NGS, and karyotyping,
to resolve the clinical significance of various SVs'2,

Herein, we present a family case report of rare dis-
ease patients tested using OGM that was performed in
collaboration with the Center for Medical Genetics and
Immunology (CMGI), Clinical Center of Montenegro
(CCM) (BI-ME/21-22-016). In addition to the challenges
faced in interpretation of SVs based on strictly applied
ACMG criteria and ClinGen guidelines, our work serves
to highlight the complexity of the diagnostic journey in
rare disease cases.

MATERIALS AND METHODS

Patients

Two undiagnosed male siblings with an overlapping
clinical presentation of thrombocytopenia, sacro-coccy-
geal teratoma, hydronephrosis/reflux vesicoureteral and
obesity, who were referred to the CGMI, CCM, Monte-
negro, were enrolled in this family case-report.

Clinical data was collected during the patients’ in-
person appointments and evaluation by clinical geneticist
at the CGMI, CCM, and all specialist examinations, were
performed as part of standard routine clinical care. Before
genetic testing, pre-test genetic counseling was provided by
a clinical geneticist, followed by obtaining written parental
consent at the CGMI, CCM. All procedures in the study were
conducted according to the routine standard of care and in
accordance with the principles of the Declaration of Helsinki.
Karyotyping was performed at the CGMI, CCM, while mi-
croarray analyses, exome sequencing and optical genome
mapping were performed at the CIGM, UMCL, Slovenia.

Karyotype

Chromosome analysis was performed for both pro-
bands, by using G-bended karyotyping (bend resolution
400470, according to ISCN), after 72 hours of peripheral
blood cultivation.

Microarray analyses

Microarray analysis was initially performed on the
probands and their parents by using oligonucleotide ar-
ray Agilent Technologies 4x180K (AMADID:035689),
according to the manufacturer’s instructions. Agilent Cy-
toGenomics 5.1.2.1 software was used to visualize and
report the CNVs, as previously described 2.

Exome sequencing

Exome sequencing of proband 1 and proband 2 with
parents in trio setup was performed as previously described
1314 and included the analysis of a total of >2000 genes
associated with the clinical phenotype of the probands.
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The full list of genes for each of the included gene panels
is available in the Supplement.

Optical genome mapping

Optical genome mapping was performed as previ-
ously described'?. Briefly, high-weight molecular DNA
was extracted from 1.5 million lymphocytes from whole
blood (EDTA collected) using the SP Blood & Cell Culture
DNA Isolation Kit or the SP-G2 Blood & Cell Culture
DNA Isolation Kit following manufacturer instructions
(Bionano Genomics Inc., San Diego USA). The follow-
ing day, DNA molecules were labeled with the DLE-1
enzyme using the Direct Label and Stain (DLS) Kit or
Direct Label and Stain-G2 (GLS-G2) kit (Bionano Genom-
ics Inc.). Labeled DNA was loaded on the three-flowcell
Saphyr Chip® G2.2 or G2.3 (Bionano Genomics Inc.)
and ran on the Saphyr instrument (Bionano Genomics
Inc.) to reach a minimum yield of 500 Gbp (DLE-1 label,
[GRCh38] reference genome). The de novo assembly and
Variant Annotation Pipeline were executed on Bionano
Solve3.7 20221013 25 while reporting and direct visual-
ization of SVs was done on Bionano Access 1.7.2.

Variant interpretation

We reported only those genomic variants that have
statistical support based on the adequate genomic cover-
age and chosen analysis type for the detection of CNV,
duplications, deletions, and other SVs such as insertions,
inversion, intra- and inter-chromosomal translocations, as
determined by internal Access QC parameters. The method
does not enable the analysis of regions that do not contain
DLE-1 labeling sites (centromeres, telomeres, and other
heterochromatin regions). According to the ACMG and
ClinGen guidelines's, CNV variants are classified into
one of five classes of pathogenicity based on the sum of
points in each category of assessment, and were classi-
fied by comparison with their overlap with SV and CNV
variants contained in the DGV (Database of Genomic
Variants - http://dgv.tcag.ca/gb2/gbrowse/dgv2_hg19/)'S,
gnomAD (genome Aggregation Database - https://gno-
mad.broadinstitute.org/), OGM (Bionano Genomics Inc.
internal Access® database), ClinGen (Clinical Genome
Resource Consortium) (https://dosage.clinicalgenome.
org/), DECIPHER (https://www.deciphergenomics.org/),
and/or ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/)
public databases and the CIGM genomic variant database.
OGM results are given according to the genome mapping
nomenclature as specified in the ISCN guidelines'”.

Visualization and figure preparation

Figure 1 was prepared from original visualizations
generated by Bionano Access 1.7.2 software (Bionano),
segregation, and optical genome mapping, respectively.
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The final composite Figure 1 was technically prepared
in terms of size, layout, format, and type of file with no
modification to the original data, from the original vi-
sualizations, by using GIMP 2.10'. The pedigree was
constructed and drawn using (Progeny Clinical Version
N/Progeny Lab Version N) (Progeny Genetics LLC, Aliso
Viejo, CA, www.progenygenetics.com).

RESULTS

Clinical characteristics

Characteristics of two male siblings (proband 1 and
proband 2) with an overlapping clinical presentation of
thrombocytopenia, sacrococcygeal teratoma, hydrone-
phrosis/reflux vesicoureteral and obesity, are shown in
Table 1.

Both parents and three sisters of the probands were
healthy and without any of the clinical signs and symptoms
shown in the probands, except for a few asymptomatic
episodes of borderline platelet values in the mother.

Karyotype analyses

Normal male karyotypes were detected for both male
siblings (Proband 1: 46, XY; Proband 2: 46, XY), with no
clonal abnormalities (30 metaphases), at the stated band
level of resolution. Karyotypes of the parents were also
normal (Mother: 46, XX; Father: 46, XY).

Microarray analyses

Microarray analyses of the proband 1 showed an
interstitial single copy gain of 18q12.2 region, approxi-
mately 459,7 kb in size in a male profile: arrfGRCh38]

Table 1. Clinical characteristics of the probands

18q12.2(38880911 39340584)x3 (arrf[GRCh37]
18q12.2(36460875 36920548)x3). The identified dupli-
cation did not overlap with any known disease-causing
genes and was not present in the databases containing vari-
ants from healthy individuals (DGV), nor in the medical
literature or databases ClinGen, ClinVar, or DECIPHER.
Due to its size and rarity, the copy number gain was inter-
preted as a variant of unknown significance, and segrega-
tion analysis using arrays was recommended. Segregation
testing using microarrays in the mother and father of the
proband showed the presence of the same 18q12.2 copy
number gain in the mother of the proband. As the molecular
karyotyping showed the presence of the same interstitial
duplication of the 18q12.2 region in the proband and the
mother; arrffGRCh38] 18q12.2(38880911 39340584)x3m
at, and the duplication did not affect clinically important
genes, it was interpreted as a likely benign genomic variant,
and so clinical testing was continued to determine the cause
of the clinical presentation in the proband and his brother.

Exome sequencing

Exome sequencing was initially performed for pro-
band 1, as previously described'*!*. The original gene panel
included >100 genes associated with thrombocytopenia
and hereditary thrombocytopenia including Wiskott-Al-
drich syndrome. The analysis did not identify any variants
that could explain the phenotype and therefore a reinter-
pretation of the exome sequencing data of proband 1 was
performed with an expansion to genes associated with the
additional phenotypes observed (Table 1). Despite adding
over 1500 genes to the analysis, no causative variants were
identified. Finally, exome sequencing in trio setup was

Clinical characteristics Proband 1 Proband 2 Onset
Age at first visit 11 yr. & 11 mo. 3yr. & 6 mo.

Early development Hyperactivity Normal

Teratoma regio sacro-coccigealis + + Neonatal
Hydronephrosis / *RVU + (right side) + (left side) Neonatal
Thrombocytopenia + + Neonatal
Purpura, petechiae, bruises + + Infancy
Premaxillary prominence + + Toddler
Juvenile palmoplantar dermatosis + + Toddler
Obesitas + + Toddler
Hypo-imunoglobulinaemia + 10 yr.
Ameloblastoma mandibulae + 10 yr.
Intellectual disability, mild + 6—7yr
Epilepsia + 14 yr.
Cerebral dysmyelination (MRI) + 17 yr.
Frontoparietal polymicrogyria (MRI) + 17 yr.

* Reflux vesico-ureteral
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performed for proband 2 and both parents with updated
gene panels. Despite including >2000 genes associated
with the clinical phenotypes, no conclusively causative
SNV variants or small indels could be identified. While the
duplication observed on the microarray analysis was appar-
ent from the coverage, no breakpoints could be identified
by exome sequencing. The full list of genes included in the
exome sequencing analysis is available in the Supplement.

Optical genome mapping

Optical genome mapping showed a translocation
between chromosomes X and 18, accompanied by a
duplication of the 18q12.2 region, of maternal origin in
both probands; ogm[GRCh38] t(X;18)(q27.1;q12.2)(14
0408784~140427850;38878133~39396298)mat,dup(18)
(18q12.2)(38927193 39426970)mat. The translocation
breakpoints and the associated duplication of the 18q12.2
region did not overlap any clinically significant genes
and are unlikely to be visible using classic karyotyping
methods. The accompanying 18q12.2 duplication was
approximately 499,7 kb in size, and was consistent with
the previously observed duplication in the proband 1, 2
and their mother using microarray analysis: arrfGRCh38]
18q12.2(38880911 39340584)x3mat (Figure 1).

Interpretation and segregation analysis

The translocation and accompanying duplication of
maternal origin do not directly affect genes known to cause
disease in humans. However, several genetic mechanisms
are known to influence the expression of nearby genes by
influencing regulatory regions or by topological means,
some promoting and some inhibiting expression 2,
Therefore, as described previously, we used the UCSC
Genome Browser Viewer to visualize our region of interest
in the context of neighboring genomic regions '>?3, how-
ever no obvious regulatory regions explaining the pheno-
type could be identified as being affected by the detected
translocation and accompanying duplication. However,
literature search revealed that the region of chromosome
18 involved in the rearrangement has previously been
described in the context of germinal translocation t(11;18)
(922.1;q12.2), (ClinVar ID: 599287), where the transloca-
tion carriers also had age-dependent hypertension linked
to 11g22.1, as well as obesity ?*. Additionally, somatic
translocations between chromosome X and chromosome
18 involving different breakpoints have been previously
described in synovial sarcomas (t(X;18)(p11.2;q11.2)),
including in a rare case with submandibular presentation
2326 however, the exact breakpoints of the critical region
of 18q11.2 do not correspond to those identified in our
patients. Therefore, because of the lack of direct evidence
of pathogenicity, but because of the clinical match of the
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probands, the involvement of the chromosome X in males
and a female with a very slight phenotype of transient
thrombocytopenia, and the size of regions possibly affected
indirectly, the translocation was classified as a variant
of unknown clinical significance. When we are unable
to provide final conclusions, extensive segregation may
prove beneficial to clarifying the classification of the vari-
ant, as recently described in case of a PLPI duplication
by our group'?. In case of variants involving chromosome
X in males, testing additional male family members may
provide additional information helpful to clinical clari-
fication, which is why we expanded the segregation to
include healthy brothers of the carrier mother. The results
of the segregation analysis are shown in Figure 2. None
of the four maternal uncles were carriers of this rare fa-
milial translocation, that remains a variant of unknown
significance.

Limitations

OGM requires a special isolation/extraction step,
producing ultra-long/high molecular weight DNA (hm-
wDNA) molecules, that are typically in the 200 kilobases
(kb) to megabase (Mb) range, in contrast to typical DNA
isolation protocols where the resulting DNA is usually up
to 20 kb in size. Therefore, archival DNA samples cannot
be used for OGM, and fresh extraction is needed. After
extraction, DNA is labeled across specific motifs using the
DLE-1 enzyme, while the backbone DNA is also labeled
using a special stain. The current technical limitations of
OGM concern the size of DNA required, DLE-1 labeling
limitations, and interpretation challenges. As large DNA
molecules are needed for this method, it currently cannot
be performed from archived DNA or FFPE, and therefore
fresh samples are needed. Furthermore, the method cannot
detect SV within regions that do not contain the DLE-1
labeling motif, such as Robertsonian translocations. Simi-
larly, regions spanning segmental duplications, e.g. on the
chrY chromosome can result in several alternative assem-
blies. The interpretation of genomic variants in terms of
pathogenicity is currently based on recommendations from
ACMG and the joint consensus of the American College of
Medical Genetics and Genomics (ACMG) and the Clinical
Genome Resource (ClinGen)'>*. However, many of the
different SVs detected by the OGM method, for example,
balanced translocations, inversions, etc. lack clear guide-
lines for classification, and so the interpretation of these
SVs needs to be carefully considered on a case-by-case
basis. The limited size of known normal OGM genetic
variation at the moment means, that many identified vari-
ants remain variants of unknown significance. Finally,
because of its novelty, there is a need to establish a larger
database of normal human genomic variation detected us-
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Figure 1. Optical genome mapping results showing molecules involved in the translocation mapping to chromosome 18

and chromosome X.
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Figure 2. Family pedigree and segregation analysis results.

# family members in whom karyotyping, microarray and NGS were performed.

* family members in whom OGM was performed.

ing OGM. When possible, the results should be confirmed
by using an independent method, while for many rare
disease cases, a trio setup is preferable to resolve causality.

Despite an extended segregation analysis, based on
strictly applied ACMG criteria and ClinGen guidelines,
the identified translocation remains a variant of unknown
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significance, highlighting the complexity of diagnostic
results in rare disease cases as well as the remaining limita-
tions of this technology. Hopefully, the future increase in
healthy control population OGM variants and the estab-
lishment of official guidelines on the clinical interpretation
of OGM variants will resolve many current interpretation
challenges.

DISCUSSION

The diagnostic journey in case of rare disease is of-
ten complex and consist of many steps. In our case, the
traditional karyotyping was negative and was followed
by microarray. While microarray identified a duplication
of 18q12.2 that was initially classified as a variant of un-
known significance, after segregation showed it to be of
maternal origin, it was reclassified as likely benign, and
the patients were referred for exome sequencing. After
initial exome sequencing was negative, reinterpretation
with additional gene panels was performed in the proband,
and following another negative result, was followed up by
panel exome sequencing of over 2000 genes in trio setup,
which also failed to identify causative variants, and the
probands were referred for OGM. OGM showed a t(X;18)
(q27.1;q12.2) translocation, that was confirmed to be of
maternal origin and had the previously observed duplica-
tion as an accompanying event: ogm[GRCh38] t(X;18)
(q27.1;q12.2)(140408784~140427850;38878133~3939
6298)mat,dup(18)(18q12.2)(38927193 39426970)mat.
Despite extended segregation, we did not identify any
additional healthy male carriers of the translocation in the
family. Therefore, pending reinterpretation and possible
functional assessments that may become possible in the
future with additional technologies, the identified famil-
ial translocation currently remains a variant of unknown
significance.

CONCLUSION

In conclusion, OGM represents a useful new method
in the repertoire of genomic diagnostics available at CIGM
UMCL, however applying ACMG criteria and ClinGen
guidelines to SVs remains demanding, highlighting the
complexity of the modern genomic diagnostic approach to
rare disease testing. In our experience, currently, a major
limitation of the method remains the difficulty of interpre-
tation due to its novelty and the lack of healthy control
population variants, which will hopefully be resolved and
will increase the diagnostic yield of this method in the
future. To circumvent this limitation, in the testing of rare
disease patients, OGM in a trio setup is currently advised.

92

ACKNOWLEDGMENTS

We would like to profoundly thank the patients and
their family members for participating in the study. This
work presents the results of studies funded by UMCL
tertiary project 20210031, Slovenian Research and In-
novation Agency (ARIS) Programme P3-0326, Project
J3-4517 Advanced genomic diagnostics for discovering
the mechanisms of congenital anomalies, and Bilateral
project Slovenija— Montenegro: Genetic epidemiology of
congenital anomalies in Slovenia and Montenegro; 02/1-
053/20-2152 (2021 —2023).

Declaration of interest
The authors report no conflicts of interest.

Supplement
Gene panels included in the exome sequencing analysis.

REFERENCES

1. Dremsek P, Schwarz T, Weil B, Malashka A, Laccone
F, Neesen J. Optical Genome Mapping in Routine
Human Genetic Diagnostics—Its Advantages and
Limitations. Genes. 2021;12(12):1958. doi:10.3390/
genes12121958

2. Mantere T, Neveling K, Pebrel-Richard C, et al.
Optical genome mapping enables constitutional
chromosomal aberration detection. Am J Hum
Genet. 2021;108(8):1409-1422. doi:10.1016/].
ajhg.2021.05.012

3. Levy B, Baughn LB, Akkari Y, et al. Optical ge-
nome mapping in acute myeloid leukemia: a multi-
center evaluation. Blood Adv. 2023;7(7):1297-1307.
doi:10.1182/bloodadvances.2022007583

4. Coccaro N, Anelli L, Zagaria A, et al. Feasibility of
Optical Genome Mapping in Cytogenetic Diagnos-
tics of Hematological Neoplasms: A New Way to
Look at DNA. Diagn Basel Switz. 2023;13(11):1841.
doi:10.3390/diagnostics13111841

5. Gigueére A, Raymond-Bouchard I, Collin V, Claveau
JS, Hébert J, LeBlanc R. Optical Genome Mapping
Reveals the Complex Genetic Landscape of My-
eloma. Cancers. 2023;15(19):4687. doi:10.3390/
cancers15194687

6. Puiggros A, Ramos-Campoy S, Kamaso J, et al. Op-
tical Genome Mapping: A Promising New Tool to
Assess Genomic Complexity in Chronic Lympho-
cytic Leukemia (CLL). Cancers. 2022;14(14):3376.
doi:10.3390/cancers14143376



BALKAN JOURNAL OF MEDICAL GENETICS

10.

11.

12.

13.

14.

15.

16.

Kovanda A, Miljanovi¢ O, Lovreci¢ L, Maver A, Hodzi¢ A, Peterlin B

Tsai HH, Kao HJ, Kuo MW, et al. Whole genomic
analysis reveals atypical non-homologous off-tar-
get large structural variants induced by CRISPR-
Cas9-mediated genome editing. Nat Commun.
2023;14(1):5183. doi:10.1038/s41467-023-40901-x

Zhang Q, Xu X, Ding L, et al. Clinical application
of single-molecule optical mapping to a multigen-
eration FSHD1 pedigree. Mol Genet Genomic Med.
2019;7(3):e565. doi:10.1002/mgg3.565

Stence AA, Thomason JG, Pruessner JA, et al. Valida-
tion of Optical Genome Mapping for the Molecular
Diagnosis of Facioscapulohumeral Muscular Dys-
trophy. J Mol Diagn JMD. 2021;23(11):1506-1514.
doi:10.1016/j.jmoldx.2021.07.021

Efthymiou S, Lemmers RJLF, Vishnu VY, et al.
Optical Genome Mapping for the Molecular Di-
agnosis of Facioscapulohumeral Muscular Dystro-
phy: Advancement and Challenges. Biomolecules.
2023;13(11):1567. doi:10.3390/biom13111567

Kovanda A, Lovreé¢i¢ L, Rudolf G, et al. Evalua-
tion of Optical Genome Mapping in Clinical Ge-
netic Testing of Facioscapulohumeral Muscular
Dystrophy. Genetic and Genomic Medicine; 2023.
doi:10.1101/2023.08.10.23292816

Rogac M, Kovanda A, Lovreci¢ L, Peterlin B. Optical
genome mapping in an atypical Pelizaeus-Merzbach-
er prenatal challenge. Front Genet. 2023;14:1173426.
doi:10.3389/fgene.2023.1173426

Ales M, LucaL, Marija'V, et al. Phenotype-driven gene
target definition in clinical genome-wide sequencing
data interpretation. Genet Med. 2016;18(11):1102-
1110. doi:10.1038/gim.2016.22

Bergant G, Maver A, Lovrecic L, Cuturilo G, Hodzic
A, Peterlin B. Comprehensive use of extended exome
analysis improves diagnostic yield in rare disease:
a retrospective survey in 1,059 cases. Genet Med.
2018;20(3):303-312. doi:10.1038/gim.2017.142

Riggs ER, Andersen EF, Cherry AM, et al. Technical
standards for the interpretation and reporting of con-
stitutional copy-number variants: a joint consensus
recommendation of the American College of Medical
Genetics and Genomics (ACMG) and the Clinical
Genome Resource (ClinGen). Genet Med Off J Am
Coll Med Genet. 2020;22(2):245-257. doi:10.1038/
$41436-019-0686-8

MacDonald JR, Ziman R, Yuen RKC, Feuk L,
Scherer SW. The Database of Genomic Variants: a
curated collection of structural variation in the hu-
man genome. Nucleic Acids Res. 2014;42(Database
issue):D986-992. doi:10.1093/nar/gkt958

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Moore S, McGowan-Jordan J, Smith AC, et al. Ge-
nome Mapping Nomenclature. Cytogenet Genome
Res.2023;163(5-6):236-246. doi:10.1159/000535684

The GIMP Development Team. GIMP. Published
online June 12, 2019. https://www.gimp.org

Phillips-Cremins JE, Corces VG. Chromatin Insula-
tors: Linking Genome Organization to Cellular Func-
tion. Mol Cell. 2013;50(4):461-474. doi:10.1016/].
molcel.2013.04.018

van Steensel B, Belmont AS. Lamina-Associated
Domains: Links with Chromosome Architecture,
Heterochromatin, and Gene Repression. Cell.
2017;169(5):780-791. doi:10.1016/j.cell.2017.04.022

Huang H, Zhu Q, Jussila A, et al. CTCF mediates dos-
age- and sequence-context-dependent transcriptional
insulation by forming local chromatin domains. Nat
Genet. 2021;53(7):1064-1074. doi:10.1038/s41588-
021-00863-6

Hong CKY, Cohen BA. Genomic environments scale
the activities of diverse core promoters. Genome Res.
2022;32(1):85-96. doi:10.1101/gr.276025.121

Nassar LR, Barber GP, Benet-Pages A, et al. The
UCSC Genome Browser database: 2023 update.
Nucleic Acids Res. 2023;51(D1):D1188-D1195.
doi:10.1093/nar/gkac1072

Fjorder AS, Rasmussen MB, Mehrjouy MM, et
al. Haploinsufficiency of ARHGAP42 is associ-
ated with hypertension. Eur J Hum Genet EJHG.
2019;27(8):1296-1303. doi:10.1038/s41431-019-
0382-9

Nagao K, Ito H, Yoshida H. Chromosomal transloca-
tion t(X;18) in human synovial sarcomas analyzed
by fluorescence in situ hybridization using paraffin-
embedded tissue. Am J Pathol. 1996;148(2):601-609.

Udayakumar AM, Sundareshan TS, Mukherjee G,
Biswas S, Rajan KR, Prabhakaran PS. Submandibular
synovial sarcoma with t(X;18) and synovial sarcoma
of the toe with additional cytogenetic abnormalities.
Cancer Genet Cytogenet. 2002;134(2):151-155.
doi:10.1016/S0165-4608(01)00606-9

The ACMG Laboratory Quality Assurance Commit-
tee, Richards S, Aziz N, et al. Standards and guide-
lines for the interpretation of sequence variants: a
joint consensus recommendation of the American
College of Medical Genetics and Genomics and the
Association for Molecular Pathology. Genet Med.
2015;17(5):405-423. doi:10.1038/gim.2015.30

93






BJMG 27 (2), 2024 - 95-100

DOI: 10.2478/bjmg-2024-0016
§ sciendo

CASE REPORT

PHENOTYPIC VARIABILITY OF COWDEN SYNDROME
WITHIN A SINGLE FAMILY: IMPACT ON DIAGNOSIS,
MANAGEMENT AND GENETIC COUNSELLING

Ilic N', Mitrovic N2, Radeta R?, Krasi¢ S*°, Vukomanovi¢ V43,
Samardzija G?, Vasic M®, Vlahovic A%, Sarajlija A'®*

‘Corresponding Author: Ass. Prof. Dr. Adrijan Sarajlija MD, PhD, Clinical Genetics Outpatient Clinic,
Mother and Child Health Care Institute “Dr Vukan Cupi¢”, Radoja Daki¢a 6-8, 11070 Novi Beograd,
Serbia; University of Belgrade, Faculty of Medicine, Belgrade, Serbia; e-mail: adrijans2004(@yahoo.com

ABSTRACT

Cowden syndrome (CS) represents a rare autosomal
dominant disorder caused by mutations in the PTEN gene
located on chromosome 10g23.3. This entity belongs to the
PTEN hamartoma tumor syndrome (PHTS) spectrum. The
PTEN gene encodes a tumor suppressor protein crucial for
regulating cell growth, survival, and apoptosis. Pathogenic
mutations in PTEN result in dysregulated cell proliferation,
manifesting clinically as benign and malignant growths
across various tissues.

CS is characterized by a predisposition to multiple
hamartomas and an elevated risk of cancers, most notably
in the skin, soft tissues, thyroid, breast, and gastrointestinal
tract. In pediatric patients, macrocephaly is frequently
the earliest feature, often accompanied by developmental
delays and neurological deficits. This case series details
the clinical evolution and multidisciplinary management
of two siblings with CS and normal psychomotor develop-
ment. Genetic testing identified a familial PTEN mutation,
with multiple affected relatives, including the siblings’
father, paternal aunt and paternal grandfather, each dis-
playing distinct phenotype.
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This familial clustering highlights the autosomal
dominant inheritance of CS and points out the critical
importance of early genetic testing, vigilant surveillance,
and tailored counselling for at-risk relatives. Phenotypic
variability observed between members of the same family
points out the difficulties in predicting transgenerational
outcomes and complicates genetic counselling.

Keywords: Cowden syndrome (CS); PTEN gene;
Phenotype; Genetic counselling;

INTRODUCTION

Cowden syndrome (CS), also known as PTEN ham-
artoma tumor syndrome (PHTYS), is a rare autosomal domi-
nant disorder caused by germline mutations in the PTEN
gene located on chromosome 10q23.3 (1). The PTEN gene
encodes a tumor suppressor protein that plays a critical
role in maintaining genomic stability, regulating cell pro-
liferation, and facilitating apoptosis (2). Loss-of-function
mutations in PTEN disrupt these processes, leading to
the unregulated growth of cells and the development of
hamartomas and malignancies across multiple tissues (3).
The PTEN gene negatively regulates the PI3K/AKT signal-
ling pathway, essential for cell growth and metabolism.
Germline PTEN mutations are heterogeneous, including
nonsense, missense, and splice-site variants, with over
300 mutations described (4). These mutations cause vari-
able expressivity and incomplete penetrance, even among
family members (5). De novo mutations are identified in
10-20% of cases (1). CS is part of the PTEN hamartoma
tumor spectrum (PHTS), which includes Bannayan-Riley-
Ruvalcaba syndrome (BRRS) and Lhermitte-Duclos dis-
ease (5). The clinical manifestations of CS are diverse,
involving hamartomas in the skin, thyroid, gastrointestinal
tract, and other tissues (1). Genotype-phenotype correla-
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tions in PTEN disorders show significant variability caused
by mutations and phenotypic interactions (4,5).

CASE SERIES

This case series involves members of a nonconsan-
guineous Serbian family. Detailed exploration of the fam-
ily tree revealed that at least five family members exhibited
clinical presentations consistent with CS. These manifesta-
tions included recurrent benign tumors, atypical vascular
malformations, and hamartomatous lesions involving soft
tissues and internal organs (Figure 1).

Patient 1

The first family member brought to medical attention
was an 8-year-old girl, the third child from a regularly
monitored pregnancy. She was born at term via natural
delivery, with a birth weight of 3200 g and Apgar scores
of 9 and 10. The patient initially presented in December
2016 to the surgical outpatient clinic with a noticeable
lesion in the right axillary region. On examination, the
lesion measured 4 cm in diameter and was circular and
localized. Ultrasound revealed a prominent mass in the
right anterior axillary line consistent with fatty tissue, with
no involvement of underlying bone or muscle structures.

The lesion was closely monitored, but after significant
growth was noted, it was surgically excised in March 2017.
The excised mass measured 6 x 5 cm, and histopathologi-
cal (HP) findings confirmed a lipoma. For the next four
years, the patient was lesion-free until December 2021,
when swelling in the medial aspect of the right knee was
reported following an injury. An MRI of the knee region
revealed a tumor within the vastus lateralis and medialis
muscles, raising concerns for a myofibroblastic or synovial
tumor, with sarcoma considered as a differential diagnosis.

A subsequent evaluation by a pediatric hematologist
included full blood count, biochemical tests, coagulation
screening, immunoglobulins, and ultrasound of the left in-
guinal region due to regional lymphadenopathy. A chest
CT scan in May 2022 showed no evidence of pulmonary
consolidation or lymphadenopathy but revealed a 1.2 cm hy-
podense lesion in the spleen, prompting further monitoring.

In May 2022, the patient underwent excision of the
right thigh tumor. Histopathological evaluation identified
the tissue as benign soft-tissue angiomatosis. However,
in February 2023, follow-up imaging suggested tumor
recurrence in the right knee region. The recurrence was
surgically removed in November 2023, and HP analysis
confirmed identical findings to the prior assessment.

In June 2024, the patient presented with pain in the
left inguinal region and thigh. Examination revealed two
freely mobile subcutaneous masses, measuring 8 x 4 cm
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near the left iliac crest and 5 x 3 ¢cm in the anterior inner
thigh. Both masses were surgically excised. Macroscopic
examination of the subcutaneous tissue showed hyperlobu-
lated adipose tissue with densely packed vascular compo-
nents forming a cribriform structure. Histopathological
analysis revealed a complex soft tissue lesion composed
of disorganized mesenchymal tissues, including atypical
combined vascular malformations, proliferative lipoma-
tous components, and fibrous elements. Immunohisto-
chemistry (CD31, CD34, D2-40, smooth muscle actin,
desmin, S-100 protein, Ki-67) supported the diagnosis of
PHOST (Figure 2).

Genetic testing via whole exome sequencing identified
a heterozygous pathogenic variant c.48T>A (p.Tyr16Ter)
in the PTEN gene, confirming a diagnosis of CS type 1.
Following diagnosis, regular multidisciplinary monitor-
ing by a plastic surgeon, hematologist, and geneticist was
initiated. There have been no new lesions detected to date.

Patient 2

The patient’s 9-year-old older sister presented in De-
cember 2023 with a soft tissue mass in the lumbar region.
MRI revealed a lipomatous lesion involving muscle and
aponeurotic structures. In May 2024, the mass was sur-
gically excised, preserving muscle and nerve function.
Postoperative HP analysis confirmed a benign lipomatous
lesion. However, follow-up imaging revealed recurrence
of the tumor at the initial site.

Genetic testing confirmed the presence of the familial
PTEN variant c.48T>A (p.Tyr16Ter), and the diagnosis
of CS was extended to the older sister. She is now under
regular multidisciplinary surveillance.

Patient 3

Clinical examination of the children’s father revealed
plantar keratosis. Genetic testing confirmed the same PTEN
variant (c.48T>A, p.Tyr16Ter) as in his daughters. Given
the genetic findings, the father was referred for endocrine
and hematological evaluations, as well as regular cancer
surveillance. To date, he has not developed malignancies
but remains under continuous monitoring.

Patient 4

The paternal grandfather of the siblings, now a
78-year-old man, was identified as Patient 4. Based on
anamnesis and photographic analysis, he was noted to
have two large soft tissue masses located in the neck and
interscapular regions. Although genetic testing was not
performed, these findings, along with the confirmed fa-
milial PTEN variant in his descendants, strongly suggest
that he is affected by CS. To date, he has not reported any
significant health issues potentially associated with the CS
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Figure 1. A Magnetic resonance imaging (MRI) of the thigh showing a tumor within the vastus lateralis and medialis muscles, Patient 1;
B Intraoperative findings during excision of the tumor from the medial aspect of the distal thigh, Patient 1; C Tumor in the left inguinal
region, Patient 1; D Completely excised tumor from the left inguinal region, Patient 1; E Tumor located in the left paraspinal region,
Patient 2; F Magnetic resonance imaging (MRI) of the lumbar region reveals a paraspinal lipomatous lesion involving the musculature
and aponeurotic structures, Patient 2; G Tumor recurrence in the left paraspinal region at the site of the postoperative scar, Patient 2; H
Presence of subcutaneous soft tissue tumors in the siblings’ grandfather, Patient 4.

24

B. Dominant adipocytic component containing clusters of back-to back thin-walled veins and lymphocytic aggregate (arrow);
C. Fibromyxoid stroma in vascular clusters; D. Indeterminate small vessels reminiscent of veins dispersed within adipose tissue;
E. Arterial component with coiled thick-walled artery with tiny lumen (arrow) and lymphocytic aggregate (arrowhead);

F. Hypertrophic nerves within lesion (arrows) compared to normal looking nerve (arrowhead).
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spectrum. As a precautionary measure, he was advised to
undergo regular surveillance, including monitoring for
potential malignancies, in alignment with current recom-
mendations for individuals with CS.

Patient 5

Patient 5 is the 70-year-old paternal great-aunt of the
two sisters. She has a long-standing history of medical
follow-up due to benign central nervous system tumor,
adrenal tumors, and diffuse intestinal polyposis. Anam-
nesis indicates that she has undergone multiple surgical
interventions over the years for these conditions. While no
documentation confirms whether genetic testing has been
performed, the clinical presentation aligns with features of
CS, particularly given the familial history of a confirmed
PTEN pathogenic variant. She has been advised to con-
tinue regular monitoring under the care of a hematologist,
with emphasis on multidisciplinary surveillance for the
potential CS complications.

Anamnestic data further suggests that the great-
grandfather of the proband passed away in his late 70s
due to liver cancer. However, no reliable medical records
are available to confirm the diagnosis or precisely assess
contributing risk factors such as alcohol consumption or
underlying conditions. While this observation could be
relevant to the familial context, its significance remains
uncertain.

DISCUSSION

Clinical Manifestations

The clinical manifestations of CS are diverse, in-
volving hamartomas in the skin, thyroid, gastrointestinal
tract, and other tissues (1). Macrocephaly, often present
at birth or early infancy, is a key diagnostic feature in
children, accompanied by facial dysmorphism such as
a high anterior hairline and hypertelorism (6). Develop-
mental delays and ASD, seen in up to 25% of patients,
are frequent neurological findings, with brain imaging
sometimes revealing structural anomalies, often white
matter lesions (6, 7). The clinical manifestations of
CS are diverse, involving hamartomas in the skin, thy-
roid, gastrointestinal tract, and other tissue (8—10).
Recognizable dermatological traits include trichilem-
momas around the nose and mouth, oral papillomas, and
acral keratoses (9, 10). Sclerotic fibromas and lipomas,
presenting as soft, mobile masses on the torso or ex-
tremities, further define the dermatological profile (8, 9).
Gastrointestinal polyps affect up to 80% of patients,
causing symptoms like abdominal pain or rectal bleed-
ing. Though mostly benign, routine colonoscopic sur-
veillance is recommended due to a small malignancy
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risk (11, 12). Less common vascular anomalies, such
as arteriovenous malformations, can cause functional
issues depending on their size and location (3, 13).
In the case of our female patients, there were no elements
of macrocephaly or dyscrania, and psychomotor devel-
opment was normal. The characteristic skin changes as-
sociated with the syndrome were also absent. The only
findings that contributed to the diagnosis were the presence
of characteristic tissue tumor changes. Screening of other
organs and organ systems revealed no signs of visceral
involvement typically seen in CS. At this point, it is chal-
lenging to speculate on the genotype-phenotype correla-
tion, given that this particular genotype, to our knowledge,
has not been phenotypically described in any previously
published case report in the available literature.

Genotype-Phenotype Correlation

and Penetrance in CS

The PTEN variant identified in this family,
c.48T>A (p.Tyrl6Ter), represents a nonsense mutation
associated with a truncated, non-functional protein.
We confirmed by the thorough review of the available
literature that the PTEN variant ¢c.48T>A (p.Tyr16Ter) is
a previously recognized pathogenic mutation. However,
a detailed search of medical articles available online has
not identified any publications to date presenting the clini-
cal features of patients harboring this specific genotype.
Genotype-phenotype correlations in CS demonstrate sig-
nificant variability in clinical presentations, with features
ranging from benign hamartomas to malignant transforma-
tions (14, 15). For example, catalytic domain mutations
are strongly associated with severe neurodevelopmental
outcomes, including ASD and intellectual disability (6,
14). Beyond genotypic effects, traits such as macrocephaly,
vascular anomalies, and lipomatous changes suggest po-
tential phenotypic synergy, where certain characteristics
amplify others (15). This interplay may result from shared
developmental pathways disrupted by PTEN dysfunc-
tion. Macrocephaly, for instance, often correlates with
altered brain architecture, predisposing to neurodevelop-
mental disorders (7). Similarly, vascular anomalies like
angiomatosis or arteriovenous malformations may exac-
erbate tissue overgrowth, contributing to complex lesions
like PTEN hamartoma of soft tissue (PHOST) (8, 13).
Incomplete penetrance and variable expressivity are im-
portant characteristics of PTEN-related disorders, with up
to 15% of carriers remaining asymptomatic throughout life
(16). Modifier genes, environmental influences, and epi-
genetic factors likely contribute to this variability, as sug-
gested by studies in other hamartomatous syndromes such
as Peutz-Jeghers and juvenile polyposis syndrome(15)
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Malignant Alterations in CS

and Age-Related Observations

CS is associated with an elevated lifetime risk of
malignancies, particularly breast, thyroid, and endometrial
cancers, with risk estimates reaching 85% for breast cancer
in females and 35% for thyroid cancer (6, 17). However,
in this family, two older members (the paternal grandfa-
ther and the great-aunt) have not developed malignancies
despite their advanced age. This observation could be ex-
plained by the incomplete penetrance and suggests possible
protective factors that warrant further investigation.

Age at onset of malignancies in CS varies, with breast
cancer often developing by the fourth decade and thyroid
malignancies potentially occurring earlier (14, 17). Other
common malignancies include thyroid (especially follicu-
lar carcinoma) and endometrial cancers, warranting regular
thyroid ultrasounds and gynecological evaluation (5, 18).
Risks of renal cell carcinoma and colorectal cancer further
emphasize the need for comprehensive cancer surveillance
protocols (19). Interestingly, hepatic tumors have been
reported in older individuals with CS, particularly in the
context of non-alcoholic steatohepatitis (NASH) (20). The
absence of malignancies in older family members suggests
the need for personalized surveillance plans tailored to
individual risk factors. Regular screening, including breast
MRI and thyroid ultrasound, is therefore essential, even
in asymptomatic carriers (5, 17).

Therapeutic and Surveillance Considerations

While surgical management of benign tumors pro-
vides effective short-term relief, recurrence is common, as
seen in this case. The use of pharmacological approaches,
including mTOR inhibitors such as sirolimus and everoli-
mus, offers a promising strategy for reducing tumor burden
by targeting dysregulated cell growth pathways in PTEN-
mutant cells. Hormonal therapies, such as tamoxifen, may
also be considered for risk reduction in individuals predis-
posed to breast and endometrial cancers, though their use in
pediatric populations remains under investigation (21-24).

In cases where malignancies arise, targeted therapies,
such as tyrosine kinase inhibitors, may complement stan-
dard oncological treatment, particularly when molecular
pathways contributing to tumor growth are identified (25).

Genetic Counseling

and Family Segregation Analysis

The autosomal dominant inheritance of CS puts im-
perative on genetic counselling for affected families. In this
case, segregation analysis confirmed the familial PTEN
mutation in the proband’s sister and father. Early identifi-
cation of mutation carriers enables the implementation of
individualized surveillance programs, which are critical for

minimizing cancer risk and improving outcomes. For at-
risk family members, genetic analysis is indicated. In case
of positive findings, regular monitoring and imaging are
essential components of the clinical approach (1, 17, 26).

CONCLUSION

This familial case of CS exemplifies the complex
interplay of genetic factors, phenotypic variability, and
clinical vigilance required in managing PTEN hamartoma
tumor syndrome (PHTS). Beyond confirming a pathogenic
PTEN variant in multiple family members, it illustrates
the broader implications of integrating genetic diagnostics
into routine clinical practice. The diverse presentations
within this family, ranging from benign soft tissue tumors
to vascular anomalies, highlight the unpredictable clinical
evolution of CS, necessity of personalized management
strategies and flexibility needed in genetic counselling.

Importantly, this case emphasizes the value of early
identification and interdisciplinary collaboration in the
management of a long-term risks associated with CS. As
the understanding of PTEN-related pathways evolves, the
potential for targeted therapies continues to grow, offering
opportunities not only to address tumor progression but
also to enhance the quality of life for affected individuals
and their families.
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