Investigation of copy number variations in
the development of rare Mendelian diseases

DOCTORAL (PHD) THESIS

Gergely Biiki

Supervisor: Dr. Judit Bene

Head of the Doctoral School: Prof. Dr. Ferenc Gallyas
Head of the Doctoral Program: Prof. Dr. Béla Melegh

Doctoral School of Interdisciplinary Medicine, Medical School,
University of Pécs

Pécs, 2022



I 1 o To [ o3 (o] o IO RO PURRRRORRRRORINE 6

1.1, GENELIC VANTALTIONS....ceiiiitiiiieiiiteist ettt 7
1.1.1.  Single nucleotide variations and short indels............cccccevreninenincncneeeeeen 9
112, RePEetitiVe BIEMENTS .....c.eiiiieiieeeee ettt 9
1.1.3. STruCtUral VArTAtiONS ........c.coviuiiiiiieiiieieiei ettt 10
1.1.4. Copy NUMDBEK VAriatiONs .........cccecieieriiiieiesieeeee ettt sae e ae e 13
1.1.4.1. Types of coOpy NUMDBEF VAriatioNS ........c.ccveveeeierieeieieceeeesee e 14
1.1.4.2. Mechanism of copy number variation formation ............c.cceceeevevecnenencnene. 16
1.1.4.3. Detection of Copy NUMDEr VariatioNS..........ccccoveeeirireneneneeeeeeeese e 23
1.2, RAIE DISBASES .....ueveiiieiiiteitstetet ettt ettt 27
121, Marfan SYNAIOME ......oouioiieiieeeeeeeeet ettt ettt s be et esteereebesanenes 27
1.2.2.  NeUurofiDrOMATOSIS ......ceririririeieieieteert ettt nbe e 28
2. AAIMIS et h et bttt h e bbbt et ettt aeea e b b e nnen 32
3. Materials and METNOUS .......c.cceririririeieeee e 33
3.1.  Patients and sample Preparation ............ccoeecveveeeeveneeceeceeee e 33
3.2.  Clinical investigation of NFL patients..........cccvieeeviieeieeiiceese e 34
3.3 IMIBLNOMS. ..ottt ns 34
3.3.1. DINA ISOIALION. ...ttt 34
3.3.2. MLPA QNAIYSIS .....eeviriiieieeeee ettt 35
3.3.3.  Whole genome array comparative genomic hybridization analysis..................... 35
3.3.4. CNVinterpretation detected by aCGH...........cccoiiieiiiieeeceeeee e, 36
3.3.5.  Somatic mosaicism determination in NF1 microdeletion..........c.ccccceceveineinenens 36
3.3.6.  Characterization of breakpoints in FBN1 deletion..........cccccoeeeeveveeceenveceerenenen. 36
3.3.7. In silico analysis of the FBN1 gene in patients suffering from Marfan syndrome
37

3.3.8.  Analyses of regulatory elements in FBNL..........cccooveiiiieieieceeeeeeeeee e, 37
3.3.9.  Statistical @NalYSIS .......coviuieiiiiceecieeeceeee e 38
A, RESUILS ...t 39
N \V/ - U = 1 15517 T [ o] 0T TSR 39
St R 8 NN AV T g - 1 £ 1 TSRS 39
4.1.2. Breakpoint analyses and possible molecular mechanism exploration .................. 40

4.1.3. Investigation of the association between the severity of cardiovascular
MAaNIfeStatioNs AN CNVS ..o e 41

4.1.4.  Analyses of regulatory elements within FBN1 gene focusing on transcription
L7210 (oL gl o T Lo LT T TS =5 45



4.2, N U O T DI OMATOSIS ...ttt ettt e et e e e e e ettt eeeesesaaseaeeeeesssesanssereeeeesssanannn 47

4.2.1.  Characterization of the NF1 microdeletions ..........cocovevevieininienenineneneneeeeniens 47
4.2.2.  Assessment of SOMatiC MOSAICISM .....c.eveieiriririenieriere et eeeieas 50
4.2.3.  Clinical characterization of our patients with different types of NF1

MICTOUEIELION ..ottt sttt ettt b e b st e bt et e ne s ee 50
LT B 1 1o 11 [ o 1SR 57
5.1, MaArfan SYNAIOIME. .....c.cieieiriirierteste ettt sttt saenes 57
5.1.2. Discussion of the mechanism underlying the large FBN1 deletion....................... 61
5.2, NEUFOTIDIOMALOSIS. ....euveuieiieiiriieieste ettt sttt sbe e naas 64
T o] o Tod 111 (o] TP PPTRURN 72
A o (=] =] SRR 73
8. LISt Of PUBIICALIONS.......c.eeieiiceieesee ettt st 85
8.1.  Papers on which the thesis is based ..........ccveveiiiieviciceee e, 85
8.2, Other PUBIICALIONS .......coeiiieiieieeesie ettt 86
ST T O 1 7 o] (=R 1 ] £ - U] (SRS 87
TR @ 1 1= - 10 ] - [od £ SRS RT 87
9. ACKNOWIEAGEMENTS......octiceeiictectesee ettt ettt et e e ebe e beste e e e besraesbesbeenbesteeseans 89



List of abbreviations

aCGH - array Comparative Genomic Hybridization

ADHD - Attention Deficit Hyperactivity Disorder

BIR - Break-Induced Replication

CALs - Café-Au-Lait spots

cb-EGF - Calcium-Binding EGF

CMT1A - Charcot-Marie-Tooth disease type 1A

CNV - Copy Number Variations

CT - Cutaneous

CcVv - Cardiovascular symptoms

DSB - Double-Strand Breaks

DNA - Deoxyribonucleic Acid

dsDNA - double-strand DNA

EGF - Epidermal Growth Factor

FBN1 - Fibrillin-1

FISH - Fluorescence In Situ Hybridization

FoSTeS - Fork Stalling and Template Switching

GRCh37 - Genome Reference Consortium Human genome build
version 37

HCP - Health Care Provider

HR - Homologous Recombination

IF - In-Frame

LCR - Low Copy Repeats

LTBP - Latent TGF-B-Binding Protein

MASS syndrome - Mitral valve prolapse, Aortic enlargement, Skin and
Skeletal findings

ME - Mobil Elements

MFS - Marfan syndrome

MLPA - Multiplex Ligation-Dependent Probe Amplification
MMBIR - Microhomology-Mediated Break-Induced Replication
MMEJ - Microhomology-Mediated End Joining



MPNST - Malignant Peripheral Nerve Sheath Tumours

MVP - Mitral VValve Prolapse

NAHR - Non-Allelic Homologous Recombination
NF1 - Neurofibromin

NGS - Next Generation Sequencing

NHEJ - Non-Homologous End Joining

OF - Out-of-Frame

OPG - Optic Pathway Glioma

PCR - Polymerase Chain Reaction

PL - Plexiform

PTC - Premature Termination Codon

SBC - Subcutaneous

SD - Segmental Duplications

SDICD - Significant Delay in Cognitive Development
SNP - Single Nucleotide Polymorphisms

SRO - Smallest Region of Overlap

SRS - Serial Replication Slippage

SV - Structural Variations

TAAD - Thoracic Aortic Aneurysm Dissection
B - TGF-B1 Binding Protein

TE - Transposable Elements

TFBS - Transcription Factor Binding Sites
TGFBR1/2 - Transforming Growth Factor B Receptors 1 and 2
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1. Introduction

Technological innovations in the second half of the 20th century and the early 21st
century have contributed greatly to the development of many areas of science, including
human genetics. The study of genes, variations and heredity has come a long way. Recent
major advances in molecular biology methods have enabled us to expand our knowledge
of common and rare disorders. Due to the limitations of technology, the primary
discoveries have focused attention on cytogenetically visible segments and single
nucleotide variations and their effects. Structural variations (SV) have been significantly
understudied due to the challenges of identification. The discoveries have contributed to
unravelling our genomes and understanding the many mechanisms behind the
development of rare diseases. The improvements expanded the detection of various forms
of genetic variations. Nowadays, an increasing number of studies highlight the
importance and consequence of SVs, especially copy number variations (CNV), in
molecular biology and medicine, as well. SVs often affect important genomic regions and
their effect manifests itself in a more complex, specific phenotype, repeatedly
characterized as a genomic disorder. These disorders can be distinguished from
Mendelian disorders by affecting a different size range and are usually associated with a

more complex phenotype. The number of genomic disorders are expanding over time.

In order to characterize copy number variations in patients suffering from
neurofibromatosis or Marfan syndrome, modern methodologies, including multiplex
ligation-dependent probe amplification (MLPA) and array comparative genomic
hybridization (aCGH) were applied in our research work. Furthermore, genotype-
phenotype analysis was set up based on the demonstrated results and clinical data
collection. During our thesis, examination of the correlation between the course and
severity of the disease and the presented genetic variations was carried out. Moreover, an
investigation of the association between the detected large CNVs and the severity of the
cardiovascular manifestations in Marfan syndrome was performed and presented in our
research. Exploration of the role of regulatory elements, especially focusing on
transcription factor binding sites located within the FBN1 gene was applied. In addition,
breakpoints of a large de novo deletion in this gene were investigated and a molecular
mechanism behind the formation of this non-recurrent CNV was proposed.



1.1. Genetic Variations

Although deoxyribonucleic acid (DNA) stores the code of life, therefore properly
protected, maintained and regulated, variations occur quite frequently. Examination of
genome-wide sequence variations facilitated the determination of the relationships
between genetic variations and a variety of their consequences including cellular
dysfunctions, phenotypic traits, or diseases. Individual susceptibility is influenced by
numerous factors (for instance age, sex, genetic, epigenetic and environmental factors
etc.) (1).

Genetic variations occur in various forms. They can arise at a single position (2), affect
small stretches of nucleotide sequences (3, 4), and influence large segments and even
entire chromosomes (5, 6). The type and/or location of a variation highly influence its

consequences.

The following types of the known variations can be distinguished: nucleic acid
substitutions (transition, transversion), insertion and/or deletions of nucleotides (from 1
base to hundreds of base pairs), differences in repeated sequences (dinucleotide,
trinucleotide), balanced and unbalanced alterations of large genomic segments including
changes in the copy numbers of DNA segments (deletion, duplication, insertion) and
chromosomal rearrangements (inversion, translocation). They supply a wide range of

effects on an organism, mostly based on the function of the affected genes.

First and foremost, modifications on DNA level can occur in protein coding or non-
coding sequences. The amount of non-coding DNA varies greatly among species (7) and
ca. 99% of the human genome is non-coding (8). Introns, special non-coding DNA
elements and regulatory sequences build up most of the genome. Most observations of
the functions of these regions are related to regulatory elements such as promoters,
silencers, enhancers, and insulators. Among others, they essentially coordinate gene
expression according to environmental conditions, and determine appropriate cell types

at the correspondent developmental stages (9).

The genetic variations localized in the coding sequences have the most unequivocal
consequences on an individual’s phenotype. Looking at the medical point of view, DNA
sequence variations can contribute to the development of certain diseases, influence
susceptibility and shape the responses to medications. Thereby the most straightforward

classification is based on the effect on the appearing phenotype. A modification can be
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beneficial, neutral or harmful generated by external factors (for example chemical agents)

or occur by malfunction of biological or chemical processes (10).

In order to describe further the effect of variations, we have to differentiate and
characterize variations. According to current knowledge, there are various ways to
classify and organize variations, meaning there can be overlapping definitions.
Hereinafter the characterization is based on the number of affected base pair(s). Andrew
J. Sharp et al. (11) demonstrated a straightforward and completely understandable
determination and summary of the different mutation types based on their affected size
range. The characterization and the following train of thought are essentially based on

their classification (Figure 1).

Genetic variations

Single nucleotide variations Chromosomal variations
Substitutions Indels Chromosome structure  Chromosome number
v affected affected

Structural variations

Y

Intermediate-scale

Large-scale Fine-scale

Figure 1. Types of genetic variations

First of all, it is essential to separate mutations and polymorphisms. They are often used
interchangeably. The main distinction between the two is the frequency of the variant in
the population. Although rare mutations tend to have a functional impact, it is not always
that straightforward. Polymorphisms are fundamentally any kind of genetic variation
found in at least 1% of the population. The term is usually referred to as common
variations that do not directly cause disease. The phrase does not differentiate between
the affected base pairs, meaning a modification in a larger genomic range (such as copy
number polymorphism) can be a polymorphism just as single nucleotide changes in one

base pair (such as single nucleotide polymorphism) (12). On the contrary, mutations are



rare variants, appearing in less than 1% in a population, and usually resulting in

significant consequences to the individual (13).

For the sake of clarity, the following sections will draw a picture of the different types of
mutations as displayed broadly in Figure 1. In addition to the shown genetic variations,
repetitive elements will be mentioned in a non-exhaustive manner because of their wide
range of presence in different sizes demonstrated all around the genome. Besides, more
and more cases show the contribution of such elements in generating copy number
variations (CNVs). Intermediate-scale SVs, specifically CNVs will be discussed in more

detail.

1.1.1. Single nucleotide variations and short indels

Single nucleotide variant (SNV) is a general term for single nucleotide change in DNA
sequence. They are the most frequent variations in the genome, they can be rare or
common, germline or somatic. In case of a single base substitution present in more than
1% of the population, the variant is called single nucleotide polymorphism. The relatively
high frequency of the variation suggests either neutral or beneficial effects. SNPs are used
as important markers when looking at different populations. These modifications are the
most common forms of genetic variations, they appear ca. by every 1,000 base pairs.
Mutations at a single nucleotide position can be substitutions, insertions and deletions,
and indels as well (1).

1.1.2. Repetitive elements

Patterns of nucleic acids occurring in multiple copies in the genome are called repeated
sequences or repetitive elements. Repeats are widely dispersed among many organisms.
Most of them are in non-coding regions of the genome. These identical segments many
times serve as mutational hotspots for rearrangements of various size. It is believed that
repetitive elements have regulatory roles (14), and might shape the 3D folding of the
genome (15). Although the proposed hypotheses are only supported by limited

experimental evidence.



Different types of repetitive elements are known, mainly based on the length of the
affected nucleotides. Without completeness, repetitive DNA can be classified into five
broad categories, where transposable elements account for most of the genomic DNA and
are primarily composed of retrotransposons. The other classes include segmental
duplications, simple sequence repeats, tandem repeats and satellite DNA sequences and

processed pseudogenes (16).

Tandem repeats (TR) are frequently observed in genomes across all domains of life and
are primarily a pattern of two or more nucleotides repeated adjacent to each other. The
determination of a TR is based on the number and similarity of units and the length of the
minimal repeating motif (17). TRs are essential components of genome biology through
their functional and evolutionary roles (18). Tandem repeats can occur through replication
slippage and form long stretches of nucleotides. Repeat units of less than 10 base pairs
are microsatellites. The most known examples of these are telomeres which typically have
6 to 7 base pair repeat units. Microsatellites include a variety of simple di-, tri-, tetra-, and
pentanucleotide tandem repeats. Prominent types are the di-, and trinucleotide repeats,
where due to their name two or three nucleotides are repeated. Repeat units from about
10 to 60 base pairs are called minisatellites, which are found in many places in the genome
including centromeres. Satellite DNAs are typically found in centromeres and
heterochromatin. More and more studies (19, 20), which are focusing on the
determination of the exact breakpoints of CNVs, and display that tandem repeats might

play an essential role in the formation of non-recurrent CNVs (17).

Repetitive elements which might play a role in the formation of CNVs will be discussed

in more detail later on (segmental duplications/low copy repeats).

1.1.3. Structural variations

Structural variations (SVs) are a group of genomic rearrangements affecting long
stretches of a nucleotide sequence. By definition, the affected size range spans from 50
to thousands of base pairs (21, 22). They can be characterized into fine-, intermediate-,
and large-scale SVs (Figure 2). It is estimated that altogether roughly 5-10% of the human
genome is structurally variable (11, 23). Based exclusively on SNVs, the genomic
variation is estimated to be about 0.1%, however, with the presence of SVs, this number
is approximately 1.5% (24).
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The latest research-based on short-read sequencing data suggests that around 7000-9000
SVs are present in the human genome. However, these numbers can be significantly
higher (25-27). Another intriguing observation is that SVs distribution across the genome
is nonrandom they often cluster into hotspots (17, 28). For instance, SVs show a higher

rate at telomeric regions (29).

SVs are classified as balanced (inversions, translocations), unbalanced (insertions,
deletions, duplications) or a complex combination of SVs. Genomic imbalances, such as
copy number variations are the most frequent forms of SVs, thus most deeply determined
and characterized (25, 30). The various types of SVs contribute diversely to dysfunction,
including removing or adding copies of entire genes (amplification often leads to
overexpression), truncating genes with intergenic rearrangements, influencing gene
expression by altering regulatory sequences, gene fusions and so on (31). Altogether, they
contribute to the appearing phenotype. Considering that SVs affect larger sizes, they
potentially provide a higher impact on the phenotype compared to SNVs (32).

Chromosomal variation

———

Large-scale SV

Intermediate-scale SV

A —————————-
Fine-scale SV
—
Short indels
A —
SNP, point mutations
| ] L L 1 ]
I 1 T T 1 |
1bp 50 bp 5 kb 50 kb 5 Mb 3Gb

Figure 2. Size characterization of the different groups of structural variants aligned with the spectrum of main
genetic variations

The characterization of structural variations is difficult to grasp, thus classifications and
definitions often overlap with each other. Size ranges are not definitive. Altogether,
insertion, deletion, duplication/amplifications, tandem repeat changes and inversions

appear among the groups demonstrated in Figure 2.

In the following sections, fine-scale and large-scale structural variations will be explained
further without claiming completeness, and then intermediate-scale structural variations,

specifically copy number variations will be discussed more thoroughly.
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Fine-scale structural variations

Fine-scale structural (50bp to 5kb) (11) variations include small insertions, inversions
and deletions affecting several nucleotides, di-, and trinucleotide repeats and other short
tandem repeats, usually referred to as microsatellites. Most of the cases, the addition or
removal of several nucleotides results in the change of the open reading frame, which
often leads to truncated proteins. However, a great number of fine-scale SVs localize into

non-coding regions.

Tandem repeat sequences, particularly trinucleotide repeats, underlie several human
disease conditions. Trinucleotide repeats may expand in the germline over successive
generations leading to increasingly severe manifestations of the disease. The disease
conditions in which expansion occurs include Huntington’s disease, fragile X syndrome,
several spinocerebellar ataxias, myotonic dystrophy and Friedrich ataxia. For instance,
Huntington’s disease is a trinucleotide repeat disorder, where the ‘CAG’ trinucleotide
codon repeat increases (17). Trinucleotide repeat expansions may occur through strand
slippage during DNA replication or during DNA repair synthesis (33, 34).

Large-scale structural variations and chromosomal variations

Large-scale structural variations (50kb to 5Mb) (11) include insertion, deletion,
duplication and amplification, inversion and translocation (both reciprocal and
Robertsonian) of large chromosome regions and broad tandem repeats. Chromosome

variations affect either the structure or the number of chromosomes (such as aneuploidy).

The most known examples of chromosome number changes either affect sex
chromosomes, such as Klinefelter’s syndrome (35) or autosomes, for instance, Patau (36),
Edwards (37) and Down (38) syndrome. Each carries an additional chromosome thus
severely altering the appearing phenotype. Chromosome abnormalities have a significant
impact on miscarriage risk and fertility (39). Around 0.5% of newborn infants carry

chromosome rearrangements (40).

Initially conventional cytogenetic techniques were applied for the examination of these
large-scale SVs. As a result of advances in molecular genetic diagnostic methods the

detection resolution improved and more complex SVs became observable. Complex
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forms involve more than two breakpoints and/or multiple chromosomes. However,
according to a previous study presented in 2011 (41), these SVs are rare cases, until that
time approximately less than 300 cases have been reported and most of them occur de
novo (39, 42).

Although next-generation sequencing technologies are capable of sequencing thousands
of base pairs, the detection and characterization of large-scale SVs, especially complex

forms, remain a challenging task.

Intermediate-scale structural variations

Intermediate-scale structural variations (5kb to 50kb) (11) also include insertion, deletion,
duplication/amplification, tandem repeats and inversion. The importance of these SVs
was heavily underestimated due to the misinterpretation of previously existing results.
The advances in technology made it available to detect submicroscopic, intermediate-
sized structural variations, which were not observable before with light microscopes or
sequencing-based methodologies. Around 20 years ago, a couple of studies (5, 43)
triggered an “avalanche” by indicating that SVs potentially represent a significant portion

of genetic variations (44).

1.1.4. Copy number variations

Abnormal copy number variation is a type of structural variant appearing quite often in
an individual’s genome. The exact determination of a CNV is challenging, resulting in
many slightly different definitions. The most straightforward and used definition is that
CNVs are large DNA segments that are present at variable copy numbers compared to
the reference genome (resulting in the deletion, duplication or amplification of a certain
DNA region) (45). The determination of the size range is still controversial and unclear.
Generally speaking, the range varies from 50 base pairs to millions of bases (45, 46).
However, CNVs are mostly acknowledged if the affected genomic segment is larger than
1kb (47).

The consequences of CNVs can range from beneficial to deleterious as well. The majority

of CNVs occur in non-functioning, non-coding intergenic regions thus predicted to have
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neutral or minor effects on an individual’s phenotype (45, 47, 48). Although many times
CNVs affect functioning regions of the genome and lead to dosage imbalances. A
remarkable example of gene dosage effect is the 1.4 Mb long microduplication displayed
in human 17p12, which involves the gene PMP22 and results in Charcot-Marie-Tooth
disease type 1A (CMT1A) (49). These CNVs are known risk factors in developing a

variety of human disorders (50-53).

The first association between Mendelian traits and submicroscopic genomic duplications
and deletions dates back to the early 1990s (49, 54, 55). Certain diseases are connected
to CNVs, for example, Prader-Willi/Angelman syndrome (56), DiGeorge syndrome (57),
Smith-Magenis syndrome (58), Williams-Beuren syndrome (59) and so on. In addition,
CNVs have been associated with other complex traits, such as susceptibility to autism
(50), schizophrenia (60, 61) and HIV infection (62, 63). CNVs may also be responsible
for advantageous human-specific traits, for instance, cognition and endurance running
(64, 65).

Evaluation of locus-specific mutation rates of de novo CNVs was estimated by pooled
sperm PCR assays, prevalence calculations, aCGH analyses of trios and studying a single
X-linked gene (DMD). The results suggested that the mutation rates appear much higher
for CNVs than for SNPs (66-68). The mutation rates widely vary between different loci,

which is potentially a result of the differences in genome architecture (69).

CNVs contribute to genomic diversity between individuals and play a significant role in
evolution. Altogether, they have a more determining role in genetic variations than

previously thought.

1.1.4.1. Types of copy number variations

Specific genomic architecture takes part in creating CNVs. Previous studies demonstrated
that repeats in the genome play a considerable role in CNV formation and human
evolution (70, 71).

Two major groups can be differentiated by breakpoint analyses of CNVs known as
recurrent and non-recurrent CNVs (Figure 3). Although breakpoints can be located all
over the genome, they are more frequent in subtelomeric and pericentromeric regions
(69).
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Recurrent CNVs are more or less located on the same genomic location with identical
breakpoints, thus affecting similar sizes of DNA segments among unrelated individuals.
Highly homologous sequences set up the possibility for the creation of various outcomes
of CNVs, even complex rearrangements. Low copy repeats (LCR) are one of these highly
homologous regions and many CNVs are associated with these. They are a subset of the
so-called segmental duplications (SD) although most of the time the two definitions are
used synonymously. SDs are roughly >1kb in size, exist in two or more genomic
locations, occurring interspersed or tandem at multiple locations including subtelomeric,
pericentromeric and even interstitial regions. These highly homologous sequences (more
than 90%) can result in inter- or intrachromosomal segmental duplications. They are
reported in 5% of the genome. SDs generate instability in the genome with the creation
of diverse rearrangements. They have a great impact on genome evolution and the

differences in various organisms (72).

In contrast, non-recurrent CNVs are detected at different locations with an observable
difference in their breakpoints and sizes. A third group, called non-recurrent CNVs with
grouping (Figure 3), may supplement the aforementioned forms. In this case, one side of
the CNVs is localized into a broadly similar genome location, while the breakpoint at the
other side varies, thus the size of the CNVs differs as well. The “fixed” breakpoints are
usually localized adjoining to complex genomic architectural elements, such as
palindromes or cruciforms. More complex chromosomal structural changes can be also
seen at the breakpoints of non-recurrent CNVs, including the addition of short sequences
from elsewhere. Most non-recurrent CNVs occur at sites of very limited homology of 2
to 15 base pairs. Thereby presence of complex DNA sequence architecture contributes to

genomic instability, and indirectly to the formation of CNVs (69).
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Figure 3. Types of copy number variations (73)

In the case of non-recurrent CNVs, a smallest region of overlap (SRO) can be identified,
the definition of which depends on the chosen CNVs and their size range. In general, this
may be helpful for the interpretation of different CNVs affecting a functional gene
corresponding to a predicted phenotype. Appropriately, determined SRO might help to

set up a better genotype-phenotype correlation between unrelated individuals.

1.1.4.2. Mechanism of copy number variation formation

The formation of CNVs can happen during recombination- and replication-based
mechanisms, as well. Many cases show the contribution of transposable elements in the
formation of numerous CNVs (74). Unequal meiotic recombination-based mechanisms
are non-allelic homologous recombination (NAHR), non-homologous end joining
(NHEJ) and microhomology-mediated end joining (MMEJ). Proposed mechanisms based
on replication errors are serial replication slippage (SRS), fork stalling and template
switching (FoSTeS) and microhomology-mediated break-induced replication (MMBIR).
From previous studies (75, 76), it seems that certain conditions or agents lead to

replications stress, which could potentially form harmful CNVs.
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Non-Allelic Homologous Recombination

One of the most known mechanisms is NAHR, which contributes to most of the recurrent
CNVs (73). The mechanism requires the misalignment of highly identical sequences and
strand exchange. This non-allelic recombination event could occur during mitosis or
meiosis as well. The CNVs are often found in close proximity to segmental duplications
or LCRs (77), although other long stretches of homology can also be responsible for
NAHR, such as Alu or L1 elements. Interestingly, smaller homology regions (200 base
pairs to 1 kb) might serve as NAHR “hotspots” as well (78). For instance, the 22q11.2
deletion syndrome is a well-defined example of the involvement of LCRs and NAHR in
the formation of a genomic disorder (57). It seems that the length of the SD and the inter-
SD distance influence NAHR frequency (79).
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Figure 4. Examples of NAHR mechanism (80)
The genomic localization (inter- or intra-chromatid) and relative orientation (direct or
reverse) of the repetitive elements determine the type of the created rearrangements.
(Figure 4) (80) Deletions and duplications will be generated if the element is in direct
orientation (Figure 4/B), while the opposite orientation will create inversions (Figure
4/A). SDs on the same chromosome with direct orientation can generate ring-shaped
DNA segments or deletions shown in Figure 4/C (80). If homologous regions are located

on different chromosomes reciprocal translocations can be generated (11, 80-82).
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Non-Homologous End Joining mechanisms

NHEJ is one of the main repair mechanisms to restore double-strand breaks (DSBs),
especially in GO and G1 phases. The other mechanism is homologous recombination
(HR), which predominates in G2 and S phases. Furthermore, it seems that HR and NHEJ
compete with each other to repair DSBs. The presence of resection highly influences
which pathway will be applied. Without resection, direct ligation will occur, therefore
NHEJ is going to repair the DSB. Extensive resection will promote the HR pathway to
repair the DSB, by generating an ssDNA tail, which might invade a homologous
sequence. Maintaining proper continuity of the genome is essential since unrepaired DSB
can lead to disease progression, cancer promoting initiation, and therapy resistance (83).

Fundamentally, NHEJ recognizes DNA DSBs and ligates the double-strand DNA
(dsDNA) ends together with little (<4bp) or no sequence homology at all (Figure 5). This
is a very fast, relatively accurate process where often the ligated dsDNA segments are
from different genomic regions. In many cases the breakpoint junctions show short
insertions or deletions of a few nucleotides. In addition, breakpoints often localize into
certain repetitive elements (LTR, LINE, Alu etc.). In contrast to NAHR, it does not rely
on the presence of highly homologous regions, thus it can occur anywhere in the genome
(73, 84). Regularly deletions (73) and chromosomal translocations (85) have been

associated with NHEJ; however, duplications (86) were also connected to it (84).

DNA Double strand , D5B

DNA end tethering XACCS & XACCE
Stimulate ligation Snca
" ligase IV
v Ligation

Figure 5. NHEJ mechanism (73)
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After DSB many factors will participate in the process of NHEJ. First of all, the XRCC5
(also known as Ku80), XRCC6 (Ku70) and MRN complex (MRE11-RAD50-NBS1) will
initiate the direct ligation of the DNA ends. The DNA ligation will be completed by
XRCC4-ligase IV.

Microhomology-mediated end joining

MMEJ (Figure 6) is a more error-prone, independent, alternative form of NHEJ.
Generally, DSBs are repaired by MMEJ if homologous replication or NHEJ repair
mechanism are repressed. MMEJ is considered a major source of genomic instability and
most cases generate deletions. However, it is associated with other types of genomic
rearrangements as well, including inversions, translocations and other complex forms
(87-89). It uses 5 to 25 bp long homologies to anneal the dsDNA ends together (90).
Polymerase theta-mediated end joining (TMEJ) is a special form of MMEJ, which is
capable to repair DSBs using really short microhomology (91, 92).

Microhomology-
mediated end-joining

End resection

Ends anneal and DNA

synthesis fills in gaps

Repair with deletion between
microhomologies
One microhomology region
retained

Figure 6. MMEJ mechanism (https://blog.addgene.org/pitching-mmej-as-an-alternative-route-for-gene-editing)
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Fork Stalling and Template Switching

According to the model, the replication fork stops due to some event, and then switches
to a different template by annealing to a complementary microhomologous region on a
replication fork in close proximity and consequently continues replication (Figure 7). This
DNA replication-based mechanism is proposed to take place during the S phase of the
cell cycle (67, 84). The model was first introduced to explain gene amplification induced
under stress in E. coli (93). Previous studies stated that replication fork collapse and
reassembly might be more common than originally thought (94, 95). Besides chemical
changes, certain genomic architecture including specific nucleotide motifs and repeat
sequences contribute to the stalling of the replication (96). The generated rearrangements

range from few kilobases to several megabases (84).

Figure 7. FoSTeS mechanism (73)

Figure 7 shows a complex deletion involving two DNA fragments between three different
genomic regions (indicated by blue, orange and green rectangles). Microhomologous
regions in the replication fork (orange) provides an environment for the other replication
fork (blue) to invade this site bearing microhomology (2 to base pairs). Then the leading
nascent strand at the second replication fork (orange) invades the third fork (green) via
microhomology, and primes its own further synthesis using the right side fork as template.

Thereby a complex rearrangements will be created by this mechanism.
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Microhomology-mediated break induced replication

MMBIR (Figure 8) is a proposed, specific form of break-induced replication (BIR) that
repairs single dsDNA ends coming from collapsed replication forks. When long DNA
sequences (50 or more nucleotides in eukaryotes) are not available for homologous
alignment (seen in BIR), MMBIR might be a potential explanation for CNV formation
(97, 98). MMBIR uses short microhomology coming from another replication fork in
close proximity for template switching. A couple of experimental observations come from
multiple organisms (yeast, E. coli), including the efficiency of Rad51-independent BIR,
reestablishment of replication forks, and micronomology-mediated SD formation (99,
100). As proposed earlier, polymerase eta is efficiently able to restart synthesis in a
replication fork from really short primers (2-3bp) as well (100-102).

Considering the aforementioned, MMBIR is a potential mechanism for the formation of
many non-recurrent copy number variations. The possibility of microhomology-mediated
connection of sequences far away from each other would explain many de novo non-
recurrent CNVs occurring throughout the genome. However, many factors, conditions
and genetic environment influence the occurrence of such events leading to chromosomal
structural changes. The consequences of structural changes could be deletions, inversions,
translocations, rolling circle, duplications and amplification based on the position of fork
breakage, the orientation and the chromosome (detailed in (100) more thoroughly).
MMBIR could also potentially generate LCRs or LCR-like sequences which provide
identical sequences for homology, thus inducing genomic disorders.
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D Template switching to a second donor

A nitiation of BIR :
L E Dissociation of the 3’end

B Failure of BIR and template switching within the molecule - '
L F Template switching to the original donor

C Dissociation of the 3’end T — /—\_
3L G Recombined repair product

Figure 8. MMBIR mechanism (103)

MMBIR mechanism will be induced if the repair of collapsed replication forks by BIR
mechanism fails (A and B). The 3’ end dissociated from the original donor template (C)
and can anneal to other microhomologous sequences in close proximity or at a second
donor template (D, E). The 3 ’ strand extension proceeds and involves multiple template
switching before annealing back to the original template (F), resulting in complex

genomic rearrangements (G).

Serial replication slippage

SRS are basically multiple rounds of forward and backward replication slippage, which
often generate smaller complex rearrangements (104). It involves slipped strand
mispairing at the replication fork and can generate both tandem duplications with short
direct repeats and simple deletions (104, 105). Forward slippage generates simple
deletions, while backward slippage leads to tandem duplications (104, 106).

Mobile element insertion

Mobile elements (ME) make up a significant part of the human genome (107). MEs, also
known as transposable elements (TES), are a type of genetic material, which is capable of
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relocating themself in and across genomes (Figure 9). According to their mechanism of

action, MEs in humans can be classified as DNA transposons or retrotransposons (108).

Several studies (77, 109) demonstrated the importance of TEs in the evolution and
shaping of the genome through constructing correlation between certain SVs and mobile
elements. While, most elements are inactive, some retrotransposons remained active
(mostly Alu, L1 and SVA families), influencing genome diversity. Most SVs caused by
mobile elements are neutral, although some have been associated with certain human
diseases including Pelizaeus-Merzbacher disease, Tay-Sachs disease, Lesch-Nyhan
syndrome, Hemophilia A and Hunter syndrome (108, 110, 111). Four types of structural
variants associated to mobile elements can be differentiated, such as classical
retrotransposon  insertion, non-classical insertions, non-allelic homologous
recombination-mediated insertion/deletion, and non-homologous end joining-mediated
deletion (110).

MEI
ChrA—{R— ChrA—H+

SRNA  —

SR B | chre JHIEHE

>{ = Double Strand Break

Figure 9. Mobile element insertion (84)

Knowing and understanding the mechanism underlying CNV formation is a significant
part of identifying and predicting factors and events contributing to a variety of structural

variants and their manifestation in an individual.

1.1.4.3. Detection of copy number variations

Accurate screening and characterization of CNVs are challenging because of their wide
range of length. From the first methods used for the analysis of CNV at a microscopic
scale to the newest generation of sequencing techniques, numerous molecular diagnostic
methods have been developed and applied (Figure 10). As detection methods have
evolved, the resolution of detection improved over time, giving the possibility of the

identification of CNVs with various sizes. After initial analysis of entire chromosomes
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with Kkaryotyping, hybridization-based methods have led to major advances in the
identification of CNVs and a more detailed analysis of the genome. Fluorescence in situ
hybridization (FISH) remained a commonly used technique for confirmation of
chromosomal abnormalities from metaphase or interphase using fluorescent probes (23,
112).

Nowadays, primarily microarray-based platforms (array-based comparative genomic
hybridization), Multiplex Ligation-dependent Probe Amplification (MLPA) and Next
Generation Sequencing (NGS) are used for CNV detection.

WGS >
Karyotyping ———3»
FISH >
aCGH >
MLPA >
sequending >
Exons Genes Chromosomes
X =——1 “ommm
I |
0.5kb 1k 05Mb 1Mb 0.5Gb 1Gb 3Gb

Rt e e e

Human genome

Figure 10. Schematic representation of the resolution of different methods capable to detect CNVs

Comparative Genomic Hybridization (CGH) is a technique developed in the early
nineties to identify chromosomal gains and losses along the whole genome (113). A
methodological advancement of classical cytogenetics has resulted in the development of
a high-resolution, genome-wide screening technique known as array comparative
genomic hybridization (aCGH) (114).

aCGH can be applied to search for imbalances relatively efficiently and quickly
throughout the genome. It uses differently labelled fluorescent genomic DNA samples.
The signal intensity ratio seen between two samples is a representation of the copy
number balance of certain chromosomal targets. The first important observations came

from approaches using BAC clones (112). However, poor resolution resulted in
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overestimation of CNV sizes. The usage of long oligonucleotide arrays facilitated a more
accurate determination of CNVs, provided a more complete genome coverage, better
signal-to-noise ratio and helped the process of chip development. aCGH or DNA
microarrays are mostly used to search for clinically important variants (23, 114). SNP
microarrays correlate signal intensities from a sample with clustered intensities and from

a set of reference samples, and analyze single sample per microarray (112).

Although aCGH is capable of detecting large CNVs simultaneously throughout the whole
genome, it is usually not applicable to detect smaller CNVs, especially at the exon level.

In addition, it is not capable to precisely characterize the breakpoints.

MLPA is a molecular genetic diagnostic method capable of investigate copy number
differences at multiple loci. Relatively low amounts of genomic DNA can be amplified
by PCR reaction after the steps of denaturation, hybridization and ligation (115). The
technique involves the amplification of oligonucleotides that have been previously
hybridized to the genomic DNA template, thus only the ligated oligonucleotides will be
amplified. The efficiency of the method to analyze highly homologous sequences is based
on the sensitivity of the ligation step. MLPA can easily and successfully identify multiple
exons simultaneously. The advantages of MLPA are that it is fast, cost-effective, and
multiple loci can be analyzed. A significant limitation is that polymorphisms at or near
the ligation sites might affect the ligation step and influence the results. Like aCGH,

MLPA is also ineffective for precise breakpoint characterization (115).

High-throughput sequencing provides numerous data as a result of sequencing millions
of short reads with high productivity, reproducibility and accuracy. However, early usage
of NGS was based on the detection of SNPs and small indels, and the improvements in
the quality of NGS made it available to identify CNVs, as well. Consequently, with the
abundant numbers of short overlapping fragments the detection resolution has been
greatly improved, therefore providing a better viewpoint of structural variations of
various sizes. The proper detection of structural variations is still a difficult task and many
detection algorithms and methodologies are being developed including de novo assembly,
split read and read depth methods (RD) and paired end mapping (116). For instance,
determining of absolute copy number variations, read depth method is a useful technique
as seen in previous research (117). In addition, RD is capable to detect exact breakpoints
with high accuracy (118). Although mixed approaches are also being used. A significant
limitation of short-read sequencing is connected to unique mapping of short reads to
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homologous regions, for example SDs. The most accurate approach to discover SVs is
complete genome assembly compared to a high quality reference genome (112). Using
new algorithms and longer read technologies will potentially improve de novo assembly.
Overall, NGS is capable to identify genetic variations in a wide range from SNPs to large
CNVs. Although most of the advancements coming from whole genome or whole exome
sequencing, more and more computational pipelines are being developed to detect smaller
CNVs (118). The improvement of algorithms and bioinformatics tools detecting
structural variations significantly helped the definition and determination of SVs (23,
119).

In order to detect CNVs several laboratory techniques have been developed, either for
genome-wide or locus specific analysis. However, exact determination at base-pair
resolution of breakpoint junctions stands as a challenging task. Sequencing of CNV
breakpoints after amplification of the junction by long-range polymerase chain reaction
(PCR) is a conventional method for the determination of the breakpoints (67, 120). DNA
targets over 5kb can be amplified by long range PCR. Recently new methods are being
introduced for proper determination of the breakpoint junctions, such as asymmetry
linker-mediated nested PCR walking, and capture and single-molecule real-time
sequencing. They have been demonstrated to improve CNV detection, in cases where
structural complexity is present (for instance CNVs in Pelizaeus-Merzbacher disease)
(121).

It is clear that no single techniques are capable to accurately identify the various forms of
CNVs. Each methodology from cytogenetics to massively parallel sequencing has its own
advantages and limitations. In general, aCGH is applied for genome-wide analysis of
large CNV's without exact characterization of the breakpoints. However, MLPA is a more
targeted approach, it is usually applied to examine CNVs affecting one or a few exons to
several genes. However, in combination they supplement each other in resolution and
accuracy. Furthermore, usage of different methods is essential for the verification and
confirmation of detected CNVs. With the latest advancement in next generation
sequencing, primarily whole genome sequencing, and bioinformatics, conceivably SNVs
and various sizes of CNVs can be properly analyzed simultaneously in the future, thus

simplifying and accelerating the diagnostic process.
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1.2. Rare Diseases

There are several ways to define rare diseases, thus there is no universal definition for
this term. In some cases the definition is based on the number of affected people, in other
cases it relies on the severity of the disease and/or the existing/non-existing treatments.
By the definitions of the European Commission on Public health, rare diseases are “life-
threatening or chronically debilitating diseases which are of such low prevalence that
special combined efforts are needed to address them”. The prevalence number is specified
as less than 1/2000 people. Currently around 7000 rare diseases are acknowledged. Most
of them have a genetic cause, only a small portion are generated by infections (bacterial,
viral), allergies, and other environmental factors. The disorders can be inherited from
parents or generated de novo. To our current knowledge ca. 50% of rare diseases affect
children. The Global Genes Project estimates the number of affected people as 300
million. The manifestations of the disorders are vastly variable, even among families
affected by the same diseases. Both disease progression and the manifestation of the
disorder are different amongst patients. In conclusion, the determination and diagnosis of
each disorder remain a challenging issue (122, 123).

1.2.1. Marfan syndrome

Marfan syndrome (MFS; OMIM #154700) is a multi-systemic disease with high clinical
heterogeneity. It is an autosomal dominant disorder affecting mainly the skeletal, ocular
and cardiovascular systems. The expression of the disease can vary in a spectrum from

mild isolated features to severe and progressive multiorgan disease (124).

The most life-threatening complication in MFS is connected to the cardiovascular system,
including dilatation of the aortic root and ascending aorta, which can result in aortic
dissection and sudden death (125, 126). MFS shows complete penetrance (127). The
estimated prevalence of MFS is about 1/5000-1/10000 (124). Characteristic inter- and
intrafamilial variability have been found in the disease progression and clinical
presentation. The disease is caused by mutations in the fibrillin-1 (FBN1) gene, which
consists of 65 coding exons and is located on the long arm of chromosome 15 (15921.1).
It encodes a major component of microfibrils in the extracellular matrix, called fibrillin-
1.
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Pathogenic variations in the genes encoding transforming growth factor 3 receptors 1 and
2 (TGFBR1 and TGFBR2, respectively) have also been reported in patients with MFS
(128, 129). Interestingly, most of the disease-causing mutations in TGFBR1 and TGFBR2
are responsible for another inherited connective tissue disorder, called Loeys-Dietz
syndrome (130). Moreover, there are other MFS-related disorders known as Loeys-Dietz
syndrome, homocystinuria, Ehlers-Danlos syndrome vascular types, stiff skin syndrome,
MASS syndrome (mitral valve prolapse, aortic enlargement, skin and skeletal findings)
and congenital contractural arachnodactyly. These have overlapping phenotypic features
with MFS, therefore diagnostics and/or genetic testing is essential in the establishment of

the precise diagnosis (131, 132).

According to ClinVar (https://www.ncbi.nlm.nih.gov/clinvar) database, ca. 2500 disease-
causing variations (pathogenic, likely pathogenic) and ~1700 alterations with uncertain
significance are known in the FBN1 gene. Although missense mutations are the most
prevalent forms represented (133) several frameshift, splice-site or nonsense mutations
and in-frame deletions and insertions have also been identified. In addition, the number
of large structural variations are increasing as well. Both single, multiple exons and whole
FBNL1 deletions have been reported so far (130, 134-159). In the case of FBN1, 2-7% of
MFS patients have been reported to carry a copy number variation (CNV) (130, 142).
Until now, no genomic rearrangements were detected in either TGFBR1 or TGFBR2.
Copy number changes of entire TGFBR1 or TGFBR2 were identified as part of
microdeletion or microduplication involving several other genes (157, 158).

1.2.2. Neurofibromatosis

Neurofibromatosis has multiple distinct types, although the three most frequent are
neurofibromatosis type 1 and 2 (NF1 and NF2) and schwannomatosis. Neurofibromatosis
has no gender or racial predilection. The most common type, the neurofibromatosis 1
(NF1; MIM#162200), also known as von Recklinghausen disease, is an autosomal
dominant disorder caused by genetic alterations in the gene called NF1. The disease was
described first in 1881 by a German pathologist, Friedrich Von Recklinghausen. Its
incidence at birth is 1 in 2500-3000, while the incidence of segmental NF1 is estimated
at 1 in 36,000 to 40,000 (160, 161). The main clinical features of NF1 are the
hyperpigmented skin macules, called café-au-lait spots (CALS), and the pathognomonic
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neurofibromas. The neurofibromas are mostly noncancerous (benign) tumours, localized
on or just under the skin. It’s a composition of Schwann cells, blood vessels, mast cells
and fibroblasts. Neurofibromatosis has a tremendous spectrum of clinical variability,
including Lisch nodules, skeletal abnormalities, vascular disease, central nervous system
tumours and cognitive dysfunction (attention deficit, learning disabilities), as well.
Skeletal abnormalities such as dysplasia of the long bones are characteristic for NF1
patients. Many features increase in frequency with aging and show age-dependent
penetrance (162). Characterization differs not just amongst unrelated individuals, but also
between relatives in a single family. Socialization is heavily impacted by cognitive and

developmental delay.

The tumour suppressor gene encodes a Ras-specific GTPase-activating protein, called
neurofibromin (NM_000267) (163). Its major role is to negatively regulate the
Ras/MAPK signaling cascade and to regulate the mTOR pathway activity, therefore
participating in the regulation of cell growth and differentiation. Its expression affects a
vast number of cells in the nervous system including neurons, astrocytes,

oligodendrocytes, microglia and Schwann cells (162, 163).

NF1 is a ca. 290 kilobases long segment localized on the long arm of chromosome 17
(17911.2), consisting of 57 exons. The loss-of-function mutations in the NF1 gene cause
neurofibromatosis type 1. The penetrance and the mutation rate is quite high with 80% of
paternal origin (164). Mutations can be inherited from the parents or arise de novo,
without a family history. Novel mutations occur primarily in paternally derived
chromosomes, and the probability of these mutations increases with the paternal age
(164). These de novo mutations occur approximately in 50% of the cases. Most of the
time the molecular basis for NF1 is the haploinsufficiency for neurofibromin. Worth
mentioning that, epigenetic modifications could cause variability in the phenotypic
expression. NF1 is caused by mutations in the NF1 gene and rarely by 17qg1l
microdeletion (162). A great number of germline mutations are intragenic and their effect
results in truncated neurofibromin (165). According to the ClinVar database, currently
approximately 3300 disease-causing mutations and more than 3500 variations of
uncertain significance are dispersed through the gene. The molecular interpretation is
made challenging by the facts, that the gene’s introns contain coding sequence, the gene

has three alternatively spliced exons (9a, 23a, 48a) with different tissue specificities and
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there are pseudogenes on different chromosomes (for instance: 2921.1, 14qll.1,

18p11.21, 22q11.1 etc.).

Present day nearby 5-11% of NF1 patients have copy number variations (CNVSs),
specifically deletions encompassing the NF1 and contiguous genes (166, 167). A recent
work of Hildegard Kehrer-Sawatzki et al. indicates that a difference is observable in the
clinical phenotypic features between the general NF1 population and those patients who
have type-1 NF1 microdeletions (168, 169). According to previous studies, more severe
clinical manifestations of NF1 are associated to NF1 microdeletions compared to
intragenic point mutations (162, 169). For instance, a previous study showed that patients
who have NF1 microdeletions have a higher incidence of learning disabilities and facial
dysmorphism (162). Currently, there are 4 types of microdeletions, called types 1, 2, 3
and atypical. (Figure 11)
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Figure 11. Schematic representation of the different NF1 deletion types

The main difference between them is the breakpoint location, the size involved, and the
affected region, specifically the affected genes inside the deletions range. The most

frequent form is the type-1 NF1 microdeletion (76-80%), which is 1.4 Mb long and
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include 14 protein coding genes, and four microRNA genes, as well (170). This high
frequency is a result of the architecture of this chromosomal segment, specifically the
flanking regions of the NF1 gene. The neighbouring region contains low-copy repeat
segments, thus giving susceptibility to the reoccurrence of mutations. These low copy
repeats are paralogous sequences called NF1-REP-a and NF1-REP-c. The main

characteristics of the different types are described briefly in Table 1 (162).

Table 1. Different types of NF1 microdeletions and their features

Type 1 Type 2 Type 3 Atypical
Size 1.4 Mb 1.2 Mb 1.0 Mb heterogeneous
14 protein coding + | 13 protein coding + 2 | 9 protein coding +
Affected genes 4 microRNA microRNA 2 microRNA heterogeneous
Frequency 76-80% 10% 1-4% 8-10%
NF1-REP-a and NF1-REP-b and
Breakpoints NF1-REP-c SUZ12P and SUZ12 NF1-REP-c heterogeneous

Type 1, 2 and 3 are caused by interchromosomal recombination, known as non-allelic
homologous recombination during either meiosis (type 1, type 3), or mitosis (type 2).

This is the most well-known mechanism, and majority of CNVs are related to it.

In the case of atypical microdeletions, the causes are heterogeneous, several mechanisms
have been related to their formation, including aberrant DNA double-strand break repair
and/or replication, and retrotransposon-mediated mechanisms. An increasing number of
cases highlight the importance of transposable elements in the formation of genomic
rearrangements (77, 108-111). Atypical NF1 microdeletions do not present recurrent
breakpoints, the affected genes and size also vary. Both postzygotic and germline origins

can occur.

The first 179g11.2 microdeletion patient was reported in 1992. Since then, more than 150
subjects have been described (171).
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2. AIms

Our aim was to

1. determine the frequency and the type of copy number variations among patients
with type 1 neurofibromatosis;

2. explore the genotype-phenotype correlation between different types of copy
number variations in the NF1 microdeletion patient cohort;

3. compare the differences in the clinical course of the intragenic and microdeletion
patient cohort suffering from type 1 neurofibromatosis ;

4. reveal an association between the detected large FBN1 deletions so far and the
severity of the cardiovascular manifestations;

5. investigate the contribution of the deletion of regulatory elements in the clinical
course of Marfan syndrome;

6. explore the mechanism underlying the large deletion of FBNL1.
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3. Materials and methods

3.1. Patients and sample preparation

Patients with suspected syndromes for Marfan syndrome or neurofibromatosis were
referred for genetic testing at our institute (Department of Medical Genetics). The patients
and their families included in the study underwent clinical examination and sampling in
the context of genetic counselling. Written informed consent was obtained from all
patients or their legal guardians and peripheral blood samples were collected. All
experiments were performed in accordance with the Helsinki Declaration of 1975 and
with the Hungarian legal requirements of genetic examination, research and biobanking.

The research was approved by the ethics committee of the University of Pecs.

Our research included 41 patients with suspected Marfan syndrome or a related
connective tissue disorder. These patients originated from 38 unrelated families [13
females, 28 males; mean age: 23 years (age range: 1-47 years)]. Preliminary analysis of
the FBN1, TGFBR1 and TGFBR2 genes were performed by Sanger sequencing with
negative results. As a control, 15 patients [7 females, 8 males, mean age at the time of
examination: 28 years, (age range: 0.5-59 years)] with intragenic FBN1 mutations were
enrolled into the study, as well. All of the patients fulfilled the revised Ghent criteria. The
diagnostic criteria of Ghent nosology for Marfan syndrome without family/genetic history
requires a major criterion in two systems (ocular and skeletal systems) and the

involvement of one additional organ system (cardiovascular and/or skin).

Our research included 640 unrelated patients with suspected neurofibromatosis. After
Sanger sequencing of the NF1 gene or NGS analyses of NF1, NF2, KIT, PTPN11, RAF1,
SMARCBL, and SPRED1 genes no disease-causing mutations have been identified in 252
patients. Of these, 17 patients (10 males, 7 females; mean age at time of examination:
12.9 years, age range: 2-36 years) with large NF1 deletion were identified by MLPA. The
patient cohort consisted of mainly children (14 out of 17) with the ages between 2 and 17
years. As a control, 33 patients age and sex matched (14 females, 19 males; mean age at
the time of examination: 15.2 years, age range: 6 months - 47 years) with intragenic NF1

mutations were enrolled into the study, as well.
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3.2.  Clinical investigation of NF1 patients

Phenotypic features of the 17 microdeletion and the 33 control patients were collected
using the same standardized questionnaire collection protocol in four HCPs (health care
provider). Most symptoms were confirmed by physical examination. In all cases, the same
clinician examined and followed up the same patient. An ophthalmologist diagnosed the
Lisch nodules and other ocular manifestations. Dysmorphic features were assessed by an
expert clinical syndromologist based on international guidelines
(http://elementsofmorphology.nih.gov/) (172, 173). All the patients were investigated by

cranial MRI. Age and race-related percentile curves were applied to evaluate childhood

overgrowth.

Evaluation of the intellectual functions, developmental delay and learning disabilities
were determined by various psychological tests appropriate to their age: ages between 0
and 5 years (Walter Strassmeier’s developmental scale) (174), ages between 1 and 42
months (Bayley Scales test) (175) and ages between 3 and 14 years (Budapest Binet test)
(176). When 1Q was not measured, it was estimated to be >70 based on the fact that the
patient attended a regular kindergarten or school (with special educational needs). In order
to determine attention deficit hyperactivity disorder (ADHD), international guidelines

were applied (https://www.nhs.uk/conditions/attention-deficit-hyperactivity-disorder-

adhd/symptoms/). In case a patient was not able to speak or had a problem with the

language content, structure and expressive vocabulary and grammar, the term “speech
difficulties” were applied. In our cases, the speech difficulties were connected to delayed

language development and not the neurological symptoms.

3.3. Methods
3.3.1. DNA isolation

DNA was isolated from peripheral blood leukocytes with E.Z.N.A.® Blood DNA Maxi
kit (Omega BIO-TEK, Norcross, USA). The concentration and purity of extracted DNA
were measured with a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA).
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3.3.2. MLPA analysis

MLPA analysis was applied to search for copy number variations in the genes FBN1,
TGFBR1, TGFBR2, NF1 and its neighboring region. Commercially available SALSA
MLPA probemix P065-C1 and P066-C1 (MRC-Holland, Amsterdam, The Netherlands)
were used for FBN1, TGFBR1, TGFBR2 for investigating Marfan syndrome patients. In
case of type 1 NF patients, SALSA MLPA kits P081-D1 and P082-C2 were used for NF1.
Moreover, SALSA MLPA kit P122-D1 NF1 area mix was used for the examination of
the contiguous genes in the flanking regions. The probemix contained 20 probes for 16
genes (MYO1D, PSMD11, ZNF207, LRRC37B, SUZ12, UTP6, RNF135, ADAP2,
ATADS5, CRLF3, SUZ12P, CPD, BLMH, TRAF4, PMP22, ASPA), which were localized
upstream and downstream, as well. Besides, it also contained probes for five distinct NF1
exons (1, 17, 30, 49, 57). Information about the localization and exact sequences of the
probes are available on the manufacturer's website. According to the manufacturer’s
instructions, a total of 100-200 ng of genomic DNA of each patient was used. Capillary
electrophoresis was applied on an ABI3130 Genetic analyzer (Life Technologies, USA).
The results were analyzed using Coffalyser software (MRC-Holland, Amsterdam, The
Netherlands). Each MLPA signal was normalized and compared to the corresponding
peak area obtained from the three control samples. Deletions and duplications of the
targeted regions were suspected when the signal ratio exceeded 30 % deviation. Positive
results were confirmed by repeated MLPA experiments.

3.3.3. Whole genome array comparative genomic hybridization analysis

Whole Genome Array Comparative Genomic Hybridization Analysis was performed
using the Affymetrix CytoScan 750 K Array. Genomic DNA samples were digested,
ligated, amplified, fragmented, labeled, and hybridized to the CytoScan 750 K Array
platform according to the manufacturer’s instructions. The raw data were analyzed by
ChAS v2.0 Software (Affymetrix, Thermo Fisher Scientific, Waltham, MA)
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3.3.4. CNV interpretation detected by aCGH

The interpretation of CNVs was performed with the help of several public databases and
websites including Ensembl and ECARUCA (European Cytogeneticists Association
Register of Unbalanced Chromosome Aberrations) (177), UCSC database, DGV
(Database of Genomic Variants), and DECIPHER (Database of Chromosomal Imbalance

and Phenotype in Humans using Ensembl Resources) (178).

3.3.5. Somatic mosaicism determination in NF1 microdeletion

In order to determine the presence and extent or absence of somatic mosaicism in patients
examined by aCGH assay in the NF1 patient cohort, allele difference plot and B allele
frequency (BAF) plot were evaluated together with Log2 ratios and weighted Log?2 ratios
with the help of ChAS software. In the samples investigated by MLPA, the ratio values
for each MLPA probe were used to assess mosaicism. Values between 0.4-0.6 were
considered as non-mosaic deletion, values around 0.7 or up to 0.8 were considered as

mosaic deletion.

3.3.6. Characterization of breakpoints in FBN1 deletion

Long-range PCR and subsequent Sanger sequencing were applied to confirm the FBN1
deletion and determine the breakpoints. We designed primers targeting the flanking
region of the predicted deletion (45F: 5’-TCTTGGTTGCTTCCAAATTC-3* 47R: 5°-
GCTGGAACACTAGAGATGATG-3’) and QIAGEN Long Range PCR kit (Qiagen,
Hilden, Germany) was applied. The following cycling process according to the
manufacturer’s instructions was applied: 3-min initial denaturation at 93 °C, 35 cycles of
15sat93 °C, 30 s at 55 °C and 8 min at 68 °C. The PCR analysis displayed a ca. 1.5kb
and a 6kb (wild type) product. The smaller fragment was excised from agarose gel and
cleaned with the help of Nucleospin Gel and PCR Clean-up kit (Macherey-Nagel, Diiren,
Germany). The purified PCR product was sequenced with the help of BigDye Terminator
Cycle Sequencing Ready Reaction kit v1.1 in an ABI PRISM 3130 Genetic Analyzer
(Applied Biosystems, Forster City, USA) and the aforementioned 45F, 47R and newly

designed internal primers. The designed internal primers are shown below:
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- FBN1delF: 5>-CAGGAAGAATGTGTTATTTTGCTC-3’
-  FBN1delR: 5’-GTCTCAGAATGTATCCCTCAC-3’

3.3.7. In silico analysis of the FBN1 gene in patients suffering from

Marfan syndrome

In silico analysis of the neighboring region of the breakpoints were applied with the help
of Tandem Repeats Finder (179), REPFINDER (180), RepeatMasker (181),
REPEATAROUND (67) and QGRS MAPPER (182). Tandem Repeats Finder was
applied to display and locate tandem repeats in the DNA sequence. In case of identifying
inverted repeat and/or identical direct repeat sequences REPFINDER was applied.
RepeatMasker with HMMER and Cross_match search engine with low sensitivity was
applied for screening interspersed repeats and low complexity DNA sequences.
REPEATAROUND was used to identify mirror repeats, direct and inverted repeats. The
examined size range was determined at the range of 30 bases both downstream and
upstream from the breakpoints. QGRS MAPPER was applied for the examination of G-

rich sequences.

3.3.8. Analyses of regulatory elements in FBN1

Regulatory elements were analysed within the FBN1 gene with the help of the UCSC
genome browser. In silico preliminary analysis included the usage of the TFBS
Conserved, ENCODE Transcription Binding Factors, Vista Enhancers, UCSC genes,
base positions and ORegAnno tracks. Throughout the whole FBN1 gene, the ORegAnno
identifiers were collected with the associated transcription factor names and their genomic
positions. ORegAnno (Open Regulatory Annotation) shows literature-curated,
experimentally proven regulatory regions and polymorphisms, and transcription factor
binding sites (TFBS) as well. The positions were correlated to the FBN1 deletions with
known genomic positions. Conversion of the breakpoints were applied into

GRCh37/hg19 genome build where it was essential.

The presented regulatory elements are from PAZAR and JASPAR datasets via UCSC.
PAZAR is a public database of regulatory sequence and transcription factor annotations.
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JASPAR database includes curated and non-redundant experimentally determined TFBS
in different eukaryote organisms. Preliminary association analysis was applied with the
data exported from previous Chip-seq analyses which provided several various TFBS

mapped to the FBN1 gene.

In order to make the data comparable, genomic localization of the regulatory elements
and all published FBN1 deletions affecting a single or a few exons have been harmonized
with the GRCh37/hg19 genome build.

3.3.9. Statistical analysis

SPSS version 27 (SPSS inc, Chicago, IL) was applied for the statistical analysis. Two-
tailed Fisher’s exact test was used to measure differences in the frequencies of clinical
features between patients with copy number variations (NF1 microdeletion and FBN1
large deletion) and patients with intragenic mutations. A difference with p<0.05 was

considered as significant.
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4.  Results
4.1. Marfan syndrome
4.1.1. CNV analysis

Large FBN1 rearrangements were screened by MLPA in 41 patients. Among these, one
novel large deletion was identified in a 22-year old female and her 1-year-old son. The
mother’s clinical examination started when she was 12 months old. Initial symptoms
included long arms, arachnodactyly, myopia, lens subluxation and pectus excavatum.
Clinical evaluation did not fulfill the Ghent criteria at the age of four. Her initial
symptoms and the observed elevated homocysteine level in her urine suggested
homocystinuria as a clinical diagnosis. Mutation analysis of the CBS gene (cystathionine
beta synthase) displayed negative results. As a result of the appearing new symptoms
(mitral valve prolapse, skin striae, pectus carinatum, scoliosis, joint hypermobility) later
in her life, finally fulfilled the diagnostic criteria for Ghent nosology. The 1-year-old male
patient also showed several symptoms, including arachnodactyly, positive wrist and
thumb sign, pectus excavatum, scoliosis and a tendency toward tall stature. His

cardiovascular system was intact and had mild myopia.

During MLPA analysis a novel large deletion encompassing exons 46-47 was identified
(Figure 12). As a consequence, the 31st and 32nd calcium binding EGF-like domains of
the fibrillin-1 protein are deleted which contributes to the development of the Marfan
syndrome. The molecular testing of the female patient’s parents confirmed the de novo

origin of the deletion.
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Figure 12 Heterozygous deletion of exon 46-47 indicated by the reduced peak areas after MLPA analysis

4.1.2. Breakpoint analyses and possible molecular mechanism

exploration

Further analysis by long range PCR confirmed the deletion and determined the exact
breakpoints. The examination revealed a 6kb (wild type) and a 1.5 kb long fragment
(deleted allele). The excision and purification of the smaller fragment followed up by
direct sequencing presented a 4916 bp long deletion. Interpretation and identification of
the sequences showed that the breakpoints localize into intronic regions resulting in an in
frame mutation. A TG insertion was found near the breakpoints, which was not observed

in the parents’ sequence. (Figure 13)

FBN1

Ex 45 i Ex 46 Ex 47 Ex 48 Ex 49
| ]
I | 1 |

4916 nucleotid
deletion

TG insertion

ATTTTCCTTGGATTTCCTTGC CTTGTGTGTTCTTTGTAATTAGCAT CAT CT Junction

ATTTTCCTTGGATTTCCTTGCCT—-—-ACCAGTGATTAAGTGGTAGGAAGT GC Intron 45-46
CAGCAAAGGAAGTCAGTTTTATA--TGTGTTCTTTGTAATTAGCATCAT CT Intron47-48

Figure 13. Breakpoint characterization. Sequences of intron 45 (blue) and intron 47 (green) illustrated by different
colors. Exons are represented by bars and marked with the corresponding number. Orange dotted lines mark the
position of the breakpoints. Black letters denote the sequences of the deleted regions. All nucleotide positions are
represented in relation to the human genome reference sequence (NCBI build hg19).
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Figure 13 presents the sequences of PCR products spanning the breakpoints junction of

the deletion with the TG dinucleotide insertion (indicated by curved arrow).

In order to explore the formation of the deletion, preliminary in silico analysis was
performed. REPFINDER and Tandem Repeats Finder Program did not reveal remarkable
sequence homology in close proximity of the deletion region. The aforementioned
programs were applied for the analysis of the genomic sequence between exon 44 and 50.
No significant repeat sequences were revealed. RepeatMasker did not expose any L1,
Alu, LTR, MIR DNA elements between exon 45 and 48. Tetraplex formation of a single
strand of DNA with another unpaired single strand could be generated by G-rich
sequences. No significant G-rich sequences were detected by QGRS MAPPER.
REPEATAROUND showed slight differences in the repeat variations (Table 2) with or

without ‘TG’ insertion.

Table 2 Representation of the detected repeats (direct, indirect, mirror, complementary) by REPEATAROUND

5' breakpoint with TG insertion |5' breakpoint without TG insertion
4 base (2) 4 base (2)
Direct repeat 5 base (4) 5 base (3)
8 base (1) 8 base (1)

4 4

Indirect repeat base (6) base (6)
5 base (2) 5 base (1)
Mirror repeat 4 base (4) 4 base (2)
Complementary |4 base (5) 4 base (5)
repeat 5 base (2) 5 base (2)

4.1.3. Investigation of the association between the severity of

cardiovascular manifestations and CNVs

Cardiovascular (CV) symptoms were classified into two distinct groups, called minor and
major CV. The former includes annulus mitralis calcification (age of onset, <40y),
pulmonary artery dilatation, mitral valve prolapse, aorta descendens or aorta abdominalis
dilatation or dissection (age of onset, <50y). Major symptoms include aorta ascendens,
aortic ascendens dilatation with or without aortic regurgitation and involvement of the

sinuses of Valsalva.

The CV symptoms of patients with a large deletion of the FBN1 gene observed in the
literature so far are summarized in the tables below (Tables 3, 4, 5). A great portion of

the patients carrying single-exon deletion showed major CV symptoms (10 out of 16;
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63%), in addition, one patient had minor symptoms, and two patients had no
manifestations in the cardiovascular system. Data was not available for three patients and
in one case the clinical information was not clear. Patients with multiple exon deletions
showed much higher frequency of major CV symptoms (16 out of 19; 84%). Furthermore,
11 patients had minor symptoms besides their major CV symptoms. The remaining five
patients did not show minor CV symptoms, one patient (our case) had minor CV
symptoms only and no clear clinical information was available in two cases. In case of
whole gene deletion, 11 out of 16 patients (69%) displayed major CV symptoms, where

eight patients belong to two families.

Among our control patients (intragenic mutations) six patients showed major (40%), four
patients displayed minor CV manifestations (mitral valve prolapse only, 27%) and five
patients did not have any CV symptoms. The observed frequencies of the major CV
manifestations demonstrated a significant difference (73 vs 40%, respectively; p=0.031)
between patients with large deletion and the control patient cohort. In case of patients
with multiple exon deletions the results were quite similar (84% vs 40%; p=0.012).
Finally, no significant difference was presented between the patients carrying single exon

deletion and the patients with an intragenic FBN1 mutation.
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Table 3 Summary of MFS cases with single-exon deletion in FBN1 gene

Original exon

IF/

Confirmation/breakpoints

Phenotype in

Cardiovascular symptoms

numbering OF Affected domains Technique determination paper Major Minor Ref
Ex1 and promoter Affymetrix Human
region OF B MLPA Mapping 500 K Array Set Severe MFS X X (148)
Ex1 ?Qgigrr]of‘mer OF - MLPA Sequencing Classic MFS N/A N/A (149)
Ex1* OF - MLPA N/A Classic MFS N/A N/A (130)
PCR then SSCP .
Ex2 IF - and CSGE N/A Classic MFS X - (147)
High-Throughput
Ex3 OF 1st EGF-like Microarray and N/A MFS N/A N/A (150)
MLPA
Ex6 IF 3rd EGF-like MLPA gap PCR and sequencing Potential MFS - - (145)
Ex18 IF 11th cbEGF-like N/A N/A Potential MFS - - (159)
Ex29* IF 18th cbEGF-like SSCP N/A Neonatal MFS X - (155)
Ex30 IF 19-20th chEGF-like aCGH MLPA Neonatal MFS X - (156)
Ex33 (noprobes | - | 51 oot chEGF-like | DHPLC/MLPA N/A Neonatal MFS X : (136)
for exon 32)
. PCR- .
Ex36 IF 25-26th chEGF-like DHPLC/MLPA N/A Classic MFS # # (143)
Ex43 IF | 7th TB, 29th chEGF-like MLPA qPCR/long range PCR then | o0 Mg X - (157)
Sanger sequencing
Ex50 IF 35th ChEGF-like MLPA qPCR/long range PCR then | o\ o t04 MES X ; (157)
Sanger sequencing
_ PCR then SSCP _
* - -
Ex52 IF | 8th TB, 36th cbEGF-like 4 esop N/A Classic MFS X (147)
Ex54 IF |  37-38th chEGF-like MLPA qPCR/long range PCR then | ¢ o004 MFS X : (157)
Sanger sequencing
Ex56 IF |  39-40th chEGF-like MLPA qPCR/long range PCR then | ) i s X - (157)

Sanger sequencing

N/A: not available, #: no explicit clinical information, IF: in frame, OF: out of frame *:it is not clear whether the referred paper uses the 65 exon or 66 exon numbering, **the

referred paper probably uses the 65 exon numbering convention
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Table 4 Summary of MFS cases with multiple exon deletions in FBN1 gene

Original

Cardiovascular

exon IF/ Affected domains Technique Confirmation_/ brgakpoints Phenotype in paper symptoms Ref
numbering OF determination Major Minor
Ex1-5 OF 1-3rd EGF-like MLPA/Array-CGH N/A Classic MFS X X (141)
Ex1-16 OF 1-3rd EGF-like, 1st TB, 4-10th cbhEGF-like MLPA Affymetrix Array Classic MFS X X (148)
Ex1-36 OF 1-3rd EGF-like, 4-26th cbEGF-like, 1-5th TB MLPA gap PCR and sequencing Classic MFS X X (145)
Ex2-4 | OF 1-2nd EGF-like NGS (panel then was) | MILPA a’s‘nggrii"r‘]’gh sanger Classic MFS X X (135)
Ex6-65** | OF 3rd EGF-like, 4-47th cbEGF-like, 1-9th TB MLPA N/A Classic MFS # # (130)
Ex13-49 IF 7-34th cbEGF-like, 3-7th TB DHPLC/MLPA N/A MFS X X (136)
Ex24-26* IF 14-16th chEGF-like N/A N/A Neonatal MFS X X (134)
Ex33-38 IF 21-26th chEGF-like, 6th TB MLPA N/A Neonatal MFS X X (151)
Ex34-43 IF 23-29th chEGF-like, 6-7th TB MLPA N/A Classic MFS X X (158)
Ex37-65** | OF 26-47th cbhEGF-like, 3-9th TB MLPA N/A Classic MFS # # (130)
Ex42-43 IF 7th TB, 29th chEGF-like sequencing and RT-PCR N/A Classic MFS X - (146)
Ex44-46 IF 29-31th chEGF-like sequencing and RT-PCR N/A Neonatal MFS X X (146)
Ex44-66 | OF 29-47th cbEGF-like, 8-9th TB MLPA aPCR/ 'Oslzﬂirr‘]%fn';m then Classic MFS X - (157)
Exd6-47 | IF 31-32th chEGF-like MLPA long range PCR then Sanger | 3\ nije onset MFS : X our case
sequencing
Ex48-53 IF 33-37th cbhEGF-like, 8th TB MLPA gap PCR and sequencing Neonatal MFS X X (145)
Ex49-50 IF 34-35th chEGF-like MLPA gap PCR and sequencing Neonatal MFS X X (145)
Ex50-63* | OF 35-46th cbhEGF-like, 8-9th TB DHPLC N/A MFS X - (154)
EX58-63 | OF 41-46th cHEGF-like Seglﬁ:'éi r?g’”\t;\}:rt‘e?r']oé'lot N/A Juvenile onsetlassic | x . (153)
Ex60-62* IF 43-45th chEGF-like SSCP/Southern-blot N/A Classic MFS X - (144, 152)

N/A: not available, #: no explicit clinical information, IF: in frame, OF: out of frame *:it is not clear whether the referred paper uses the 65 exon or 66 exon numbering convention, **the referred
paper probably uses the 65 exon numbering convention
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Table 5 Summary of MFS cases with whole FBN1 gene deletion

Original exon Cardiovascular
nugmb erin Affected Confirmation/breakpoints | Phenotype symptoms
9 | IF/OF | domains Technique determination in paper | Major | Minor | Ref
FBNLEx1-66 | - |Fullgene| MLPA FISH/aCGH '”CKA”;F’S'ete - X | (83)
Array-CGH 385 K Classic
FBN1:Ex1-66 - Full gene MLPA Chromosome 15 Specific MES X* - (141)
Array
FBNLEx1 66| - |Fullgene| MLPA SNP array (Pol\t/fgga') # 4 |42
Conventional
chromosome
. analysis / Classic
FBN1:Ex1-66 - Full gene Affymetrix FISH MES X X (139)
Cytogenetics
Array 2.7
FBN1:Ex1-66 - Full gene MLPA aCGH MFS X X | (184)

N/A: not available #: Referred paper discussed 10 patients, where 6 of them had major cardiovascular symptoms, three
of this six patients had minor symptoms also. In addition, one patient had only minor symptoms and one patient had no
cardiovascular symptoms. IF: in frame, OF: out of frame * referred study reported 3 patients with whole FBN1 gene
deletion, all of them had major CV symptoms.

The deletions can generate either in-frame (IF) or out-of-frame (OF) variations, however
the severity of the observed CV symptoms are not affected by whether the deletion is IF
or OF.

4.1.4. Analyses of regulatory elements within FBN1 gene focusing on

transcription factor binding sites

Several tissue-specific enhancer regions were revealed in the intronic regions of the FBN1
gene by preliminary in silico analysis. The possible associations between the affected
TFBS and CV manifestation were examined. Those cases were selected for the analysis
who carried a single exon deletion with known genomic positions or a few exons were

affected by the deletion. Results of in silico analyses are shown below in Table 6.
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Table 6 Summary of transcription factor binding site analyses of FBN1 gene

Cardiovascular

Active Patient
Genomic position Affected I regulatory symptoms
: Transcription factors Age
(GRCh37) region elements - -
in aorta () | Major | Minor
Single exon deletion
MAFK (x2), RBL2 (x2), ZNF263,
Ex1 and ZBTB33, E2F4, EBF1 (x2), EZ2F1,
0.48,941,579 - 48,914,693 romoter CTCF, PRDM1, SMARCA4, GATA3, + 25 X X
P CEBPB, USF1, BATF::JUN, FOXA1,
STATS3, STAT1L
] SMARCA4 (x4), CEBPB (x2), EBFL ] ]
0.48,890,441 - 48,873,891 Exon 6 (x3), DUX4, TP63, ZNF263 + 49
~Q.48,778,050 - ) _ -
48,777,400 Exon 30 <1 %
FOXA1, JUN (var.2), JUNB, FOS, )
0.48,753819 - 48,749,026 | EX0N43 | DA A RELD (02), MAX - 24 | XX
0.48,734,801 - 48,730,690 | Exon50 |PRDM1 + 14 X -
0.48,727,672 - 48,726,338 | Exon54 |- + 5 X -
0.48,724,560 - 48,722,281 Exon56 |- - 38 X -
Few exon deletion
E2F4, EBF1 (x2 + x1), E2F1, CTCF,
PRDM1, SMARCA4 (x2), GATA3,
CEBPB (x2 + x1), USF1, BATF::JUN
N/A Exon1-5 1 02), FOXAL (x2), MAFK, STAT3,| 7 20 | X X
STAT1, DUX4 (x2), MAX, JUND
(var.2)
EBF1, FOXALl (x2), MAFK, STATS,
g.48,922,918 - 48,890,962 | Exon2-4 |STAT1, BATF::JUN, DUX4 (x2), + 32 X X
MAX, JUND (var.2), CEBPB
N/A Exon 24-26 | [MAFK, MAFF, JUNB], AR ; ﬁlfrtfhr XX | X
N/A Exon 33-38 | AR, DUX4, FOXA1, CEBPB, IGF1R - 1 X X
JUN, JUND (var.2), FOXA1, JUN
0.48,754,954 - 48,748,519 | Exon 42-43 | (var.2), JUNB, FOS, STAT1, GATA3, - >46 X -
RBL2 (x2), MAX, STAT3
0.48,745,163 - 48,738,026 | Exon 44-46 | GATAZ2, FOS (x2), JUN (var.2) - >6 X X
0.48,743,774 - 48,738,856 | Exon 46-47 | GATA2, FOS (x2), JUN (var.2) - 22 - X
0.48,738,131 - 48,727,786 | Exon 48-53 | PRDM1 + 15 X X
§.48,737,397 - 48,732,835 | Exon 49-50 | - + 3 X X
FOS, PRDM1, TFAP2A, JUN, JUND
0.48,718,149 - 48,706,671 | Exon 58-63 | (var.2), FOXAl (x5), MAFF, MAFK, + 17 XX -
ELF1 (x2), GATA2, STAT3, JUND
X -
N/A Exon 60-62 | FOS, PRDM1, TFAP2A * 48

Active regulatory elements also include promoter and/or enhancer elements. X: aortic ascendens dilatation, XX: aortic

ascendens dilatation along with dissection

Numerous TFBS have been found in the region of FBN1 gene affected by different CNVs.

Although, the deletion seen in our patient involves only a few TFBS (Figure 14).

According to the preliminary in silico analysis among the presented TFBS, STAT3 shows

a potential correlation with CV symptoms. Five cases presented a deletion involving

STAT3 binding sites. Out of them, four patients developed aortic dilatations and one
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patient suffered from an acute dissection of the ascending aorta and right coronary artery
as well. The comprehensive evaluation of the connection between the deleted TFBS and
the CV symptoms of the patient, suggests that STAT3 binding site is supposed to play a
role in the development of cardiovascular manifestations. Furthermore, several regulatory
elements (promoters and/or enhancers) known to be active in the aorta have been found
in the region of FBN1 gene affected by different CNVs.

Chromosome 15 FBN1
[GRCh37]
Breakpoint 1 Breakpolnt 2
(948,738,856 (948,743,774 |
Exon 48 Exon 47 Exen 46 Exon 45
Scale 2kbf T { hg19
chri5: 48,737,500 48,738,000 48,738,500 48,790,000 48,739 500] 48740000 48740500 48741000 48,741,500 48,742,000) 48,742,500 48,743,000] w743500] 4744000 48744 500]  48745,000] 48,745,500
UCSC Ganes (RefSeg, GenBark, CCDS, Rfam, 1RNAS & Comparave Genomics)
FBNI | - L - .
FBN
egulaory clomens from ORegAnn
iE FOS
RE GATAZ
iE JUN (var.2
RE FOS
4916 ide deletion

Figure 14 Localizations of TF binding sites within the deleted region of FBN1 gene as found in our patient. Regulatory
elements are indicated by amber markings, the exons displayed by black rectangles. Data were based on GRCh37.

Figure 14 represents the affected regulatory elements (GATA2, JUN, FOS) in our

patient’s deletion.

4.2. Neurofibromatosis

4.2.1. Characterization of the NF1 microdeletions

A total of 252 patients in whom mutation analysis did not find any pathogenic NF1 point
mutations or intragenic insertions/deletions were screened for large NF1 rearrangements
by MLPA. Of these, 17 patients showed heterozygous deletions of the entire NF1 gene
and several contiguous genes in its flanking regions. The MLPA analysis revealed twelve
type-1 and five atypical deletions. An aCGH analysis was applied in ten patients (eight
patients with type-1 and two patients with atypical deletions) for the confirmation of the
MLPA results. The aCGH tests were not applicable in the remaining seven cases (four
patients with type-1 and three with atypical deletions) due to the quality of the available

samples.

Similar results were found by MLPA and aCGH in eight cases (seven type-1 deletion and
one atypical). According to the aCGH test, one of the patients (85/NF) showed type-2
deletion (MLPA displayed as an atypical deletion) and another patient (4672016)
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revealed atypical deletion (MLPA demonstrated it as a type-1 deletion). The evaluation
of patient 4672016 resulted in the conclusion that this patient has type-1 deletion.

The differences in the results generated by the methods originate from the different
localization of the probes. The breakpoints of the deletion detected in our patient (85/NF)
were localized within the region covered by SUZ12 and SUZ12P probes of P-122 set.
According to the manufacturer’s description Cytoscan 750K chip contains more probes
for SUZ12 (at least 50) and its pseudogene SUZ12P (at least 7 probes), compared to the
MLPA P122 probe set (one probe for SUZ12 gene exon 10 and two probes for SUZ12P
exon 3 and 1), thus in this case aCGH was capable to identify the type-2 deletion.

Altogether twelve type-1 (eight determined and four potential type-1 deletions), one type-
2 and four atypical deletions were identified in our patient cohort (Figure 15). Besides,
no type-3 microdeletion was detected. The aCGH analyses demonstrated four type-1
deletions with identical estimated breakpoints (ca. 1.37 Mb deletion size). Moreover,
three distinct novel atypical deletions were detected. Patient 134/NF and 260/NF are close
relatives (mother and child), so they possess the same deletion. The results of MLPA and

aCGH analyses are seen in the figure below (Figure 15).

NF1-REPa NF1-REPD NF1-REPc
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Figure 15. Schematic representation of the NF1 gene and flanking regions. Red (affected) and green (not not affected)
arrows demonstrate the localization of MLPA probes, solid lines indicate the deletion range with known breakpoints
determined by aCGH probes. Dotted rectangles correspond to the deleted range determined by MLPA probes. Colored
solid lines represent the deletion types (blue: type-1, red: type-2, black: atypical).
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The top of the figure schematically displays the affected genes and the localization of
NF1-REP regions in both figures (Figure 15 and 16).

The known atypical NF1 cases together with our atypical deletions are summarized in
Figure 16. Two out of three novel atypical deletions were identified by MLPA. However,
remarkable overlap is observed with the published cases, the deletions seen in our patients

are typically smaller.
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Figure 16 Schematic representation of atypical NF1 deletions. The known deleted regions are indicated by solid lines,
while dotted lines display the potential deletion range. Horizontal black, green and blue lines demonstrate the known
atypical NF1 cases. Horizontal red lines refer to our cases.

Based on the probe localization of the SALSA kit, MLPA is only capable to estimate the
location of the breakpoints. SALSA P122 probe set contains 23 probes within the 179
region and the distance between the adjacent probes are quite variable from 11kb up to
1500 kb, therefore exact breakpoints are potentially localized far (somewhere in the
dotted line) from the breakpoint boundaries determined by only MLPA probes. The exact
localization can be defined precisely by breakpoint-spanning PCR (185).
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4.2.2. Assessment of somatic mosaicism

Out of the ten patients examined by aCGH, one patient (556/NF) with atypical deletion
showed somatic mosaicism with an extent of ca. 30%. In the remaining cases investigated
by MLPA, the ratio values do not imply the presence of somatic mosaicism. Even though,
neither MLPA nor aCGH is able to detect low-grade mosaicism (below 20%) due to the

limitations of the techniques.

In order to completely rule out mosaicism, the examination of additional tissues, for
instance buccal, urine or fibroblast cells is necessary. Based on previous research, the
occurrence of somatic mosaicism seems to be very rare in patients with type-1 NF1
microdeletion (186), therefore our patients with type-1 deletion are considered to be non-
mosaic cases. The only patient with type-2 deletion inherited the deletion from her
mother, consequently she does not possess somatic mosaicism. Patient 260/NF inherited
the deletion from his mother, therefore this patient is considered as non-mosaic, too. His
mother (134/NF) is supposed to be a non-mosaic case as well, since she has a positive
family history (her mother and her grandmother were also affected, however, without
laboratory diagnosis) and the MLPA results (peak ratios were between 0.49-0.55) also
supported this assumption. MLPA peak ratios were between 0.49 and 0.55 also for patient
125/NF, therefore we supposed this patient to be a non-mosaic, as well.

4.2.3. Clinical characterization of our patients with different types of

NF1 microdeletion

The numerous clinical features and neuropsychological manifestations are presented in
the NF1 microdeletion patient cohort. Seven major categories were determined and

selected for genotype-phenotype association analysis (Table 7).
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Table 7 Clinical features of our patients with different type of NF1 microdeletions

Deletion type

Typel

Typel

Type 2

Atypical

Applied method

CGH

MLPA

CGH

CGH

MLPA

Patients

68/
NF

115/
NF

255
NF

428
NF

467/
2016

532/

629/
NF

761/
NF

9/
NF

271/
NF

387/
NF

483/
NF

85/
NF

556/
NF

125/
NF

134/

260/
NF

Gender

M

M

F

M

F

M

Age of onset

26y

5 mo

at birth

at birth

N/A

at birth

bh

at birth

at birth

at birth

5y

1 mo

65y

at birth

at birth

Age at examination

36y

9y

-
~
=<

5y

>
3
<

9y

21y

4y

75y

13y

10y

2y

8y

Dysmorphic
features

Facial dysmorphism

X

17y

Hypertelorism

XX

XX

XX

XX

Facial asymmetry

Coarse face

Broad neck

Vx|

Large hands, feet

Skin
manifestations

CALs

Freckling

XXX X XX

Excess soft tissue

SBC neurofibromas

X

XXX X

Vx| x|

CT neurofibromas

XXX XX

XXX X

X XXX XX

PL neurofibromas™

Education and
behavior
problems

SDiCD

Learning difficulties

Speech difficulties

VXXX

X[ X]

1Q <70

XXX

XXX

VXXX

XXX X XXX

ADHD

Skeletal
manifestations

Skeletal anomalies

XX

X

Scoliosis

Vx|

Pectus excavatum

X

Bone cysts

X | XX

=
o

XXX X e [ XXX X [ XXX X | XX

Joint hyperflexibility

Macrocephaly

XX

Neurological
manifestations

Muscular hypotonia

Headache

Coordination
problem

XXX

X[ X

X[ [X[X]

MPNST

Spinal
neurofibromas

n.d.

n.d.

|

T2 hyperintensities

Ocular
manifestations

Visual disturbance

Lisch nodules

Strabismus

Vx| x|

OPG

Development.
problems

Tall stature

X

CALs, café-au-lait spots; CT/SBC/PL, cutaneous/subcutaneous/plexiform neurofibroma; SDiCD, significant delay in cognitive development; ADHD, Attention deficit hyperactivity disorder;
MPNST, malignant peripheral nerve sheath tumours; OPG, Optic Pathway Glioma
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Dysmorphic features

According to our observation, 9 out of 17 patients (53%) presented facial dysmorphism.
8 out of 12 type-1 NF1 and 1 out of 4 atypical deletion cases presented it. A similar
prevalence was recognized in case of hypertelorism, although the distribution among the
deletion types was different. This clinical feature was found to roughly the same extent
in type-1 deletion and atypical deletion cases (58% vs 50%, respectively). Facial
asymmetry was noted only in 3 out of 12 patients with type-1 deletion. Coarse facial
appearance and large hands and feet seem to be characteristic dysmorphic features of NF1
microdeletion patients, because it was frequent in our type-1 deletion patients (8 out of
12, 67%), and both symptoms were also noted in the type-2 deletion patient. Coarse facial
appearance was absent in our atypical cases. On contrary, dysmorphic traits were rare
event in our intragenic NF1 patient population. Among the examined dysmorphic features
only hypertelorism (6 out of 33 controls; 18%) and facial asymmetry (2 out of 33 controls;

6%) were observed.

Skin manifestations

Regardless of the type of deletion, café-au-lait spots (CALS) were observed in all patients.
However axillary and inguinal freckling was absent in the type-2 deletion patient, they
showed high frequency in type-1 (10 out of 12; 83%) and atypical (3 out of 4; 75%)
deletion groups. In addition to skin manifestations, excess soft tissue in hands and feet
was presented among our patients, though at a lower frequency. In type-1 deletion group
it was observed in 4 out of 12 patients (33%), it developed in a patient with type-2 deletion
also, in contrast, it was absent in the atypical deletion patients. Skin manifestations,
including CALs (30 out of 33; 91%) and axillary and inguinal freckling (17 out of 33;
52%) are characteristic of intragenic NF1 patients as well, as their high frequency

indicates.

Neurofibromas and other tumours

Four different neurofibromas can be distinguished, including cutaneous, subcutaneous,
plexiform and spinal neurofibromas. According to our results, subcutaneous

neurofibromas were the most common among the four, although it is worth mentioning
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that whole-body and spinal MRI is not part of the routine procedure in our patient
management and 14 out of 17 patients were children, furthermore 10 out of 14 were under
10 years old at the age of examination. Subcutaneous neurofibromas were found more
common in type-1 deletion patient cohort compared to type-2 and atypical groups. They
were observed in 7 out of 12 patients (58%) with type-1 deletion, and in 1 out of 4 patients
(25%) with atypical microdeletion, though none occurred in the patient with type-2
deletion. The prevalence of cutaneous neurofibromas appears to be less frequent in our
patient cohort, it was observed in only one patient with type-1 deletion. Externally
observable plexiform neurofibromas were seen in only two patients with type-1 deletion.
None of the patients with type-2 or atypical microdeletions presented this type of
neurofibromas. Spinal neurofibromas were found in the type-1 microdeletion group with

low frequency (2 out of 12 patients; 17%).

Optic pathway glioma (OPG) was detected by MRI in four patients and it was not
symptomatic in any of these cases. Out of the four patients, OPG was seen in two type-1
(17%) and two atypical cases (50%), hence it was absent in the patient with type-2
deletion. Among the control patients two symptomatic and two asymptomatic OPG were

observed.

Malignant peripheral nerve sheath tumours (MPNST) were observed in two of our
patients, one was adult and one was nearly adult (36 years and 17 years old, respectively),
and both belonged to type-1 deletion group. None of the patients with type-2 or atypical
microdeletions displayed this type of tumour. It is noteworthy to mention that MPNST
show age-related penetrance, therefore the low frequency might be the consequence of
our patient cohort consisting of mainly children under 17 years. The frequency of this
type of tumour was high (50%, 2 out of 4) among adult patients.

Among our intragenic NF1 patients, subcutaneous fibromas were found with 30% (10 out
of 33) frequency, the occurrence of cutaneous and plexiform neurofibromas were 18% (6
out of 33) and 6 % (2 out of 33), respectively. Spinal neurofibromas were observed in 3%
(1 out of 33) of our patients. Furthermore, 4 out of 33 (12%) of the control patient cohort
developed OPG, and no MPNST was observed.
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Skeletal anomalies

Majority of our patients demonstrated some form of anomalies of the skeletal system (16
out of 17; 94%). Macrocephaly was the most frequent (9 out of 17; 53%), it was common
in type-1 microdeletion cohort with 58% prevalence and only one patient presented in the

atypical cohort.

Scoliosis was noted in 7 out of 17 patients studied here (41%). Pectus excavatum was
observed in 42% of our patient cohort. In contrast to scoliosis, pectus excavatum was
more frequently observed in patients with atypical microdeletion (50%) as compared to
type-1 deletion group (33%) Interestingly, there were only two patients who presented
scoliosis together with macrocephaly. Only one patient (type-1 microdeletion) presented
bone cysts. Pes planus was observed in three patients, pes cavus was absent in our patient
cohort. Interestingly, skeletal anomalies were the leading manifestations in our patient
with type-2 deletion. She had macrocephaly, scoliosis, bilateral dislocation of the elbow
and wrist joint. Moreover, absorption of the tibial malleolus was observed and she
developed osseous malignancy as well. The intragenic NF1 patient group demonstrated
skeletal anomalies less frequently (33%). Of these, scoliosis occurred most frequently
with 21% prevalence. Macrocephaly and pectus excavatum were noted in 9% of the

patients and 3% of them presented pes cavus.

Ocular manifestations

Ocular manifestations were observed in 7 of 17 of our patients (41%). Even though Lisch
nodule is a characteristic feature for type 1 neurofibromatosis, it was observed in 3 out of
12 patients with type-1 deletion and in the patient with type-2 deletion. It was absent in
the atypical patient cohort. In addition, two patients with type-1 deletion and, the type-2
deletion patient presented other ocular manifestations, including visual disturbance,
proptosis and strabismus. One of the patients had hypermetropia, while the others had
myopia. Somewhat similar frequencies were observed in the intragenic NF1 patient
cohort. Lisch nodule was presented in 7 out of 33 (21%), and visual disturbances were
seen in 5 out of 33 patients (15%). Strabismus was absent, one patient had myopia, two

patients presented hypermetropia, and anisometropia was observed in two other patients.

54



Neuropsychological symptoms (manifestations)

Significant delay in cognitive development and general learning difficulties (9 out of 12;
75%), and speech difficulties (8 out of 12; 67%) were observed with relatively high
frequency in type-1 patients. Attention deficit hyperactivity disorder was observed in two
patients, and only one patient had an 1Q below 70. 1Q measurement was performed in
only four among our patients, however, all of our pediatric patients attended regular
kindergarten or school, except the one with 1Q=45, and five of them had special
educational needs. Besides significant delay in cognitive development (1 out of 4, 25%)
and general learning difficulties seen in the type-2 patient, majority of these
neuropsychological manifestations were not found in the atypical patient cohort and in

the type-2 patient.

The majority of our patients presented T2 hyperintensities (13 out of 17, 76%). Of the 13
individuals, ten were type-1, one type-2 and two atypical. Nevertheless, we did not find
any correlation between the age of our patients and the T2 signal intensities. Structural

brain abnormalities were not observed.

Coordination problems and muscular hypotonia (33% and 25%, respectively) were
documented in patients with type-1 deletion. None of these neurological symptoms were
found in our type-2 and atypical deletion groups. Epilepsy and nerve pain were absent

from our patient cohort. One patient with type-1 deletion complained of a headache.

Neuropsychological manifestations were rare in the NF1 intragenic patient cohort. A
significant delay in cognitive development, speech difficulties and epilepsy were
observed in 1 out of 33 patients (3%). Overall, muscular hypotonia (4 out of 33; 12%)
and general learning difficulties (5 out of 33; 15%) were observed with slightly higher
frequencies. T2 hyperintensities had the highest prevalence with 39% (13 out of 33

patients).

Connective tissue anomalies and cardiac abnormalities

Heart abnormalities and connective tissue anomalies occurred very rarely in our patient
cohort. No congenital heart defect, pulmonary stenosis, ventricular septal defect, aortic
stenosis, aortic dissection, mitral valve prolapses, mitral valve insufficiency or aortic

valve insufficiency was found in any of the deletion groups. Patent ductus arteriousus was
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detected in one patient with type-1 deletion, in addition, hypertrophic cardiomyopathy
was observed in another patient with type-1 microdeletion. Atrial septal defect was seen
in one patient with atypical microdeletion. It is noteworthy to mention that two of our
patients were not investigated by cardiac ultrasound. Although hyperflexibility of joints
was absent in our patients with type-2 or atypical deletion, 2 out of 12 type-1 deletion
patients (17%) presented it.

These manifestations were rare in our patients with NF1 intragenic mutation, as well.
Among the cardiac abnormalities only ventricular septal defect was observed at birth in
one patient and only 2 out of 33 (6%) of our patients developed joint laxity.

Other features

Some rare clinical manifestations, such as obesity, hearing impairment, immune
deficiency and milk protein allergy were observed in our patient group. However, it is
hard to tell whether these symptoms are associated with the observed large deletion or are

the results of an independent event.
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5. Discussion

The human genome remained relatively well conserved throughout evolution, however,
modern genomic tools have revealed that it is more diverse, complex, and dynamic than
previously thought. Genetic variations have various forms and they are suspected to
represent the 0.1% (187, 188) and 0.4% (189) of the human genome (13). One major
source of genetic diversity in humans comes from structural variants. Their identification
and interpretation remains the most challenging task. Majority of the observations and
conclusions are coming from the most known, best detailed forms, known as copy number
variations (68). CNVs are widespread in the human genome and an increasing number of
studies prove their important role in phenotypic variation and evolution. Furthermore,
there is growing evidence demonstrating that besides genomic disorders, CNVs may also

be responsible for the development of Mendelian diseases or sporadic traits (190).

5.1. Marfan syndrome

5.1.1. Investigating the association between the detected large FBN1
deletions and the severity of the cardiovascular manifestations
In Marfan syndrome ca 2-7 % of the disease-causing mutations belong to CNVs (130,
157). In our patient cohort (2 out 41 patients; 4.8%) a novel large deletion, affecting exons
46 and 47, was identified in the FBN1 gene by MLPA. The de novo origin was revealed
and confirmed by molecular genetic testing of our primary case and her parents.
According to previously published data, the detection rate of CNVs in our patient cohort
is quite similar, therefore MLPA is capable to detect large CNVs in a cost-effective

manner in MFS patients.

FBN1 encodes a multi-domain glycoprotein called fibrillin-1, which is a major
component of microfibrils in the extracellular matrix of elastic and non-elastic tissues
(191). The protein consists of 47 epidermal growth factor (EGF)-like and 9 TGF-1
binding protein (TB) domains. Majority of the EGF-like domains are known as calcium-
binding EGF (cb-EGF) domains (192) because they contain a calcium binding sequence,
which plays an essential role in the structure and function of the protein by providing
protection against proteolysis (193), stabilizing the microfibril architecture (194-196) and
controlling the interactions between various extracellular matrix components (197).

Mutations in the FBN1 gene generally disrupt microfibril formation, therefore resulting
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in the degeneration of microfibril architecture, loss of extracellular matrix integrity and
weakening of the connective tissue thus leading to the final instability of the aortic wall.

In Marfan syndrome, the most serious clinical manifestations are thoracic aortic aneurysm
(TAA) and dissection (TAAD). Dilatation, dissection and potential rupture of the aorta
are the result of the dysregulation and/or destruction of the cellular and extracellular
components of the aortic wall (198). The highly dynamic aortic wall is subject to strong
hemodynamic changes and is able to properly respond to these stimuli with the help of
its refined biomechanical functions. Fibrillin-1 containing microfibrils in association with
essential elastin contribute significantly to the stability and elasticity of the aorta (191).
Adult MFS patients can develop various cardiovascular manifestations, such as
calcification of mitral and aortic valves, dilatation of aortic root, dilated cardiomyopathy,
proximal ascending aorta and pulmonary artery, and arrhythmia with dissection or rupture
of thoracic aortic aneurysm, which is the leading cause of sudden death in the natural
history of MFS. Although severe mitral valve prolapse (MVP), valvular regurgitation and

aortic root dilation with congestive heart failure are less frequent in children.

Genotype-phenotype correlations are crucial to reveal associations between mutations
and disease severity. Several studies (183, 195, 199) have been published so far to connect
various FBN1 mutations to certain clinical features. For instance, it has been found that
premature termination codon (PTC) mutations (frameshifts, stop codons, out-of-frame
splice mutations), leading to no or a truncated form of fibrillin-1, are related to more
severe skin and skeletal phenotype as compared to in-frame mutations (183). Another
example was reported in previous studies, that MFS patients with mutations leading to
in-frame exon skipping tend to have a severe phenotype (195, 199). Furthermore, a
number of studies represented an association between the severity of the aortic phenotype
and the type of FBN1 mutations (haploinsufficient vs dominant negative). A more severe
aortic phenotype was observed in patients with haploinsufficient-type FBN1 variants
(nonsense and out-of-frame), which presumably results in nonsense-mediated mMRNA
decay, than those with dominant-negative-type mutations (missense and in-frame), that
are expected to exert loss-of-function effects (200-202). However, it is noteworthy to
mention that contrarily to previous studies (201, 202) in the CNV patient cohort, the type
of the mutation (IF or OF) had no effect on the severity of the cardiovascular

manifestations.
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Besides full FBN1 gene deletions, there are 34 various CNVs, affecting single (Figure
17) or multiple exons (Figure 18) (Table 3, 4). Detailed clinical evaluation of the
presented cases revealed severe cardiovascular manifestations (dilatation and/or
dissection of the thoracic aorta) in the majority (26 of 34) of the patients. In six cases no
clinical data or no clear clinical information was available. In our primary case only mitral
valve prolapse was seen and her 1-year old infant’s cardiovascular system was intact.
Thereby, apart from CNVs, other factors supposedly play a role in the development of
severe cardiovascular manifestations. In two cases, cardiovascular manifestations were
absent, although they differed from our case, since they carried single exon deletion (exon
6 and 18). Interpretation of the results revealed that cardiovascular manifestations are
more severe and frequent in the patients affected by CNVs compared to the patients

suffering from intragenic FBN1 gene mutations.

FBN1
Single exon deletions
Ex 2 [54] Ex 6 [8] Ex 29 [57] Ex43[11]  Ex52[54]
n n R REE
: ! LT : i
i T I B0 |
| | L
i i Y FEx5A[11]
Ex 1 [6] Ex 3 [55] Ex 18 [56] EX 36 [59] Ex 50 [11]

Ex 1 and prﬁeter [7, 53]

Figure 17 Known single exon deletions in the FBN1 gene
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FBN1
Multiple exon deletions

Ex 37 Ex 48

Ex 34 Ex 50 Ex 62
Ex 1 Ex 5 Ex 13 Ex 24 Fx 6 Ex 43 Ex 4 l Ex 601 Ex 66
| [ | ) {

| L ISR R L

t t t
Ex 2 Ex 4 Ex 16 Ex 26 Ex33 [Ex42 Ex 47 Ex 53 Ex 63
Ex 38 Ex44 Ex48 Ex 58 Ex 65
exon 1-5 [9]
exon 1-16 [7]
exon 1-36 [8]
exon 2-4 [10]

exon 6-65 [6]

axon 13-49 [45]

exon 24-26 [46] ==
exan 33-38 [47]
eX0N 34-43 [48) m—

exon 37-65 [6]

exon 42-43 [49] =
exXon 44-46 [49] m—

exon 44-66 [11]

exon 46-47 [current] ==
€X0N 48-53 [8]
exon 49-50 [8] m
exon 50-63 [50] —
exon 58-63 [51] e

exon 60-62 [52] ==

Figure 18 Known multiple exon deletions in the FBN1 gene

Microfibrils play a crucial role in regulating the bioavailability of the transforming growth
factor beta (TGF-B), since fibrillin-1 binds to latent TGF-p—binding protein (LTBP) and
sequesters TGF-B in the ECM (extracellular matrix), thus inhibiting TGF-f signaling
(203, 204). As a result of mutations occurring in FBN1, the matrix sequestration of the
latent TGF-B complex is affected, thus as a consequence the uncontrolled release of TGF-
B leads to the overactivation of TGF-p signaling (205, 206). The contribution of TGF-3
signaling to the aortic disease progression is suggested by experiments in MFS mice
(207).

A deletion affecting TB binding domains has been observed in four cases (exon 43, exon
33-38, exon 42-43, exon 48-53, respectively), where the removal generates an in-frame
mutation in all cases. The deletion results in a defective fibrillin-1 protein which
potentially leads to the degeneration of microfibril architecture and indirectly to the loss
of extracellular matrix integrity. We hypothesize that the deletion of TB domains (namely
TB6, TB7 and TB8) in these patients causes the release of active TGF-f into ECM in the

aortic wall which in turn overactivates the canonical TGF-B signaling pathway. This
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effect then may superimpose to the microfibril degeneration and finally together lead to
severe cardiovascular manifestations (i.e. aortic dilatation and aortic dissection) in these

Ccases.

We observed aortic dissection in one patient (24 years old) and dilated aorta in three other
patients. Since cardiovascular manifestations are age-dependent, it is possible that two of

the three patients did not develop aortic dissection due to their young age.

Recently it was suggested that non-coding genetic variations might have an effect (often
exerted in a tissue-specific manner) on gene regulation, which can also lead to the
development of Mendelian diseases. Certain structural variations might uncouple

regulatory elements from their target genes (208, 209).

Beside FBN1 mutations, cell type-specific epigenetic predisposition may also be involved
in the development of TAA, as previously demonstrated by Gomez et al through the
investigation of the epigenetic control of vascular smooth muscle cells in Marfan and
non-Marfan TAA (210).

After comprehensive evaluation, our in silico analysis of FBN1 gene demonstrated the
presence of potential transcription binding sites for STAT3 in a number of cases.
According to Chandesris et al, aneurysm formation was one of the most frequent vascular
abnormalities in STAT3 deficient adult patients. They supposed that the observed
vascular abnormalities are the consequence of a systemic connective tissue disorder that
includes arterial fragility (211). Inhibition of STAT3-dependent signaling in mouse
models demonstrated a greater susceptibility to vascular aneurysm. We suppose that in
CNV patients carrying a deletion involving STAT3 binding sites, the deletion itself has
an effect on STAT3 signaling pathways which may superimpose on the FBN1 gene defect

and together they lead to a severe cardiovascular manifestation in these patients.

5.1.2. Discussion of the mechanism underlying the large FBN1 deletion

Identification of the exact breakpoints of the FBN1 deletion revealed the loss of a 4916
nucleotide long sequence with the insertion of ‘TG’ nucleotides (Figure 13). Our
hypothesis is based on several previous studies. The mechanism behind the deletion might
be the result of the MMBIR mechanism described earlier in detail by Hastings et al (100)

and later by Ottaviani and colleagues (212). A few cases have been presented that certain
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disorders, such as Cornelia de Lange syndrome and haemophilia A, are caused by non-
recurrent CNVs generated by the MMBIR mechanism (181).

According to our hypotheses (Figure 19) a potential dinucleotide insertion (‘TG’”) created
a ‘CCTTGCCTTG’ direct repeat sequence (I.), which might interrupt the replication
machinery. The insertion itself or the generated repeat potentially caused the replication
fork to slow down, stall and eventually collapse. Presumably, this event resulted in a
single DSB, where a 5’ to 3’ resection generated a sequence with a short 3° overhang (I1.).
As a result of the resection, a DNA segment was exposed to another DNA segment with
possible microhomology in close proximity. As a consequence, a D-loop was formed with
the 3’ overhang part of the dsDNA invading the microhomologous region, where
annealing and restarting of the synthesis occurred (111.). On the other hand, we suggest a
simultaneous adenine-to-guanine substitution (IV.) due to an erroneous DNA repair,
which at that position creates a microhomology on the other DNA segment, therefore
eventually creating the final sequence with the ~5 kilobase long deletion supplemented
by a ‘TG’ dinucleotide insertion at the breakpoints (V.). Since the FBN1 gene is localized
on the reverse strand, the sequence of FBN1 was represented in the reverse orientation
during exploring the mechanism behind the CNV formation. However, for easier
explanation and understanding, we indicated the final sequence in regular orientation.
Hereby we suggest that MMBIR were responsible for the formation of the CNV in our
case, which is supported by the fact that MMBIR is often associated with small stretches
(1-4bp) of microhomology (85, 213, 214).
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5.2. Neurofibromatosis

The first case of large NF1 microdeletion was published by Kayes et al in 1992 (171).
Since then several genotype-phenotype correlations have been established, which
suggested a more severe clinical phenotype among patients with NF1 microdeletion
compared to the intragenic NF1 patient cohort. However, certain variability of clinical
symptoms has been observed among individuals with NF1 microdeletions. Most of the
presented clinical information about NF1 microdeletion patients is primarily coming from
adult patient population so far. Only a few studies demonstrated pediatric clinical
information (169).

In order to reveal genotype-phenotype correlations, we compared the clinical
characterization of our patients with the published data on microdeletion and intragenic
NF1 patients. During our research 17 patients with large NF1 microdeletion were
identified. Among them 12 patients were demonstrated to be type-1 (eight detected by
aCGH and four based on MLPA results), one patient had type-2 deletion and four patients
possessed atypical deletions. The distribution of type-1 deletion in our patient cohort is
somewhat similar (70%) to the prevalence determined from previous studies (70-80%)
(215, 216). Somatic mosaicism with an extent of ca. 30% was detected in one patient with
atypical NF1 microdeletion.

Comparing the clinical features of previously published cases with our patients suffering
from either type-1 NF1 microdeletion or intragenic mutation, a similar difference was
observed (Table 8). Remarkable difference was observed in several manifestations, such
as dysmorphic features, subcutaneous neurofibromas, skeletal anomalies and
neurobehavior problems. Although significant differences were recognized in certain
clinical features between cases with large NF1 microdeletion published previously and in
our microdeletion patient cohort, it is noteworthy to mention that particular
manifestations are age dependent. The majority of our patients (13 out of 17) were less

than 15 years old at the time of the examination.
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Table 8 Clinical features of patients with type-1 NF1 microdeletion

Feqencynptenswith oL e | PP
) patients (%)
tem thi thi This st
invi-}/\?eine.nt/ Clinical features studsy (511:6283) (ﬁ2:1453) 82% ((nZ:ll?l)) stucfy (511:6283) Sty
manifestations (n=12) (n=33)
Facial dysmorphism 67 90 54.8 43 n.d. 0 n.d. <0,001
Hypertelorism 58 86 n.d. n.d. n.d. 18 n.d. 0,022
Dysmorphic | Facial asymmetry 25 28 n.d. n.d. n.d. 6 8 0,109
features Coarse face 67 59 n.d. n.d. n.d. 0 n.d. <0,001
Broad neck 8 31 n.d. n.d. n.d. 0 n.d. 0,267
Large hands and feet 67 46 n.d. n.d. n.d. 0 n.d. <0,001
Café-au-lait spots 100 93 20.8 100 100 91 86-99 0,553
Axillary and inguinal freckling 83 86 86.4 57 72.7 52 86-89 0,086
Skin Ee):t:ess soft tissue in hands and 33 50 nd. nd. nd. 0 nd. 0,003
manifestations g e taneous neurofibromas | 58 | 76 | 37.2418 | 29 | 455' | 30 48 0,163
Cutaneous neurofibromas 8 86 15.4-48.7 57 45.5% 18 38-84 0,655
Plexiform neurofibromas 17 76 0.6 29 27.3 6 15-54 0,286
SDiCD 75 48 n.d. 14 36.4 3 17 <0,001
Education and General learning difficulties 75 45 85.7 n.d. 18.2 15 31-47 <0,001
behavior Speech difficulties 67 48 n.d. 29 0 3 20-55 <0,001
problems 15 < 70 8 38 n.d. 14 | 364 0 7-8 0,267
ADHD 17 33 n.d. n.d. 0 6 38-49 0,286
Skeletal anomalies 92 76 31+ 14 45.5+ 33 31 <0,001
Scoliosis 42 43 31 0 9.1 21 10-28 0,254
Pectus excavatum 42 31 n.d. n.d. n.d. 9 12-50 0,022
mar?il;glsi;?ilons Bone cysts 8 50 n.d. n.d. 0 0 1 0,267
Hyperflexibility of joints 8 72 n.d. n.d. n.d. 6 n.d. 1,0
Pes cavus n.d. 17 n.d. n.d. n.d. 3 n.d. 1,0
Macrocephaly 58 39 115 14 45.5 9 24-45 0,01
Muscular hypotonia 25 45 n.d. n.d. n.d. 12 27 0,362
. Epilepsy 0 7 n.d. n.d. 0 3 4-13 1,0
Neurological
manifestations | MPNST 17 21 7.1 0 * 0 2-7 0,067
Spinal neurofibromas 17 64 n.d. n.d. n.d. 3 24-30 0,169
T2 hyperintensities 83 45 n.d. 29 n.d. 39 34-79 0,017
Visual disturbance 17 n.d. n.d. 14 n.d. 15 n.d. 1,000
Ocular Lisch nodules 25 93 40 14 45.5 21 63-93 1,000
manifestations | Strabismus 17 NA n.d. 14 n.d. 0 NA 0,067
Optic pathway gliomas 17 19 15 n.d. 0 12 11-19 0,650
Develop. problem | Tall-for-age stature 58 46 22.2 n.d. n.d. 0 n.d. <0,001
Heart problems | Congenital heart defects 0 29 n.d. n.d. n.d. 0 2 coas(tcz)a ;t)

n.d., not determined; NA, not assessed or no data available; #no straightforward information (only referenced as
neurofibroma); *it is not clear from the manuscript (it was mentioned that 18.2% of patient had tumours); + it may
be higher (there were data for scoliosis and macrocephaly only); SDICD, significant delay in cognitive development;
MPNST, malignant peripheral nerve sheath tumours; ADHD, attention deficit hyperactivity disorder
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Based on various studies NF1 microdeletions show a certain degree of variability in the
frequency of some clinical features (Table 8) (162, 167, 215, 217, 218). Dysmorphic
features are characteristics for patients with NF1 microdeletion, especially in individuals
with type-1 deletions as Mautner et al. presented in a large study, where the majority of
the cases (ca. 90%) had this manifestation (218). However, a lower frequency was
observed in other studies (167, 215). In our type-1 patient cohort, 67% of the affected
individuals possess this feature. The represented data imply that it is a very frequent
symptom in patients with type-1 deletions. Although large hands and feet were not stated
in microdeletion patients by most studies, our patient cohort showed a slightly higher
frequency of it (67%) compared to the observed percentage (46%) demonstrated earlier
by Mautner (218).

Previous studies established an early-onset of neurofibromas among NF1 microdeletion
patients. Besides the close frequency observed in our patients and others (58% and 76%,
respectively) of the detected subcutaneous neurofibromas, the occurrence of cutaneous or
plexiform neurofibromas was greatly lower in our patients compared to other patient
groups (8% vs. 86%, 17% vs 76%, respectively). However, it is worth highlighting that
cutaneous neurofibromas show age-related penetrance, therefore the difference in the
observed frequency might originate from the fact that our patient cohort mainly consisted
of children and adolescents. Nevertheless, the recent observation of the high frequency
of cutaneous neurofibromas detected among children was found by Kehrer-Sawatzki
(169). Subcutaneous neurofibromas in type-1 NF1 patients are associated with mortality
in NF1 disease (219). In addition, patients with subcutaneous neurofibromas possess a
higher risk for the development of MPNSTs, and the presence of plexiform

neurofibromas involves risk for the development of malignant tumour (220).

A significant delay in cognitive development was found more frequently in our type-1
patients, but the prevalence of intellectual disability was less pronounced. The presence
of connective tissue anomalies in our patient group showed significant differences
compared to Mautner’s patients (8% and 72%, respectively). The observed frequency of

overgrowth was similar to the results of other studies.

Type-1 deletion harbors fourteen protein coding genes and four microRNA genes.
Haploinsufficiency of certain co-deleted genes with NF1 might influence some clinical

manifestations, and it may contribute to the severity of the disease (168). Deletion of
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RNF135 has been associated with dysmorphic facial features, reduced cognitive
capability and overgrowth (221) and the removal of ADAP?2 is connected to heart defects
(222). Furthermore, the loss of the tumour suppressive function of SUZ12 and ATAD5S
promote tumour development (223, 224). Despite type-1 microdeletion patients share
broadly the same gene content, remarkable clinical variability is demonstrated, which
suggests that other unique genomic architecture may contribute to the observed

variability.

Type-2 deletions account for 10-20 % of NF1 large deletion cases according to previous
studies. In our patient cohort one patient and her asymptomatic mother carry this type of
large NF1 deletion. No asymptomatic patient with large NF1 microdeletion was identified
so far, therefore we suppose that the mother should be a mosaic patient. Somatic
mosaicism in type-2 deletion is a frequently observed phenomenon and it is associated
with a milder clinical phenotype. The research group of Vogt et al. determined and
discussed mosaicism in type-2 deletions through multiple studies (225, 226). Only a few
non-mosaic type-2 cases with detailed phenotype have been published (167, 226) so far
(Table 9).

Table 9 Clinical features of patients with type-2 NF1 microdeletions

Clinical features of patients with type-1 NF1 Presence or absence of the features in patients with
microdeletions (frequency observed, %) type-2 NF1 deletions

Patients n=29 n=12 078 P. 2429 P. 2358 85/NF
Reference (168) this study | (167) (225, 227) (225, 227) this study
CALs 93% 100% + + + +
Freckling 86% 83% - + + -
Lisch nodule 93% 25% ? + + +
Cutaneous neurofibromas 86% 8% + + (multiple) - -
Subcutaneous neurofibromas 76% 58% + + (multiple) + -
Plexiform neurofibromas 76% 17% - + (multiple) + -
Facial dysmorphism 90% 67% - + + -
Large hands and feet 46% 67% N/A + + +
Macrocephaly 39% 58% - + + +
Tall stature 46% 58% N/A - - -
Learning disabilities 48% 75% ? + + (mild) +
Attention deficits 33% 17% + + -
Scoliosis 43% 42% + - N/A +
Hyperflexibility of the joints 72% 8% N/A + + -
MPNST 21% 17% - + - -
T2 hyperintensities 45% 83% N/A - + +
Muscular hypotonia 45% 25% N/A N/A + -
Congenital heart defects 21% 0% N/A + + -

—, absent; +, present; N/A, not assessed or no data available; ? unclear result from the original article. CALs, café-

au-lait spots; MPNST, malignant peripheral nerve sheath tumours.
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In contrast to previous cases, neurobehavioral problems, cardiac manifestations,
freckling, hyperflexibility of the joints and externally observable neurofibromas were
absent in our type-2 patient’s phenotype. Interestingly, the whole clinical picture is
dominated by skeletal anomalies. Although type-2 deletions are typically 1.2 Mb in size,
the exact localization of the breakpoints are presumably different in our patients and in
the published cases. This may result in the removal of certain regulatory factors, which

may finally lead to the observed variability in the phenotype.

Atypical deletions are observed in around 8-10% among patients with NF1
microdeletions. They form a heterogeneous group with their various localization and
affected size and the presented diverse clinical picture. Furthermore, somatic mosaicism
can be frequently observed, which may lead to a milder phenotype. In our patient cohort
we observed a higher frequency (23%) and only one patient showed mosaicism. Around
20 patients with atypical deletion were published so far without recurrent breakpoints
(162, 167, 170, 171, 228-236). During our research three distinct, novel deletions were
found. Apart from the major diagnostic criteria for NF1, hardly any overlapping
symptoms were observed with the clinical pictures of the known cases (Table 10).
Significant differences can be seen in dysmorphic features, neuropsychological

manifestations and the presence of various neurofibromas.

Characteristic hallmarks of NF1 microdeletions, such as facial dysmorphia, facial
asymmetry, large hands and feet and coarse face, were observed in the majority of patients
with type-1 NF1 microdeletion, and presented at least in half of the atypical cases
identified so far. However, in our patient cohort only one patient showed facial
dysmorphia and another had hypertelorism. Although various types of neurofibromas can
be detected among the atypical NF1 microdeletion patients, in our case only one
individual, who was 40 years old, has developed subcutaneous neurofibromas. It is a
known phenomenon that the number of neurofibromas may increase with the age of the

patient, therefore our results may be related to the age of the patients.

68



Table 10 Clinical features of patients with atypical NF1 microdeletions

Ocular
Skin Skeletal Manifestati | Neuropsychologic
Patient Age | Gender | manifestations | Neurofibromas Dysmorphic features manifestations ons al manifestations | Other Refs
SCS, genu valgum, joint SDICD, ID, Many (232)
BUD 14; 18 n.i. CALs, F Many CNF, SNF Coarse face laxity n.i. T2 hyperintensities ST
Coarse face, FA, hypertelorism, (228)
3724A 13 | Female CALs, F Few CNF ptosis, broad lips and nose PE LiN Moderate ID -
6 NI n.i. n.i. n.i. n.i. n.i. n.i. n.i. n.i. (233, 234)
Many CNF, PNF, Many (170, 171)
UWA106-3| 18 Male CALs, F spinal NF Coarse face, large hands MA n.i. SDICD, 1Q 46 ST ’
Multiple SCNF, and Many (229)
442 18; 26 | Male CALs, F many CNF, PNF Coarse face SCS LiN 1Q 76, severe LD ST
BL 13,5 Male CALs, F - FD, hypertelorism Skeletal anomalies - Severe ID - (230)
Narrow palpebral fissures, Marked
3 mo; ptosis, low set, rotated ears, developmental (231)
1D806 3;4 Male CALs, F - prominent maxilla - - delay, SP, seizure -
Multiple CNF, Coarse face, ptosis, large hands (170)
UWAI155-1 | 27 N/A - spinal NF and feet MA - Moderate ID MPNST
118 5 Male CALs, F n.i. - - OPG Seizure, no LD - (234)
282775 n.d. N/A CALs - Noonan-like FD - - PD, SP - (236)
LiN, visual Mild ID, severe (235)
552 20 Female CALs, F 2 PNF, 4 SIN NF Large hands and feet PE, lumbar lordosis, disturbance | LD, SP, hypotonia -
NF040 1 Female CALs PNF - - * * -
NF056 60 | Female CALs, F CNF - - * * - (167)
NF073 25 | Female CALs, F CNF - - * * -
NFO076 36 | Female CALs CNF - - * * -
556/NF 10 Male CALs, F - - Bilateral PP OPG - -
125/NF 2 Female CALs, F - - PE - - -
134/NF 40 | Female CALs SCNF Hypertelorism SCS - - - (162)
SDICD, T2
260/NF 8 Male CALs, F - FD, hypertelorism PE, MA OPG hyperintensities ASD

CALs, café-au-lait spots; F, freckling; FA, facial asymmetry; FD, facial dysmorphy; CNF, cutaneous neurofibroma; SCNF, subcutaneous neurofibroma; PNF, plexiform neurofibroma; SIN NF,
small intramuscular nodular neurofibroma; ST, spinal tumours; MPNST, malignant peripheral nerve sheath tumours; SDICD, significant delay in cognitive development; ID, intellectual disability;
LD, learning difficulties; SP, speech delay; PD, psychomotor delay; SCS, scoliosis; PE, pectus excavatum; MA, macurocephaly; PP, pes planus; LiN, Lisch nodule; ASD, atrial septal defect. *
unclear results in the original article. NA, no data available
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In addition, neuropsychological manifestations were absent in our patients, only one

showed significant delay in the cognitive development. Table 11 summarizes the

haploinsufficiency intolerant genes in all cases published so far. The gene content of the

deleted region observed in the various forms of atypical deletions has an effect on the

phenotypic features, especially genes with intolerance of haploinsufficiency. In three of

the patients we studied, only MLPA measurements could be performed, suggesting that

a haploinsufficiency intolerant gene, namely RAB11FIP4, might also be deleted. The

function of this gene in disease pathogenesis is not yet clear.

Table 11 Size of the deletions and haploinsufficient genes located within the atypical NF1 deletions.

Deletion Haploinsufficient genes (by EXAC pL1I) Haploinsufficient genes (by gnomAD pLlI)
Patient size (Mb) Refs
47 CRLF3, ATADS, NF1, RAB11FIP4, SUZ12, | ATADS, NF1, OMG, RAB11FIP4, SUZ12, 232)
BUD ' LRRC37B, RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1
2031 CRLF3, ATADS5, NF1, RAB11FIP4, SUZ12, ATADS, NFPlS,agﬁ (F;{SE;;TM svziz (228)
3724A LRRC37B, RHOT1, c170rf75, PSMD11 '
3 CRLF3, ATADS, NF1, RAB11FIP4, SUZ12, | ATADS, NF1, OMG, RAB11FIP4, SUZ12, | (233,
6 LRRC37B, RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1 234)
32-37 CRLF3, ATADS, NF1, RAB11FIP4, SUZ12, | ATADS, NF1, OMG, RAB11FIP4, SUZ12, | (170,
UWA106-3 e LRRC37B, RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1 171)
442 2 CRLF3, ATAD5, NF1, RAB11FIP4, SUZ12 | ATADS, NF1, OMG, RAB1I1FIP4, SUZ12 | (229)
3 CRLF3, ATADS5, NF1, RAB11FIP4, SUZ12, | ATADS, NF1, OMG, RAB11FIP4, SUZ12, (230)
BL LRRC37B, RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1
-7 CRLF3, ATADS5, NF1, RAB11FIP4, SUZ12, | ATADS5, NF1, OMG, RAB11FIP4, SUZ12, (231)
1D806 LRRC37B, RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1
2127 NF1, RAB11FIP4, SUZ12, LRRC37B, NF1, OMG, RAB11FIP4, SUZ12, (231)
UWA155-1 RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1
118 N/A CRLF3, ATADS, NF1 ATAD5, NF1 (234)
>1.33 NF1, RAB11FIP4, SUZ12, LRRC37B, NF1, OMG, RAB11FIP4, SUZ12 (236)
282775 RHOT1, c170rf75
27 NF1, RAB11FIP4, SUZ12, LRRC37B, NF1, OMG, RAB11FIP4, SUZ12, (235)
552 ' RHOT1, c170rf75, PSMD11 PSMD11, CDK5R1
1.97-1.46 NF1, RAB11FIP4, SUZ12, LRRC37B, NF1, OMG, RAB11FIP4, SUZ12,
40 RHOTI, c170rf75
56 0.60-1.14 CRLF3, ATADS, NF1 ATAD5, NF1, OMG (167)
73 0.93-1.28 NF1, RAB11FIP4, SUZ12, LRRC37B NF1, OMG, RAB11FIP4, SUZ12
1.26-1.63 CRLF3, ATAD5, NF1, RAB11FIP4,SUZ12, | ATAD5, NF1, OMG, RAB11FIP4, SUZ12
76 LRRC37B
556/NF 1.122 CRLF3, ATADS, NF1, RAB11FIP4, SUZ12 | ATADS, NF1, OMG, RAB11FIP4, SUZ12
1.635* CRLEF3, ATADS5, NF1, RAB11FIP4, ATADS5, NF1, OMG, RAB11FIP4,
125/NF ) SUZ12, LRRC37B, RHOT1, c170rf75 SUZ12 (162)
134/NF 0.618* CRLF3, ATADS5, NF1 ATADS5, NF1, OMG
260/NF 0.618* CRLF3, ATADS5, NF1 ATADS5, NF1, OMG

*Results originated from MLPA probes location. The probability of loss of function (pLI) metric were provided by the

gnomAD browser (https://gnomad.broadinstitute.org/). According to official description, a transcript’s intolerance to

variation is measured by predicting the number of variants expected to be seen in the gnomAD dataset and comparing

those expectations to the observed amount of variation. The scale ranges from 0 to 1, where the closer the pLI value is

to 1, the more intolerant the gene appears to be to loss of function (LoF) variants. We determined as haploinsufficient

a gene if the pLI value was above 0.9, which indicates extreme intolerance to LoF variants (237).
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According to previous studies (238, 239), a lower cognitive ability was revealed in
patients with NF1 microdeletion compared to the patients with intragenic mutations. Co-
deletion of genes RNF135 and OMG (oligodendrocyte myelin) is assumed to play a role
in the development of decreased cognitive ability (168). OMG, which plays an important
role in early brain development, was connected to certain neuropsychiatric disorders, and
to the progression of intellectual disability (240, 241). Moreover, patients with autism
carried a rare allele of RNF135 gene with higher frequency (222). However, our patients
encompassing RNF135 and OMG hardly displayed neuropsychiatric symptoms, so
further factors might be also necessary for the development of these manifestations in
patients with NF1 microdeletions.

Several genes (ATAD5, COPRS, UTP6 and SUZ12) in the 17q11.2 region were supposed
to be involved in tumorigenesis (168), therefore they may be accounted for an increased
risk for high tumour load. In our cases co-deletion of ATADS, COPRS and UTP6 genes
with NF1 was observed in one patient, and two other patients’ deletion included ATADS.
Although none of these patients developed internal tumours, a high load of internal
tumours was observed in a number of patients with larger atypical deletion. In one of our
patients the atypical deletion harbours all of these four genes, however, perhaps due to

her young age (i.e. 2 y) no tumours were found at the age of her examination.

Genotype-phenotype analyses among our patients revealed that specific clinical
manifestations, including dysmorphic facial features, macrocephaly, large hands and feet,
delayed cognitive development and/or learning difficulties, speech difficulties,
subcutaneous neurofibromas and overgrowth were observed more frequently in the NF1
microdeletion patient cohort compared to the intragenic NF1 mutation patient group.
Furthermore, it seems that these symptoms are characteristic of the patient group with
type-1 NF1 microdeletion. In case of the non-mosaic type-2 NF1 large deletion patient,
only a few of the remarkable symptoms were observed, such as large hands and feet,
learning difficulties and macrocephaly, as well. Skeletal manifestations were present. In
our atypical NF1 microdeletion patient cohort only facial dysmorphism, presence of the
subcutaneous neurofibromas, delayed cognitive development and macrocephaly were
observed. In contrast to previous reports (168, 218), joint laxity, heart defects, muscular
hypotonia and bone cysts were absent in type-1 NF1 microdeletion patients. However, it

is noteworthy to mention that manifestations of several symptoms are age dependent.
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6. Conclusions

1. Three types of NF1 microdeletion (type-1, type-2 and atypical) were identified in our
NF1 patient cohort. Among the detected 17 microdeletion, altogether twelve type-1
(~70%), one type-2 (~6%) and four atypical deletions (~24%) were identified. Three

distinct novel atypical deletions and no type-3 microdeletion were detected.

2. Genotype-phenotype analyses among our patients revealed that specific clinical
manifestations, such as dysmorphic facial features, macrocephaly, large hands and feet,
delayed cognitive development and/or learning difficulties, speech difficulties,
subcutaneous neurofibromas and overgrowth are characteristic for the patient group with
type-1 NF1 microdeletion. Our patient with non-mosaic type-2 NF1 large deletion had
only a few of the typical clinical symptoms observed in NF1 microdeletion:
macrocephaly, large hands and feet, as well as learning difficulties, moreover our patient
with atypical NF1 microdeletion demonstrated facial dysmorphism, presence of the
subcutaneous neurofibromas, delayed cognitive development and macrocephaly.

3. We observed that patients with NF1 large deletion presented more severe clinical
phenotype compared to individuals with intragenic NF1 mutations, possibly due to the
affected gene contents and/or the loss of other regulatory DNA elements.

4. We demonstrated, with the help of the literature data and our results, that large various
CNVs are often associated with severe cardiovascular manifestations in Marfan

syndrome.

5. An association between severe cardiovascular symptoms and the large deletions of the
FBN1 gene was supposed, and we found that involvements of regulatory elements (lack
of transcrioption binding site for STAT3) may play a role in the development of

cardiovascular symptoms.

6. Breakpoint characterization of the large deletion detected in FBN1 gene presented a
4916 nucleotide long deletion, with a TG dinucleotide insertion. With the help of previous
models and bioinformatic analysis, we proposed that a rare mechanism, termed
microhomology-mediated break induced replication, might be responsible for the large
deletion.

72



10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

References

Lappalainen T, Scott AJ, Brandt M, Hall IM. Genomic Analysis in the Age of Human
Genome Sequencing. Cell. 2019;177(1):70-84.

International HapMap C. A haplotype map of the human genome. Nature.
2005;437(7063):1299-320.

Weber JL, David D, Heil J, Fan Y, Zhao C, Marth G. Human diallelic insertion/deletion
polymorphisms. Am J Hum Genet. 2002;71(4):854-62.

McCarroll SA, Hadnott TN, Perry GH, Sabeti PC, Zody MC, Barrett JC, et al. Common
deletion polymorphisms in the human genome. Nat Genet. 2006;38(1):86-92.

lafrate AJ, Feuk L, Rivera MN, Listewnik ML, Donahoe PK, Qi Y, et al. Detection of large-
scale variation in the human genome. Nat Genet. 2004;36(9):949-51.

Jacobs PA. Human chromosome heteromorphisms (variants). Prog Med Genet. 1977;2:251-
74.

Rogozin IB, Makarova KS, Natale DA, Spiridonov AN, Tatusov RL, Wolf YI, et al.
Congruent evolution of different classes of non-coding DNA in prokaryotic genomes.
Nucleic Acids Res. 2002;30(19):4264-71.

Niu DK, Jiang L. Can ENCODE tell us how much junk DNA we carry in our genome?
Biochem Biophys Res Commun. 2013;430(4):1340-3.

Zhen Y, Andolfatto P. Methods to detect selection on noncoding DNA. Methods Mol Biol.
2012;856:141-59.

Cavalli-Sforza LL, Piazza A. Human genomic diversity in Europe: a summary of recent
research and prospects for the future. Eur J Hum Genet. 1993;1(1):3-18.

Sharp AJ, Cheng Z, Eichler EE. Structural variation of the human genome. Annu Rev
Genomics Hum Genet. 2006;7:407-42.

Brookes AJ. The essence of SNPs. Gene. 1999;234(2):177-86.

Karki R, Pandya D, Elston RC, Ferlini C. Defining "mutation” and "polymorphism™ in the
era of personal genomics. BMC Med Genomics. 2015;8:37.

Davidson EH, Britten RJ. Regulation of gene expression: possible role of repetitive
sequences. Science. 1979;204(4397):1052-9.

Kumar RP, Senthilkumar R, Singh V, Mishra RK. Repeat performance: how do genome
packaging and regulation depend on simple sequence repeats? Bioessays. 2010;32(2):165-
74.

Criscione SW, Zhang Y, Thompson W, Sedivy JM, Neretti N. Transcriptional landscape of
repetitive elements in normal and cancer human cells. BMC Genomics. 2014;15:583.
Gokcumen O, Babb PL, Iskow RC, Zhu Q, Shi X, Mills RE, et al. Refinement of primate
copy number variation hotspots identifies candidate genomic regions evolving under positive
selection. Genome Biol. 2011;12(5):R52.

Warburton PE, Hasson D, Guillem F, Lescale C, Jin X, Abrusan G. Analysis of the largest
tandemly repeated DNA families in the human genome. BMC Genomics. 2008;9:533.

Bose P, Hermetz KE, Conneely KN, Rudd MK. Tandem repeats and G-rich sequences are
enriched at human CNV breakpoints. PLoS One. 2014;9(7):e101607.

Pos O, Radvanszky J, Buglyo G, Pos Z, Rusnakova D, Nagy B, et al. DNA copy number
variation: Main characteristics, evolutionary significance, and pathological aspects. Biomed
J. 2021;44(5):548-59.

Sudmant PH, Rausch T, Gardner EJ, Handsaker RE, Abyzov A, Huddleston J, et al. An
integrated map of structural variation in 2,504 human genomes. Nature. 2015;526(7571):75-
81.

Collins RL, Brand H, Karczewski KJ, Zhao X, Alfoldi J, Francioli LC, et al. A structural
variation reference for medical and population genetics. Nature. 2020;581(7809):444-51.
Gordeeva V, Sharova E, Arapidi G. Progress in Methods for Copy Number Variation
Profiling. Int J Mol Sci. 2022;23(4).

73



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

42,

43.

44,

45.

46.

Pang AW, MacDonald JR, Pinto D, Wei J, Rafiq MA, Conrad DF, et al. Towards a
comprehensive structural variation map of an individual human genome. Genome Biol.
2010;11(5):R52.

Vialle RA, de Paiva Lopes K, Bennett DA, Crary JF, Raj T. Integrating whole-genome
sequencing with multi-omic data reveals the impact of structural variants on gene regulation
in the human brain. Nat Neurosci. 2022;25(4):504-14.

Ebert P, Audano PA, Zhu Q, Rodriguez-Martin B, Porubsky D, Bonder MJ, et al. Haplotype-
resolved diverse human genomes and integrated analysis of structural variation. Science.
2021;372(6537).

Chaisson MJP, Sanders AD, Zhao X, Malhotra A, Porubsky D, Rausch T, et al. Multi-
platform discovery of haplotype-resolved structural variation in human genomes. Nat
Commun. 2019;10(1):1784.

Perry GH, Tchinda J, McGrath SD, Zhang J, Picker SR, Caceres AM, et al. Hotspots for
copy number variation in chimpanzees and humans. Proc Natl Acad Sci U S A.
2006;103(21):8006-11.

Mahmoud M, Gobet N, Cruz-Davalos DI, Mounier N, Dessimoz C, Sedlazeck FJ. Structural
variant calling: the long and the short of it. Genome Biol. 2019;20(1):246.

Tuzun E, Sharp AJ, Bailey JA, Kaul R, Morrison VA, Pertz LM, et al. Fine-scale structural
variation of the human genome. Nat Genet. 2005;37(7):727-32.

Levy-Sakin M, Pastor S, Mostovoy Y, Li L, Leung AKY, McCaffrey J, et al. Genome maps
across 26 human populations reveal population-specific patterns of structural variation. Nat
Commun. 2019;10(1):1025.

Lin YL, Gokcumen O. Fine-Scale Characterization of Genomic Structural Variation in the
Human Genome Reveals Adaptive and Biomedically Relevant Hotspots. Genome Biol Evol.
2019;11(4):1136-51.

Liu Y, Wilson SH. DNA base excision repair: a mechanism of trinucleotide repeat
expansion. Trends Biochem Sci. 2012;37(4):162-72.

McMurray CT. Mechanisms of trinucleotide repeat instability during human development.
Nat Rev Genet. 2010;11(11):786-99.

Jacobs PA, Strong JA. A case of human intersexuality having a possible XXY sex-
determining mechanism. Nature. 1959;183(4657):302-3.

Wyllie JP, Wright MJ, Burn J, Hunter S. Natural history of trisomy 13. Arch Dis Child.
1994;71(4):343-5.

Cereda A, Carey JC. The trisomy 18 syndrome. Orphanet J Rare Dis. 2012;7:81.

Jacobs PA, Baikie AG, Court Brown WM, Strong JA. The somatic chromosomes in
mongolism. Lancet. 1959;1(7075):710.

Morin SJ, Eccles J, Iturriaga A, Zimmerman RS. Translocations, inversions and other
chromosome rearrangements. Fertil Steril. 2017;107(1):19-26.

Jacobs PA, Browne C, Gregson N, Joyce C, White H. Estimates of the frequency of
chromosome abnormalities detectable in unselected newborns using moderate levels of
banding. J Med Genet. 1992;29(2):103-8.

Pellestor F, Anahory T, Lefort G, Puechberty J, Liehr T, Hedon B, et al. Complex
chromosomal rearrangements: origin and meiotic behavior. Hum Reprod Update.
2011;17(4):476-94.

Batista DA, Pai GS, Stetten G. Molecular analysis of a complex chromosomal rearrangement
and a review of familial cases. Am J Med Genet. 1994;53(3):255-63.

Sebat J, Lakshmi B, Troge J, Alexander J, Young J, Lundin P, et al. Large-scale copy number
polymorphism in the human genome. Science. 2004;305(5683):525-8.

Escaramis G, Docampo E, Rabionet R. A decade of structural variants: description, history
and methods to detect structural variation. Brief Funct Genomics. 2015;14(5):305-14.

Feuk L, Carson AR, Scherer SW. Structural variation in the human genome. Nat Rev Genet.
2006;7(2):85-97.

Conrad DF, Pinto D, Redon R, Feuk L, Gokcumen O, Zhang Y, et al. Origins and functional
impact of copy number variation in the human genome. Nature. 2010;464(7289):704-12.

74



47,

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

Redon R, Ishikawa S, Fitch KR, Feuk L, Perry GH, Andrews TD, et al. Global variation in
copy number in the human genome. Nature. 2006;444(7118):444-54.

Shaikh TH, Gai X, Perin JC, Glessner JT, Xie H, Murphy K, et al. High-resolution mapping
and analysis of copy number variations in the human genome: a data resource for clinical
and research applications. Genome Res. 2009;19(9):1682-90.

Lupski JR, de Oca-Luna RM, Slaugenhaupt S, Pentao L, Guzzetta V, Trask BJ, et al. DNA
duplication associated with Charcot-Marie-Tooth disease type 1A. Cell. 1991;66(2):219-32.
Sebat J, Lakshmi B, Malhotra D, Troge J, Lese-Martin C, Walsh T, et al. Strong association
of de novo copy number mutations with autism. Science. 2007;316(5823):445-9.

Weiss LA, Shen Y, Korn JM, Arking DE, Miller DT, Fossdal R, et al. Association between
microdeletion and microduplication at 16p11.2 and autism. N Engl J Med. 2008;358(7):667-
75.

Bochukova EG, Huang N, Keogh J, Henning E, Purmann C, Blaszczyk K, et al. Large, rare
chromosomal deletions associated with severe early-onset obesity. Nature.
2010;463(7281):666-70.

Vacic V, McCarthy S, Malhotra D, Murray F, Chou HH, Peoples A, et al. Duplications of
the neuropeptide receptor gene VIPR2 confer significant risk for schizophrenia. Nature.
2011;471(7339):499-503.

Chance PF, Alderson MK, Leppig KA, Lensch MW, Matsunami N, Smith B, et al. DNA
deletion associated with hereditary neuropathy with liability to pressure palsies. Cell.
1993;72(1):143-51.

Lupski JR, Wise CA, Kuwano A, Pentao L, Parke JT, Glaze DG, et al. Gene dosage is a
mechanism for Charcot-Marie-Tooth disease type 1A. Nat Genet. 1992;1(1):29-33.

Vogels A, Fryns JP. The Prader-Willi syndrome and the Angelman syndrome. Genet Couns.
2002;13(4):385-96.

McDonald-McGinn DM, Sullivan KE, Marino B, Philip N, Swillen A, Vorstman JA, et al.
22011.2 deletion syndrome. Nat Rev Dis Primers. 2015;1:15071.

Potocki L, Bi W, Treadwell-Deering D, Carvalho CM, Eifert A, Friedman EM, et al.
Characterization of Potocki-Lupski syndrome (dup(17)(p11.2p11.2)) and delineation of a
dosage-sensitive critical interval that can convey an autism phenotype. Am J Hum Genet.
2007;80(4):633-49.

Bayes M, Magano LF, Rivera N, Flores R, Perez Jurado LA. Mutational mechanisms of
Williams-Beuren syndrome deletions. Am J Hum Genet. 2003;73(1):131-51.

Walsh T, McClellan JM, McCarthy SE, Addington AM, Pierce SB, Cooper GM, et al. Rare
structural variants disrupt multiple genes in neurodevelopmental pathways in schizophrenia.
Science. 2008;320(5875):539-43.

Xu B, Roos JL, Levy S, van Rensburg EJ, Gogos JA, Karayiorgou M. Strong association of
de novo copy number mutations with sporadic schizophrenia. Nat Genet. 2008;40(7):880-5.
Gonzalez E, Kulkarni H, Bolivar H, Mangano A, Sanchez R, Catano G, et al. The influence
of CCL3L1 gene-containing segmental duplications on HIV-1/AIDS susceptibility. Science.
2005;307(5714):1434-40.

Kuhn L, Schramm DB, Donninger S, Meddows-Taylor S, Coovadia AH, Sherman GG, et al.
African infants' CCL3 gene copies influence perinatal HIV transmission in the absence of
maternal nevirapine. AIDS. 2007;21(13):1753-61.

Dumas L, Kim YH, Karimpour-Fard A, Cox M, Hopkins J, Pollack JR, et al. Gene copy
number variation spanning 60 million years of human and primate evolution. Genome Res.
2007;17(9):1266-77.

Lupski JR. An evolution revolution provides further revelation. Bioessays.
2007;29(12):1182-4.

van Ommen GJ. Frequency of new copy number variation in humans. Nat Genet.
2005;37(4):333-4.

Lee JA, Carvalho CM, Lupski JR. A DNA replication mechanism for generating
nonrecurrent rearrangements associated with genomic disorders. Cell. 2007;131(7):1235-47.
Zhang F, Gu W, Hurles ME, Lupski JR. Copy number variation in human health, disease,
and evolution. Annu Rev Genomics Hum Genet. 2009;10:451-81.

75



69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

Shaw CJ, Lupski JR. Implications of human genome architecture for rearrangement-based
disorders: the genomic basis of disease. Hum Mol Genet. 2004;13 Spec No 1:R57-64.
Stankiewicz P, Lupski JR. Genome architecture, rearrangements and genomic disorders.
Trends Genet. 2002;18(2):74-82.

Zhou W, Zhang F, Chen X, Shen 'Y, Lupski JR, Jin L. Increased genome instability in human
DNA segments with self-chains: homology-induced structural variations via replicative
mechanisms. Hum Mol Genet. 2013;22(13):2642-51.

Bailey JA, Eichler EE. Primate segmental duplications: crucibles of evolution, diversity and
disease. Nat Rev Genet. 2006;7(7):552-64.

Gu W, Zhang F, Lupski JR. Mechanisms for human genomic rearrangements. Pathogenetics.
2008;1(1):4.

Mun S, Kim S, Lee W, Kang K, Meyer TJ, Han BG, et al. A study of transposable element-
associated structural variations (TASVs) using a de novo-assembled Korean genome. Exp
Mol Med. 2021;53(4):615-30.

Arlt MF, Mulle JG, Schaibley VM, Ragland RL, Durkin SG, Warren ST, et al. Replication
stress induces genome-wide copy humber changes in human cells that resemble polymorphic
and pathogenic variants. Am J Hum Genet. 2009;84(3):339-50.

Arlt MF, Wilson TE, Glover TW. Replication stress and mechanisms of CNV formation.
Curr Opin Genet Dev. 2012;22(3):204-10.

Kim PM, Lam HY, Urban AE, Korbel JO, Affourtit J, Grubert F, et al. Analysis of copy
number variants and segmental duplications in the human genome: Evidence for a change in
the process of formation in recent evolutionary history. Genome Res. 2008;18(12):1865-74.
Girirajan S, Dennis MY, Baker C, Malig M, Coe BP, Campbell CD, et al. Refinement and
discovery of new hotspots of copy-number variation associated with autism spectrum
disorder. Am J Hum Genet. 2013;92(2):221-37.

Peng Z, Zhou W, Fu W, Du R, Jin L, Zhang F. Correlation between frequency of non-allelic
homologous recombination and homology properties: evidence from homology-mediated
CNV mutations in the human genome. Hum Mol Genet. 2015;24(5):1225-33.

Chen L, Zhou W, Zhang L, Zhang F. Genome architecture and its roles in human copy
number variation. Genomics Inform. 2014;12(4):136-44.

Inoue K, Lupski JR. Molecular mechanisms for genomic disorders. Annu Rev Genomics
Hum Genet. 2002;3:199-242.

Lupski JR, Stankiewicz P. Genomic disorders: molecular mechanisms for rearrangements
and conveyed phenotypes. PL0oS Genet. 2005;1(6):e49.

Jiang Y, Chu WK. Potential Roles of the Retinoblastoma Protein in Regulating Genome
Editing. Front Cell Dev Biol. 2018;6:81.

Bickhart DM, Liu GE. The challenges and importance of structural variation detection in
livestock. Front Genet. 2014;5:37.

Shaw CJ, Lupski JR. Non-recurrent 17p11.2 deletions are generated by homologous and
non-homologous mechanisms. Hum Genet. 2005;116(1-2):1-7.

Lee JA, Inoue K, Cheung SW, Shaw CA, Stankiewicz P, Lupski JR. Role of genomic
architecture in PLP1 duplication causing Pelizaeus-Merzbacher disease. Hum Mol Genet.
2006;15(14):2250-65.

Chen C, Umezu K, Kolodner RD. Chromosomal rearrangements occur in S. cerevisiae rfal
mutator mutants due to mutagenic lesions processed by double-strand-break repair. Mol Cell.
1998;2(1):9-22.

Weinstock DM, Brunet E, Jasin M. Formation of NHEJ-derived reciprocal chromosomal
translocations does not require Ku70. Nat Cell Biol. 2007;9(8):978-81.

Welcker AJ, de Montigny J, Potier S, Souciet JL. Involvement of very short DNA tandem
repeats and the influence of the RAD52 gene on the occurrence of deletions in
Saccharomyces cerevisiae. Genetics. 2000;156(2):549-57.

McVey M, Lee SE. MMEJ repair of double-strand breaks (director's cut): deleted sequences
and alternative endings. Trends Genet. 2008;24(11):529-38.

Roerink SF, van Schendel R, Tijsterman M. Polymerase theta-mediated end joining of
replication-associated DNA breaks in C. elegans. Genome Res. 2014;24(6):954-62.

76



92. Schimmel J, van Schendel R, den Dunnen JT, Tijsterman M. Templated Insertions: A
Smoking Gun for Polymerase Theta-Mediated End Joining. Trends Genet. 2019;35(9):632-
44,

93. Slack A, Thornton PC, Magner DB, Rosenberg SM, Hastings PJ. On the mechanism of gene
amplification induced under stress in Escherichia coli. PLoS Genet. 2006;2(4):e48.

94. Langston LD, Indiani C, O'Donnell M. Whither the replisome: emerging perspectives on the
dynamic nature of the DNA replication machinery. Cell Cycle. 2009;8(17):2686-91.

95. Indiani C, Langston LD, Yurieva O, Goodman MF, O'Donnell M. Translesion DNA
polymerases remodel the replisome and alter the speed of the replicative helicase. Proc Natl
Acad Sci U S A. 2009;106(15):6031-8.

96. Viguera E, Canceill D, Ehrlich SD. Replication slippage involves DNA polymerase pausing
and dissociation. EMBO J. 2001;20(10):2587-95.

97. Liskay RM, Letsou A, Stachelek JL. Homology requirement for efficient gene conversion
between duplicated chromosomal sequences in mammalian cells. Genetics.
1987;115(1):161-7.

98. Reiter LT, Hastings PJ, Nelis E, De Jonghe P, Van Broeckhoven C, Lupski JR. Human
meiotic recombination products revealed by sequencing a hotspot for homologous strand
exchange in multiple HNPP deletion patients. Am J Hum Genet. 1998;62(5):1023-33.

99. Lovett ST, Hurley RL, Sutera VA, Jr., Aubuchon RH, Lebedeva MA. Crossing over between
regions of limited homology in Escherichia coli. RecA-dependent and RecA-independent
pathways. Genetics. 2002;160(3):851-9.

100. Hastings PJ, Ira G, Lupski JR. A microhomology-mediated break-induced replication model
for the origin of human copy number variation. PLoS Genet. 2009;5(1):e1000327.

101. Mcllwraith MJ, Vaisman A, Liu Y, Fanning E, Woodgate R, West SC. Human DNA
polymerase eta promotes DNA synthesis from strand invasion intermediates of homologous
recombination. Mol Cell. 2005;20(5):783-92.

102. Cannistraro VJ, Taylor JS. Ability of polymerase eta and T7 DNA polymerase to bypass
bulge structures. J Biol Chem. 2007;282(15):11188-96.

103. Verma P, Greenberg RA. Noncanonical views of homology-directed DNA repair. Genes
Dev. 2016;30(10):1138-54.

104. Chen JM, Chuzhanova N, Stenson PD, Ferec C, Cooper DN. Complex gene rearrangements
caused by serial replication slippage. Hum Mutat. 2005;26(2):125-34.

105. Tancredi M, Sensi E, Cipollini G, Aretini P, Lombardi G, Di Cristofano C, et al. Haplotype
analysis of BRCAL gene reveals a new gene rearrangement: characterization of a 19.9 KBP
deletion. Eur J Hum Genet. 2004;12(9):775-7.

106. Chen JM, Chuzhanova N, Stenson PD, Ferec C, Cooper DN. Meta-analysis of gross
insertions causing human genetic disease: novel mutational mechanisms and the role of
replication slippage. Hum Mutat. 2005;25(2):207-21.

107. Prak ET, Kazazian HH, Jr. Mobile elements and the human genome. Nat Rev Genet.
2000;1(2):134-44.

108. Callinan PA, Batzer MA. Retrotransposable elements and human disease. Genome Dyn.
2006;1:104-15.

109. Bailey JA, Liu G, Eichler EE. An Alu transposition model for the origin and expansion of
human segmental duplications. Am J Hum Genet. 2003;73(4):823-34.

110. Xing J, Zhang Y, Han K, Salem AH, Sen SK, Huff CD, et al. Mobile elements create
structural variation: analysis of a complete human genome. Genome Res. 2009;19(9):1516-
26.

111. Deininger PL, Batzer MA. Alu repeats and human disease. Mol Genet Metab.
1999;67(3):183-93.

112. Cantsilieris S, Baird PN, White SJ. Molecular methods for genotyping complex copy number
polymorphisms. Genomics. 2013;101(2):86-93.

113. Weiss MM, Hermsen MA, Meijer GA, van Grieken NC, Baak JP, Kuipers EJ, et al.
Comparative genomic hybridisation. Mol Pathol. 1999;52(5):243-51.

77



114. McCarroll SA, Kuruvilla FG, Korn JM, Cawley S, Nemesh J, Wysoker A, et al. Integrated
detection and population-genetic analysis of SNPs and copy number variation. Nat Genet.
2008;40(10):1166-74.

115. Schouten JP, McElgunn CJ, Waaijer R, Zwijnenburg D, Diepvens F, Pals G. Relative
guantification of 40 nucleic acid sequences by multiplex ligation-dependent probe
amplification. Nucleic Acids Res. 2002;30(12):e57.

116. Medvedev P, Stanciu M, Brudno M. Computational methods for discovering structural
variation with next-generation sequencing. Nat Methods. 2009;6(11 Suppl):S13-20.

117. Sudmant PH, Kitzman JO, Antonacci F, Alkan C, Malig M, Tsalenko A, et al. Diversity of
human copy number variation and multicopy genes. Science. 2010;330(6004):641-6.

118. Singh AK, Olsen MF, Lavik LAS, Vold T, Drablos F, Sjursen W. Detecting copy number
variation in next generation sequencing data from diagnostic gene panels. BMC Med
Genomics. 2021;14(1):214.

119. Moreno-Cabrera JM, Del Valle J, Castellanos E, Feliubadalo L, Pineda M, Brunet J, et al.
Evaluation of CNV detection tools for NGS panel data in genetic diagnostics. Eur J Hum
Genet. 2020;28(12):1645-55.

120. Zhang F, Khajavi M, Connolly AM, Towne CF, Batish SD, Lupski JR. The DNA replication
FoSTeS/MMBIR mechanism can generate genomic, genic and exonic complex
rearrangements in humans. Nat Genet. 2009;41(7):849-53.

121. Zhang L, Wang J, Zhang C, Li D, Carvalho CMB, Ji H, et al. Efficient CNV breakpoint
analysis reveals unexpected structural complexity and correlation of dosage-sensitive genes
with clinical severity in genomic disorders. Hum Mol Genet. 2017;26(10):1927-41.

122. Wright CF, FitzPatrick DR, Firth HV. Paediatric genomics: diagnosing rare disease in
children. Nat Rev Genet. 2018;19(5):325.

123. Amberger JS, Bocchini CA, Schiettecatte F, Scott AF, Hamosh A. OMIM.org: Online
Mendelian Inheritance in Man (OMIM(R)), an online catalog of human genes and genetic
disorders. Nucleic Acids Res. 2015;43(Database issue):D789-98.

124. Judge DP, Dietz HC. Marfan's syndrome. Lancet. 2005;366(9501):1965-76.

125. Canadas V, Vilacosta I, Bruna I, Fuster V. Marfan syndrome. Part 1: pathophysiology and
diagnosis. Nat Rev Cardiol. 2010;7(5):256-65.

126. Adams JN, Trent RJ. Aortic complications of Marfan's syndrome. Lancet.
1998;352(9142):1722-3.

127. Scriver CR. The Metabolic & Molecular Bases of Inherited Disease: McGraw-Hill; 2001.
128. Mizuguchi T, Collod-Beroud G, Akiyama T, Abifadel M, Harada N, Morisaki T, et al.
Heterozygous TGFBR2 mutations in Marfan syndrome. Nat Genet. 2004;36(8):855-60.
129. Chung BH, Lam ST, Tong TM, Li SY, Lun KS, Chan DH, et al. Identification of novel FBN1
and TGFBR2 mutations in 65 probands with Marfan syndrome or Marfan-like phenotypes.

Am J Med Genet A. 2009;149A(7):1452-9.

130. Lerner-Ellis JP, Aldubayan SH, Hernandez AL, Kelly MA, Stuenkel AJ, Walsh J, et al. The
spectrum of FBN1, TGFbetaR1, TGFbetaR2 and ACTA2 variants in 594 individuals with
suspected Marfan Syndrome, Loeys-Dietz Syndrome or Thoracic Aortic Aneurysms and
Dissections (TAAD). Mol Genet Metab. 2014;112(2):171-6.

131. Ramachandra CJ, Mehta A, Guo KW, Wong P, Tan JL, Shim W. Molecular pathogenesis of
Marfan syndrome. Int J Cardiol. 2015;187:585-91.

132. Hoffjan S. Genetic dissection of marfan syndrome and related connective tissue disorders:
an update 2012. Mol Syndromol. 2012;3(2):47-58.

133. Collod-Beroud G, Le Bourdelles S, Ades L, Ala-Kokko L, Booms P, Boxer M, et al. Update
of the UMD-FBN1 mutation database and creation of an FBN1 polymorphism database.
Hum Mutat. 2003;22(3):199-208.

134. Apitz C, Mackensen-Haen S, Girisch M, Kerst G, Wiegand G, Stuhrmann M, et al. Neonatal
Marfan syndrome: unusually large deletion of exons 24-26 of FBN1 associated with poor
prognosis. Klin Padiatr. 2010;222(4):261-3.

135. Benke K, Agg B, Meienberg J, Kopps AM, Fattorini N, Stengl R, et al. Hungarian Marfan
family with large FBN1 deletion calls attention to copy number variation detection in the
current NGS era. J Thorac Dis. 2018;10(4):2456-60.

78



136. Blyth M, Foulds N, Turner C, Bunyan D. Severe Marfan syndrome due to FBN1 exon
deletions. Am J Med Genet A. 2008;146A(10):1320-4.

137. Breckpot J, Budts W, De Zegher F, Vermeesch JR, Devriendt K. Duplication of the TGFBR1
gene causes features of Loeys-Dietz syndrome. Eur J Med Genet. 2010;53(6):408-10.

138. Campbell IM, Kolodziejska KE, Quach MM, Wolf VL, Cheung SW, Lalani SR, et al.
TGFBR2 deletion in a 20-month-old female with developmental delay and microcephaly.
Am J Med Genet A. 2011;155A(6):1442-7.

139. Colovati ME, da Silva LR, Takeno SS, Mancini Tl, AR ND, Guilherme RS, et al. Marfan
syndrome with a complex chromosomal rearrangement including deletion of the FBN1 gene.
Mol Cytogenet. 2012;5:5.

140. Faivre L, Khau Van Kien P, Callier P, Ruiz-Pallares N, Baudoin C, Plancke A, et al. De novo
15021.1g21.2 deletion identified through FBN1 MLPA and refined by 244K array-CGH in
a female teenager with incomplete Marfan syndrome. Eur J Med Genet. 2010;53(4):208-12.

141. Furtado LV, Wooderchak-Donahue W, Rope AF, Yetman AT, Lewis T, Plant P, et al.
Characterization of large genomic deletions in the FBN1 gene using multiplex ligation-
dependent probe amplification. BMC Med Genet. 2011;12:119.

142. Hilhorst-Hofstee Y, Hamel BC, Verheij JB, Rijlaarsdam ME, Mancini GM, Cobben JM, et
al. The clinical spectrum of complete FBN1 allele deletions. Eur J Hum Genet.
2011;19(3):247-52.

143. Hung CC, Lin SY, Lee CN, Cheng HY, Lin SP, Chen MR, et al. Mutation spectrum of the
fibrillin-1 (FBN1) gene in Taiwanese patients with Marfan syndrome. Ann Hum Genet.
2009;73(Pt 6):559-67.

144, Kainulainen K, Sakai LY, Child A, Pope FM, Puhakka L, Ryhanen L, et al. Two mutations
in Marfan syndrome resulting in truncated fibrillin polypeptides. Proc Natl Acad Sci U S A.
1992;89(13):5917-21.

145.LiJ, Wu W, Lu C, Liu Y, Wang R, Si N, et al. Gross deletions in FBN1 results in variable
phenotypes of Marfan syndrome. Clin Chim Acta. 2017;474:54-9.

146. Liu W, Schrijver |, Brenn T, Furthmayr H, Francke U. Multi-exon deletions of the FBN1
gene in Marfan syndrome. BMC Med Genet. 2001;2:11.

147. Loeys B, Nuytinck L, Delvaux I, De Bie S, De Paepe A. Genotype and phenotype analysis
of 171 patients referred for molecular study of the fibrillin-1 gene FBN1 because of
suspected Marfan syndrome. Arch Intern Med. 2001;161(20):2447-54.

148. Matyas G, Alonso S, Patrignani A, Marti M, Arnold E, Magyar I, et al. Large genomic
fibrillin-1 (FBN1) gene deletions provide evidence for true haploinsufficiency in Marfan
syndrome. Hum Genet. 2007;122(1):23-32.

149. Mclnerney-Leo AM, Marshall MS, Gardiner B, Coucke PJ, Van Laer L, Loeys BL, et al.
Whole exome sequencing is an efficient, sensitive and specific method of mutation detection
in osteogenesis imperfecta and Marfan syndrome. Bonekey Rep. 2013;2:456.

150. Ogawa N, Imai Y, Takahashi Y, Nawata K, Hara K, Nishimura H, et al. Evaluating Japanese
patients with the Marfan syndrome using high-throughput microarray-based mutational
analysis of fibrillin-1 gene. Am J Cardiol. 2011;108(12):1801-7.

151. Pees C, Michel-Behnke I, Hagl M, Laccone F. Detection of 15 novel mutations in 52 children
from 40 families with the Marfan or Loeys-Dietz syndrome and phenotype-genotype
correlations. Clin Genet. 2014;86(6):552-7.

152. Raghunath M, Kielty CM, Kainulainen K, Child A, Peltonen L, Steinmann B. Analyses of
truncated fibrillin caused by a 366 bp deletion in the FBN1 gene resulting in Marfan
syndrome. Biochem J. 1994;302 ( Pt 3):889-96.

153. Singh KK, Elligsen D, Liersch R, Schubert S, Pabst B, Arslan-Kirchner M, et al. Multi-exon
out of frame deletion of the FBN1 gene leading to a severe juvenile onset cardiovascular
phenotype in Marfan syndrome. J Mol Cell Cardiol. 2007;42(2):352-6.

154.VVoermans N, Timmermans J, van Alfen N, Pillen S, op den Akker J, Lammens M, et al.
Neuromuscular features in Marfan syndrome. Clin Genet. 2009;76(1):25-37.

155. Weidenbach M, Brenner R, Rantamaki T, Redel DA. Acute mitral regurgitation due to
chordal rupture in a patient with neonatal Marfan syndrome caused by a deletion in exon 29
of the FBN1 gene. Pediatr Cardiol. 1999;20(5):382-5.

79



156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

1609.

170.

171.

172.

173.

174.

175.

Wooderchak-Donahue W, VanSant-Webb C, Tvrdik T, Plant P, Lewis T, Stocks J, et al.
Clinical utility of a next generation sequencing panel assay for Marfan and Marfan-like
syndromes featuring aortopathy. Am J Med Genet A. 2015;167A(8):1747-57.

Yang H, Ma Y, Luo M, Zhao K, Zhang Y, Zhu G, et al. Identification of gross deletions in
FBN1 gene by MLPA. Hum Genomics. 2018;12(1):46.

Yoo EH, Woo H, Ki CS, Lee HJ, Kim DK, Kang IS, et al. Clinical and genetic analysis of
Korean patients with Marfan syndrome: possible ethnic differences in clinical manifestation.
Clin Genet. 2010;77(2):177-82.

LU Xin-xin HX-l, WANG Ren, CHEN Xi-jun, RAO Hui-ying, WU Wen-bing, QIU Li-ping,
HUANG Yi, WU Yan-an Detection of deletion mutations of FBN1 in two patients with
Marfan syndrome using next generation sequencing (NGS) and multiplex ligation-dependent
probe amplification(MLPA) technique. Chinese Journal of Clinical Laboratory Science.
2015(10):744-7.

Lammert M, Friedman JM, Kluwe L, Mautner VVF. Prevalence of neurofibromatosis 1 in
German children at elementary school enroliment. Arch Dermatol. 2005;141(1):71-4.
Uusitalo E, Leppavirta J, Koffert A, Suominen S, Vahtera J, Vahlberg T, et al. Incidence and
mortality of neurofibromatosis: a total population study in Finland. J Invest Dermatol.
2015;135(3):904-6.

Buki G, Zsigmond A, Czako M, Szalai R, Antal G, Farkas V, et al. Genotype-Phenotype
Associations in Patients With Type-1, Type-2, and Atypical NF1 Microdeletions. Front
Genet. 2021;12:673025.

Jett K, Friedman JM. Clinical and genetic aspects of neurofibromatosis 1. Genet Med.
2010;12(1):1-11.

Stephens K, Kayes L, Riccardi VM, Rising M, Sybert VP, Pagon RA. Preferential mutation
of the neurofibromatosis type 1 gene in paternally derived chromosomes. Hum Genet.
1992;88(3):279-82.

Park VM, Pivnick EK. Neurofibromatosis type 1 (NF1): a protein truncation assay yielding
identification of mutations in 73% of patients. J Med Genet. 1998;35(10):813-20.

Cnossen MH, van der Est MN, Breuning MH, van Asperen CJ, Breslau-Siderius EJ, van der
Ploeg AT, et al. Deletions spanning the neurofibromatosis type 1 gene: implications for
genotype-phenotype correlations in neurofibromatosis type 1? Hum Mutat. 1997;9(5):458-
64.

Zhang J, Tong H, Fu X, Zhang Y, Liu J, Cheng R, et al. Molecular Characterization of NF1
and Neurofibromatosis Type 1 Genotype-Phenotype Correlations in a Chinese Population.
Sci Rep. 2015;5:11291.

Kehrer-Sawatzki H, Mautner VF, Cooper DN. Emerging genotype-phenotype relationships
in patients with large NF1 deletions. Hum Genet. 2017;136(4):349-76.

Kehrer-Sawatzki H, Kluwe L, Salamon J, Well L, Farschtschi S, Rosenbaum T, et al. Clinical
characterization of children and adolescents with NF1 microdeletions. Childs Nerv Syst.
2020;36(10):2297-310.

Dorschner MO, Sybert VP, Weaver M, Pletcher BA, Stephens K. NF1 microdeletion
breakpoints are clustered at flanking repetitive sequences. Hum Mol Genet. 2000;9(1):35-
46.

Kayes LM, Riccardi VM, Burke W, Bennett RL, Stephens K. Large de novo DNA deletion
in a patient with sporadic neurofibromatosis 1, mental retardation, and dysmorphism. J Med
Genet. 1992;29(10):686-90.

Allanson JE, Cunniff C, Hoyme HE, McGaughran J, Muenke M, Neri G. Elements of
morphology: standard terminology for the head and face. Am J Med Genet A.
2009;149A(1):6-28.

Hall BD, Graham JM, Jr., Cassidy SB, Opitz JM. Elements of morphology: standard
terminology for the periorbital region. Am J Med Genet A. 2009;149A(1):29-39.
Strassmeier W. Early intervention programs for handicapped and retarded children from age
0 to 5. Int J Rehabil Res. 1980;3(4):533-5.

Bayley N RG. Bayley scales of infant and toddler development: Bayley-lIl. San Antonio:
Harcourt Assessment, Psych Corporation. 2006;7.

80



176.Bass L, Borbély S, Jaszberényi M, Lanyiné EA, Sarkady K, Gerebenné VK, et al. A
differencialt beiskolazds néhany mérdeszkdze. A Budapesti Binet-teszttel végzett
vizsgalatokrol: Akadémiai Kiado; 1989. p. 29-49 (in hungarian).

177. Vulto-van Silfhout AT, van Ravenswaaij CM, Hehir-Kwa JY, Verwiel ET, Dirks R, van
Vooren S, et al. An update on ECARUCA, the European Cytogeneticists Association
Register of Unbalanced Chromosome Aberrations. Eur J Med Genet. 2013;56(9):471-4.

178. Firth HV, Richards SM, Bevan AP, Clayton S, Corpas M, Rajan D, et al. DECIPHER:
Database of Chromosomal Imbalance and Phenotype in Humans Using Ensembl Resources.
Am J Hum Genet. 2009;84(4):524-33.

179. Benson G. Tandem repeats finder: a program to analyze DNA sequences. Nucleic Acids Res.
1999;27(2):573-80.

180. Xie X, Liu W, Dong G, Zhu Q, Liu YG. MMEJ-KO: a web tool for designing paired CRISPR
guide RNAs for microhomology-mediated end joining fragment deletion. Sci China Life Sci.
2021;64(6):1021-4.

181. Garcia-Muse T, Aguilera A. Transcription-replication conflicts: how they occur and how
they are resolved. Nat Rev Mol Cell Biol. 2016;17(9):553-63.

182. Hastings PJ, Lupski JR, Rosenberg SM, Ira G. Mechanisms of change in gene copy number.
Nat Rev Genet. 2009;10(8):551-64.

183. Faivre L, Collod-Beroud G, Loeys BL, Child A, Binquet C, Gautier E, et al. Effect of
mutation type and location on clinical outcome in 1,013 probands with Marfan syndrome or
related phenotypes and FBN1 mutations: an international study. Am J Hum Genet.
2007;81(3):454-66.

184. Dordoni C, Ciaccio C, Santoro G, Venturini M, Cavallari U, Ritelli M, et al. Marfan
syndrome: Report of a complex phenotype due to a 15¢g21.1 contiguos gene deletion
encompassing FBN1, and literature review. Am J Med Genet A. 2017;173(1):200-6.

185. Summerer A, Mautner VF, Upadhyaya M, Claes KBM, Hogel J, Cooper DN, et al. Extreme
clustering of type-1 NF1 deletion breakpoints co-locating with G-quadruplex forming
sequences. Hum Genet. 2018;137(6-7):511-20.

186. Summerer A, Schafer E, Mautner VF, Messiaen L, Cooper DN, Kehrer-Sawatzki H. Ultra-
deep amplicon sequencing indicates absence of low-grade mosaicism with normal cells in
patients with type-1 NF1 deletions. Hum Genet. 2019;138(1):73-81.

187. Sachidanandam R, Weissman D, Schmidt SC, Kakol JM, Stein LD, Marth G, et al. A map
of human genome sequence variation containing 1.42 million single nucleotide
polymorphisms. Nature. 2001;409(6822):928-33.

188. Jorde LB, Wooding SP. Genetic variation, classification and 'race’. Nat Genet. 2004;36(11
Suppl):S28-33.

189. Tishkoff SA, Kidd KK. Implications of biogeography of human populations for 'race' and
medicine. Nat Genet. 2004;36(11 Suppl):S21-7.

190. Harel T, Lupski JR. Genomic disorders 20 years on-mechanisms for clinical manifestations.
Clin Genet. 2018;93(3):439-49.

191. Sakai LY, Keene DR, Engvall E. Fibrillin, a new 350-kD glycoprotein, is a component of
extracellular microfibrils. J Cell Biol. 1986;103(6 Pt 1):2499-509.

192. Corson GM, Chalberg SC, Dietz HC, Charbonneau NL, Sakai LY. Fibrillin binds calcium
and is coded by cDNAs that reveal a multidomain structure and alternatively spliced exons
at the 5' end. Genomics. 1993;17(2):476-84.

193. Reinhardt DP, Ono RN, Sakai LY. Calcium stabilizes fibrillin-1 against proteolytic
degradation. J Biol Chem. 1997;272(2):1231-6.

194. Handford PA. Fibrillin-1, a calcium binding protein of extracellular matrix. Biochim
Biophys Acta. 2000;1498(2-3):84-90.

195. Jensen SA, Handford PA. New insights into the structure, assembly and biological roles of
10-12 nm connective tissue microfibrils from fibrillin-1 studies. Biochem J.
2016;473(7):827-38.

196. Werner JM, Knott V, Handford PA, Campbell 1D, Downing AK. Backbone dynamics of a
cbEGF domain pair in the presence of calcium. J Mol Biol. 2000;296(4):1065-78.

81



197. Rock MJ, Cain SA, Freeman LJ, Morgan A, Mellody K, Marson A, et al. Molecular basis of
elastic fiber formation. Critical interactions and a tropoelastin-fibrillin-1 cross-link. J Biol
Chem. 2004;279(22):23748-58.

198. Shen YH, LeMaire SA. Molecular pathogenesis of genetic and sporadic aortic aneurysms
and dissections. Curr Probl Surg. 2017;54(3):95-155.

199. Liu W, Qian C, Comeau K, Brenn T, Furthmayr H, Francke U. Mutant fibrillin-1 monomers
lacking EGF-like domains disrupt microfibril assembly and cause severe marfan syndrome.
Hum Mol Genet. 1996;5(10):1581-7.

200. Baudhuin LM, Kotzer KE, Lagerstedt SA. Increased frequency of FBN1 truncating and
splicing variants in Marfan syndrome patients with aortic events. Genet Med.
2015;17(3):177-87.

201. Franken R, Teixido-Tura G, Brion M, Forteza A, Rodriguez-Palomares J, Gutierrez L, et al.
Relationship between fibrillin-1 genotype and severity of cardiovascular involvement in
Marfan syndrome. Heart. 2017;103(22):1795-9.

202. Takeda N, Inuzuka R, Maemura S, Morita H, Nawata K, Fujita D, et al. Impact of Pathogenic
FBN1 Variant Types on the Progression of Aortic Disease in Patients With Marfan
Syndrome. Circ Genom Precis Med. 2018;11(6):e002058.

203. Dallas SL, Miyazono K, Skerry TM, Mundy GR, Bonewald LF. Dual role for the latent
transforming growth factor-beta binding protein in storage of latent TGF-beta in the
extracellular matrix and as a structural matrix protein. J Cell Biol. 1995;131(2):539-49.

204. Isogai Z, Ono RN, Ushiro S, Keene DR, Chen Y, Mazzieri R, et al. Latent transforming
growth factor beta-binding protein 1 interacts with fibrillin and is a microfibril-associated
protein. J Biol Chem. 2003;278(4):2750-7.

205. Habashi JP, Judge DP, Holm TM, Cohn RD, Loeys BL, Cooper TK, et al. Losartan, an AT1
antagonist, prevents aortic aneurysm in a mouse model of Marfan syndrome. Science.
2006;312(5770):117-21.

206. Neptune ER, Frischmeyer PA, Arking DE, Myers L, Bunton TE, Gayraud B, et al.
Dysregulation of TGF-beta activation contributes to pathogenesis in Marfan syndrome. Nat
Genet. 2003;33(3):407-11.

207. Zilberberg L, Phoon CK, Robertson I, Dabovic B, Ramirez F, Rifkin DB. Genetic analysis
of the contribution of LTBP-3 to thoracic aneurysm in Marfan syndrome. Proc Natl Acad
Sci U S A. 2015;112(45):14012-7.

208. Maurano MT, Humbert R, Rynes E, Thurman RE, Haugen E, Wang H, et al. Systematic
localization of common disease-associated variation in regulatory DNA. Science.
2012;337(6099):1190-5.

209. Vockley CM, Barrera A, Reddy TE. Decoding the role of regulatory element polymorphisms
in complex disease. Curr Opin Genet Dev. 2017;43:38-45.

210. Gomez D, Coyet A, Ollivier V, Jeunemaitre X, Jondeau G, Michel JB, et al. Epigenetic
control of vascular smooth muscle cells in Marfan and non-Marfan thoracic aortic
aneurysms. Cardiovasc Res. 2011;89(2):446-56.

211. Chandesris MO, Azarine A, Ong KT, Taleb S, Boutouyrie P, Mousseaux E, et al. Frequent
and widespread vascular abnormalities in human signal transducer and activator of
transcription 3 deficiency. Circ Cardiovasc Genet. 2012;5(1):25-34.

212. Ottaviani D, LeCain M, Sheer D. The role of microhomology in genomic structural variation.
Trends Genet. 2014;30(3):85-94.

213. Toffolatti L, Cardazzo B, Nobile C, Danieli GA, Gualandi F, Muntoni F, et al. Investigating
the mechanism of chromosomal deletion: characterization of 39 deletion breakpoints in
introns 47 and 48 of the human dystrophin gene. Genomics. 2002;80(5):523-30.

214. Nobile C, Toffolatti L, Rizzi F, Simionati B, Nigro V, Cardazzo B, et al. Analysis of 22
deletion breakpoints in dystrophin intron 49. Hum Genet. 2002;110(5):418-21.

215. Pasmant E, Sabbagh A, Spurlock G, Laurendeau I, Grillo E, Hamel MJ, et al. NF1
microdeletions in neurofibromatosis type 1: from genotype to phenotype. Hum Mutat.
2010;31(6):E1506-18.

82



216. Messiaen L, Vogt J, Bengesser K, Fu C, Mikhail F, Serra E, et al. Mosaic type-1 NF1
microdeletions as a cause of both generalized and segmental neurofibromatosis type-1
(NF1). Hum Mutat. 2011;32(2):213-9.

217. Bianchessi D, Morosini S, Saletti V, Ibba MC, Natacci F, Esposito S, et al. 126 novel
mutations in Italian patients with neurofibromatosis type 1. Mol Genet Genomic Med.
2015;3(6):513-25.

218. Mautner VF, Kluwe L, Friedrich RE, Roehl AC, Bammert S, Hogel J, et al. Clinical
characterisation of 29 neurofibromatosis type-1 patients with molecularly ascertained 1.4 Mb
type-1 NF1 deletions. J Med Genet. 2010;47(9):623-30.

219. Tucker T, Wolkenstein P, Revuz J, Zeller J, Friedman JM. Association between benign and
malignant peripheral nerve sheath tumors in NF1. Neurology. 2005;65(2):205-11.

220. Waggoner DJ, Towbin J, Gottesman G, Gutmann DH. Clinic-based study of plexiform
neurofibromas in neurofibromatosis 1. Am J Med Genet. 2000;92(2):132-5.

221. Tastet J, Decalonne L, Marouillat S, Malvy J, Thepault RA, Toutain A, et al. Mutation
screening of the ubiquitin ligase gene RNF135 in French patients with autism. Psychiatr
Genet. 2015;25(6):263-7.

222.Venturin M, Carra S, Gaudenzi G, Brunelli S, Gallo GR, Moncini S, et al. ADAP2 in heart
development: a candidate gene for the occurrence of cardiovascular malformations in NF1
microdeletion syndrome. J Med Genet. 2014;51(7):436-43.

223. Zhang M, Wang Y, Jones S, Sausen M, McMahon K, Sharma R, et al. Somatic mutations of
SUZ12 in malignant peripheral nerve sheath tumors. Nat Genet. 2014;46(11):1170-2.

224. Bell DW, Sikdar N, Lee KY, Price JC, Chatterjee R, Park HD, et al. Predisposition to cancer
caused by genetic and functional defects of mammalian Atad5. PL0oS Genet.
2011;7(8):€1002245.

225.Vogt J, Mussotter T, Bengesser K, Claes K, Hogel J, Chuzhanova N, et al. Identification of
recurrent type-2 NF1 microdeletions reveals a mitotic nonallelic homologous recombination
hotspot underlying a human genomic disorder. Hum Mutat. 2012;33(11):1599-609.

226.Vogt J, Nguyen R, Kluwe L, Schuhmann M, Roehl AC, Mussotter T, et al. Delineation of
the clinical phenotype associated with non-mosaic type-2 NF1 deletions: two case reports. J
Med Case Rep. 2011;5:577.

227.Roehl AC, Vogt J, Mussotter T, Zickler AN, Spoti H, Hogel J, et al. Intrachromosomal
mitotic nonallelic homologous recombination is the major molecular mechanism underlying
type-2 NF1 deletions. Hum Mutat. 2010;31(10):1163-73.

228. Cnossen MH, de Goede-Bolder A, van den Broek KM, Waasdorp CM, Oranje AP, Stroink
H, et al. A prospective 10 year follow up study of patients with neurofibromatosis type 1.
Arch Dis Child. 1998;78(5):408-12.

229. Kehrer-Sawatzki H, Kluwe L, Funsterer C, Mautner VF. Extensively high load of internal
tumors determined by whole body MRI scanning in a patient with neurofibromatosis type 1
and a non-LCR-mediated 2-Mb deletion in 17g11.2. Hum Genet. 2005;116(6):466-75.

230. Riva P, Corrado L, Natacci F, Castorina P, Wu BL, Schneider GH, et al. NF1 microdeletion
syndrome: refined FISH characterization of sporadic and familial deletions with locus-
specific probes. Am J Hum Genet. 2000;66(1):100-9.

231. Upadhyaya M, Roberts SH, Maynard J, Sorour E, Thompson PW, Vaughan M, et al. A
cytogenetic deletion, del(17)(g11.22g21.1), in a patient with sporadic neurofibromatosis type
1 (NF1) associated with dysmorphism and developmental delay. J Med Genet.
1996;33(2):148-52.

232. Kehrer-Sawatzki H, Tinschert S, Jenne DE. Heterogeneity of breakpoints in non-LCR-
mediated large constitutional deletions of the 17g11.2 NF1 tumour suppressor region. J Med
Genet. 2003;40(10):e116.

233. Venturin M, Gervasini C, Orzan F, Bentivegna A, Corrado L, Colapietro P, et al. Evidence
for non-homologous end joining and non-allelic homologous recombination in atypical NF1
microdeletions. Hum Genet. 2004;115(1):69-80.

234. Venturin M, Guarnieri P, Natacci F, Stabile M, Tenconi R, Clementi M, et al. Mental
retardation and cardiovascular malformations in NF1 microdeleted patients point to
candidate genes in 17911.2. J Med Genet. 2004;41(1):35-41.

83



235.

236.

237.

238.

239.

240.

241.

Kehrer-Sawatzki H, Schmid E, Funsterer C, Kluwe L, Mautner VF. Absence of cutaneous
neurofibromas in an NF1 patient with an atypical deletion partially overlapping the common
1.4 Mb microdeleted region. Am J Med Genet A. 2008;146A(6):691-9.

Mantripragada KK, Thuresson AC, Piotrowski A, Diaz de Stahl T, Menzel U, Grigelionis G,
et al. Identification of novel deletion breakpoints bordered by segmental duplications in the
NF1 locus using high resolution array-CGH. J Med Genet. 2006;43(1):28-38.

Karczewski KJ, Francioli LC, Tiao G, Cummings BB, Alfoldi J, Wang Q, et al. The
mutational constraint spectrum quantified from variation in 141,456 humans. Nature.
2020;581(7809):434-43.

Descheemaeker MJ, Roelandts K, De Raedt T, Brems H, Fryns JP, Legius E. Intelligence in
individuals with a neurofibromatosis type 1 microdeletion. Am J Med Genet A.
2004;131(3):325-6.

Ottenhoff MJ, Rietman AB, Mous SE, Plasschaert E, Gawehns D, Brems H, et al.
Examination of the genetic factors underlying the cognitive variability associated with
neurofibromatosis type 1. Genet Med. 2020;22(5):889-97.

Bernardinelli Y, Nikonenko I, Muller D. Structural plasticity: mechanisms and contribution
to developmental psychiatric disorders. Front Neuroanat. 2014;8:123.

Martin I, Andres CR, Vedrine S, Tabagh R, Michelle C, Jourdan ML, et al. Effect of the
oligodendrocyte myelin glycoprotein (OMgp) on the expansion and neuronal differentiation
of rat neural stem cells. Brain Res. 2009;1284:22-30.

84



8.  List Of Publications

8.1. Papers on which the thesis is based

1. Genotype-Phenotype Associations in Patients With Type-1, Type-2, and Atypical
NF1 Microdeletions

G Biiki, A Zsigmond, M Czako, R Szalai, G Antal, V Farkas, G Fekete, D Nagy, M Sz¢ll,
Tihanyi, B Melegh, K Hadzsiev, Judit Bene

Frontiers in Genetics 2021 Jun 8;12:673025. doi: 10.3389/fgene.2021.673025.
eCollection 2021.

Impact factor: 4.772

2. Microhomology-Mediated Break-Induced Replication: A Possible Molecular
Mechanism of the Formation of a Large CNV in FBN1 Gene in a Patient with
Marfan Syndrome

G Buki, K Hadzsiev, J Bene
Current Molecular Medicine April 2022 DOI: 10.2174/1566524022666220428111943

Impact factor: 2.616

3. Neurofibromatosis-1 microdeletiés szindréma: Molekularis genetika és klinikai
heterogenitas

G Buki, A Till, A Zsigmond, J Bene, K Hadzsiev
Orvosi Hetilap 2022; 163(51): 2041-2051. DOI:10.1556/650.2022.32673

Impact factor: 0.707

Summed impact factor: 8.095

4. Potential association between large FBN1 deletions and severe cardiovascular
phenotype in Marfan syndrome due to probable tissue specific enhancers
abolishment

G Buki, R Szalai, A Pinter, K Hadzsiev, B Melegh, T Rauch, J Bene

Under publication

Impact factor: -

85



8.2. Other Publications

1. Identification, presence, and possible multifunctional regulatory role of
invertebrate gonadotropin-releasing hormone/corazonin molecule in the great pond
snail (Lymnaea stagnalis)

I Fodor, Z Zrinyi, R Horvath, P Urban, R Herczeg, G Biiki, ] M Koene, P-S Tsai, Z Pirger

Gen Comp Endocrinol. 2020 Dec 1;299:113621. doi: 10.1016/j.ygcen.2020.113621.
Epub 2020 Sep 20.

Impact factor: 2.63

2. Revealing the impact of the Caucasus region on the genetic legacy of Romani
people from genome-wide data

Z Banfai, V Adam, E Postyéni, G Biiki, M Czako, A Miseta, B Melegh

PLoS One. 2018 Sep 10;13(9):e0202890. doi: 10.1371/journal.pone.0202890.
eCollection 2018.

Impact factor: 3.24

3. A rare form of ion channel gene mutation identified as underlying cause of
generalized epilepsy

A Till, R Szalai, M Hegyi, E Kovesdi, G Biiki, K Hadzsiev, B Melegh
Orv Hetil. 2019 May;160(21):835-838. doi: 10.1556/650.2019.31404.
Impact factor: 0.41

4. Genome-Wide Marker Data-Based Comparative Population Analysis of Szeklers
From Korond, Transylvania, and From Transylvania Living Non-Szekler
Hungarians

V Adam, Z Banfai, K Stimegi, G Biiki, A Szabd, L Magyari, A Miseta, M Kasler, B
Melegh

Front Genet. 2022 Mar 28;13:841769. doi: 10.3389/fgene.2022.841769. eCollection
2022,

Impact factor: 4.599

86



8.3. Citable abstracts

1. Examining the molecular mechanism behind a non recurrent CNV in the FBN1
gene

G Biiki, J Bene

XVIII. Janos Szentagothai Multidisciplinary Conference and Student Competition Book
of Abstracts

8.4. Other abstracts

1. Survey on Medical Education for Undergraduates and Postgraduates 2018
G Biiki

Magyar Humangenetika Tarsasag XII. kongresszus JARC (Joint Action on Rare
Cancers) roundtable

2. A kaukazus roma genetikai 6rokségre valé hatasanak feltarasa teljes genom
adatokon alapul¢ vizsgalatokkal 2018

Zs Banfai, V Adam, G Biiki, M Czako, B Melegh

Magyar Humangenetika Térsasag XII. kongresszus

3. Identification of a novel two-exon deletion of FBN1 gene in a patient with
Marfan syndrome and homocystinuria 2019

G Biiki, K Hadzsiev, L Pintér, B Melegh, J Bene

European Society of Human Genetics

4. Detection of a novel large deletion in FBN1 gene by MLPA 2019
J. Bene, G. Biiki, L. Pintér, B. Melegh, K. Hadzsiev

American Society of Human Genetics

5. Investigation of copy number variations in the development of rare diseases.
2019

G Biiki, B Melegh, J Bene

51 International Cholnoky Symposium

87



6. A recurrent ZC4H2 gene mutation associated with diverse neurological
symptoms in a patient with Wieacker-Wolff syndrome. 2020

G. Buki, J. Zima, B. Galik, A. Gyenesei, K. Hadzsiev, B. Melegh, J. Bene

European Society of Human Genetics

7. Glycosylphosphatidylinositol biosynthesis defect due to digenic heterozygous
mutations in PIGT and PIGV genes in a patient with psychomotor and cognitive
delay 2021

G. Buki, A. Zsigmond, A. Till, A. Gyenesei, B. Melegh, K. Hadzsiev, J. Bene

European Society of Human Genetics

8. FBN1 génben el6fordulé nem rekurrens CNV hatterében all6 molekularis
mechanizmus felderitése 2021

G Biiki, R Szalai, A Till, A Zsigmond, K Hadzsiev, J Bene

Magyar Humangenetika Tarsasag XIII. kongresszus

9. Egy ritka kotészoveti rendellenességet eredményezé kopiaszambeli eltérés
molekularis mechanizmusanak feltarasa 2022

G Biiki, J Bene

Tavaszi Szél konferencia

88



9.  Acknowledgements

I would like to take this opportunity to express my gratitude to all those, whose assistance
contributed to my PhD work.

I am primarily grateful to my supervisor Dr. Judit Bene who encouraged and helped me
to join the Doctoral School of Interdisciplinary Medicine, Medical School, University of
Pécs. She monitored and guided my professional activity throughout. She supported from

the start and provided with outstanding professional knowledge and experience.

I would like to thank Professor Dr. Béla Melegh for providing me the opportunity to start
my PhD work in the Department of Medical Genetics and supported me throughout. Also
I am grateful to Dr. Kinga Hadzsiev for the continuous support and providing ongoing

assistance.

Special thanks to the colleagues of the Department of Medical Genetics, including Zsolt
Bénfai, Andrés, Szabo, Marta Czakd, Anita Madsz, Lili Magyari, Alexandra Miko,
Katalin Siimegi, Renata Szalai, Agnes Till, Anna Zsigmond who helped me with their
competent, conscientious work and professional experience. | would not have been able
to carry out my work without the help of assistants, whose expertise has been invaluable

throughout this project.

Finally, 1 owe a debt of gratitude to my family who made this work possible with their
endless support. Finally yet importantly, | would like to thank Henrietta Horvath for the

enormous patience and encouragement coming from her, as well as her helpful advices.

89



Publications directly related to the topic of the thesis

90



',\' frontiers
in Genetics

ORIGINAL RESEARCH
published: 08 June 2021
doi: 10.3389/fgene.2021.673025

OPEN ACCESS

Edited by:

Ramcés Falfan-Valencia,

Instituto Nacional de Enfermedades
Respiratorias-México, Mexico

Reviewed by:

Feng Zhang,

Fudan University, China
Hildegard Kehrer-Sawatzki,
Ulm University Medical Center,
Germany

Eric Pasmant,

Université de Paris, France

*Correspondence:
Judit Bene
bene.judit@pte.hu

Specialty section:

This article was submitted to
Human and Medlical Genomics,
a section of the journal
Frontiers in Genetics

Received: 26 February 2021
Accepted: 12 May 2021
Published: 08 June 2021

Citation:

Buki G, Zsigmond A, Czako M,

Szalai R, Antal G, Farkas V, Fekete G,
Nagy D, Széll M, Tihanyi M, Melegh B,
Hadzsiev K and Bene J (2021)
Genotype-Phenotype Associations

in Patients With Type-1, Type-2,

and Atypical NF1 Microdeletions.
Front. Genet. 12:673025.

doi: 10.3389/fgene.2021.673025

Check for
updates

Genotype-Phenotype Associations in
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Gergely Biiki'2, Anna Zsigmond', Marta Czako'2, Renata Szalai'2, Gréta Antal’,
Viktor Farkas?®, Gyérgy Fekete?, Déra Nagy®, Marta Széll°, Marianna Tihanyi®,
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Neurofibromatosis type 1 is a tumor predisposition syndrome inherited in autosomal
dominant manner. Besides the intragenic loss-of-function mutations in NF7 gene, large
deletions encompassing the NF7 gene and its flanking regions are responsible for the
development of the variable clinical phenotype. These large deletions titled as NF7
microdeletions lead to a more severe clinical phenotype than those observed in patients
with intragenic NF7 mutations. Around 5-10% of the cases harbor large deletion and
four major types of NF7 microdeletions (type 1, 2, 3 and atypical) have been identified
so far. They are distinguishable in term of their size and the location of the breakpoints,
by the frequency of somatic mosaicism with normal cells not harboring the deletion and
by the number of the affected genes within the deleted region. In our study genotype-
phenotype analyses have been performed in 17 mostly pediatric patients with NF7
microdeletion syndrome identified by multiplex ligation-dependent probe amplification
after systematic sequencing of the NF7 gene. Confirmation and classification of the
NF1 large deletions were performed using array comparative genomic hybridization,
where it was feasible. In our patient cohort 70% of the patients possess type-1
deletion, one patient harbors type-2 deletion and 23% of our cases have atypical NF1
deletion. All the atypical deletions identified in this study proved to be novel. One patient
with atypical deletion displayed mosaicism. In our study NF7 microdeletion patients
presented dysmorphic facial features, macrocephaly, large hands and feet, delayed
cognitive development and/or learning difficulties, speech difficulties, overgrowth more
often than patients with intragenic NF7 mutations. Moreover, neurobehavior problems,
macrocephaly and overgrowth were less frequent in atypical cases compared to type-
1 deletion. Proper diagnosis is challenging in certain patients since several clinical
manifestations show age-dependency. Large tumor load exhibited more frequently in
this type of disorder, therefore better understanding of genotype-phenotype correlations
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Genotype-Phenotype Associations in NF7 Microdeletions

and progress of the disease is essential for individuals suffering from neurofibromatosis
to improve the quality of their life. Our study presented additional clinical data related to
NF1 microdeletion patients especially for pediatric cases and it contributes to the better
understanding of this type of disorder.

Keywords: copy number variation, type-1 NF1 microdeletion, type-2 NF1 microdeletion, atypical NF1
microdeletion, 17q11.2 deletion syndrome, array-CGH, multiplex ligation-probe dependent amplification, NF1

gene

INTRODUCTION

Neurofibromatosis type 1 (NF1; MIM#162200), also known as
von Recklinghausen disease, is an autosomal dominant disorder
caused by loss-of-function mutations in the neurofibromin 1
(NF1) gene. The incidence of NF1 at birth is approximately 1
in 2500-3000 and the disease frequency shows no gender or
racial predilection (Lammert et al., 2005; Uusitalo et al., 2015).
The typical clinical features of NF1 are the hyperpigmented
skin macules, called as café-au-lait spots (CALs), freckling
of the axillary and inguinal regions, the pathognomonic
neurofibromas and Lisch nodules. The neurofibromas are
mostly benign tumors, localized on or under the skin (Huson
and Hughes, 1994). They consist of a mixed cell types
including Schwann cells, perineural cells, mast cells and
fibroblasts. However, neurofibromatosis has a tremendous
spectrum of clinical variability, including skeletal abnormalities,
vascular disease, central nervous system tumors and cognitive
dysfunction (attention deficit, learning disabilities) as well.
Skeletal abnormalities such as dysplasia of the long bones are
also characteristic for NF1 patients. Many features increase in
frequency with aging and shows age-dependent manifestations.
Moreover, strong intra- and interfamilial phenotypic variability
can be observed among individuals carrying the same pathogenic
mutations (Jett and Friedman, 2010).

Neurofibromin 1 gene is located on the long arm of
the chromosome 17 (17ql11.2) and codes for neurofibromin,
a tumor suppressor that functions in the RAS/MAPK and
mTOR pathways and controls the cell growth and proliferation
(Jett and Friedman, 2010). The penetrance is complete and
the mutation rate is high. Most of the intragenic NFI
mutations are of paternal origin. Half of the known patients
inherit the mutation, and the other half have a spontaneous
mutation. Novel mutations occur primarily in paternally
derived chromosomes, and the probability of these mutations
increases with the paternal age (Stephens et al, 1992).
A great number of germline mutations are intragenic and their
effect causes a truncated neurofibromin (Park and Pivnick,
1998). Currently approximately 2000 mutations (nonsense,
frameshift, point mutations etc.) are dispersed through the gene
(Abramowicz and Gos, 2014).

The general NF1 population is mostly affected by point
mutations or small indels, although a number of cases reported
large deletions encompassing the NFI gene and its flanking
regions. These large deletions titled as NFI microdeletions lead to
a more severe clinical phenotype than those observed in patients
with intragenic NFI gene mutations. These severe clinical

features include large numbers of early-onset neurofibromas,
cognitive deficits, dysmorphic features and an increased risk for
the development of malignant peripheral nerve sheath tumors
(MPNSTs) (Kehrer-Sawatzki et al., 2017).

Approximately 5-10% of NF1 patients have large deletions
and the numbers are continuously increasing as a result of
technological innovations (Cnossen et al., 1997; Kluwe et al.,
2004; Zhang et al., 2015). Four major types of NFI microdeletions
(type 1, 2, 3 and atypical) have been identified so far. The main
difference among them are the breakpoint location, the size of
the deletion, and the number of the affected genes within the
deleted region (Kehrer-Sawatzki et al., 2017). The most frequent
form is the type-1 NFI microdeletion, which is 1.4 Mb long and
includes 14 protein-coding genes and four microRNA genes as
well (Dorschner et al., 2000; Lopez-Correa et al., 2001). Type-1
deletions account for 70-80% of all large NFI deletions (Pasmant
et al., 2010; Messiaen et al., 2011). Type-2 NFI deletions are
less common than type-1 and they represent ca. 10-20% of all
large NFI deletions (Mautner et al., 2010; Pasmant et al., 2010;
Messiaen et al., 2011). Type-2 deletions are 1.2 Mb in size and
result in the deletion of 13 genes. In contrast to type-1 and
type-2 NF1 deletions, type-3 NFI deletions are very rare, their
occurrence is around 1-4% of patients with NFI microdeletions
(Bengesser et al., 2010; Pasmant et al.,, 2010; Messiaen et al,,
2011). This type of deletion spans 1 Mb and leads to the loss of
9 protein coding genes.

Type-1, 2, and 3 NF1 microdeletions are generated by non-
allelic homologous recombination (NAHR) between low-copy
repeats (LCRs) during either meiosis (type-1, type-3), or mitosis
(type-2) (Dorschner et al., 2000; Jenne et al., 2001; Lopez-Correa
et al., 2001; Bengesser et al.,, 2010; Pasmant et al., 2010; Roehl
etal., 2010; Zickler et al., 2012; Hillmer et al., 2016). Type-1 cases
are usually maternally inherited germline deletions (Neuhausler
et al., 2018), while type-2 ones are predominantly of postzygotic
origin (Kehrer-Sawatzki et al., 2004; Steinmann et al., 2008; Vogt
etal., 2012). Besides these three types of recurrent microdeletions,
atypical NF1 deletions have been identified in a number of
patients. In atypical deletions non-recurrent breakpoints have
been discovered, thereby the size of the deletion and the number
of the affected genes also vary (Kehrer-Sawatzki et al., 2003, 2005,
2008; Mantripragada et al., 2006; Pasmant et al., 2010; Messiaen
et al, 2011). Non-homologous end joining mechanism has
been associated mostly with atypical deletions (Venturin et al.,
2004a). However, either aberrant DNA double strand break repair
and/or replication, and retrotransposon-mediated mechanisms
have also been supposed to be involved in the background of their
formation (Vogt et al., 2014). Atypical microdeletions may occur
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approximately in 8-10% of all patients with NF1 microdeletions
(Pasmant et al., 2010).

Somatic mosaicism with normal cells not harboring large NF1
deletion can be observed with different frequencies in different
types of NFI deletions. This phenomenon is rare among type-
1 deletions, vast majority (more than 95%) of the patients with
type-1 deletion is non-mosaic (Messiaen et al., 2011; Summerer
et al,, 2019). Contrast to type-1 deletion, somatic mosaicism is
quite common in type-2 NFI deletions, it occurs in at least 63%
of all type-2 deletions (Vogt et al., 2012). Atypical NFI deletions
also display mosaicism frequently. In a study reported by Vogt
et al. (2014), approximately 60% of the cases were associated
with somatic mosaicism (Vogt et al., 2014). It is worth to note
that somatic mosaicism with normal cells without the deletion
has a considerable effect on the disease phenotype, however it is
difficult to assess its presence.

In addition to the extent of somatic mosaicism, the age of the
patients is also an important confounding factor in phenotypic
comparisons of NF1 patient cohort, since many symptoms are
progressive in onset and some of them appears later in life
(Cnossen et al., 1998).

Several research groups have investigated different aspects
of NFI microdeletions, however only a few studies presented
profound clinical examinations. Here we report clinical and
genotype data from 17 patients, mainly (82%) children and
adolescents, carrying different types of microdeletion. One of the
patients with atypical deletion showed somatic mosaicism. The
aim of our study was to characterize the detected deletions in our
patient cohort and elucidate genotype-phenotype correlations
through clinical data collection.

MATERIALS AND METHODS

Participants

Between 2009 and 2019, our laboratory tested 640 unrelated
patients with suspected neurofibromatosis. After Sanger
sequencing of the NFI gene or NGS analyses of NFI, NF2,
KIT, PTPN11, RAF1, SMARCBI, SPREDI genes no disease-
causing mutations have been identified in 252 patients. Of
these, 17 patients (7 females, 10 males; mean age at time of
examination:12.9 years, age range:2-36 years) with large NFI
deletion were identified by MLPA and were enrolled into this
study. Our patient cohort mostly (14 out of 17) consisted of
children between the ages of 2 and 17. Two patients inherited
the deletion from their mothers (patients 85 and 260), while in
the remaining 15 patients the deletions had de novo origin based
on the negative MLPA results of the parents or the absence of a
clinically affected parent. However, in the latter case low grade
or tissue specific mosaicism cannot be ruled out. The mother of
patient 260 (patient 134) was clinically affected as well, therefore
she was also included in the analysis. The mother of patient 85
was sine morbo. As a control, age and sex matched 33 patients
(14 females, 19 males; mean age at the time of examination:
15.2 years, age range:6 months-47 years) with intragenic NFI
mutations were enrolled into the study as well.

The study was approved by the ethics committee of
the University of Pecs (Protocol 8581-7/2017/EUIG). Written
informed consent was obtained from all patients or their legal
guardians and peripheral blood samples were collected. All
experiments were performed in accordance with the Helsinki
Declaration of 1975 and with the Hungarian legal requirements
of genetic examination, research and biobanking.

All of the patients fulfilled the diagnostic NIH criteria for
NF1. Main clinical characteristics of our patient cohort are
summarized in Table 1. Phenotypic data was obtained from our
Genetic counseling unit and from our collaborator clinicians.

Sample Preparation and MLPA Analysis
DNA was isolated from peripheral blood leukocytes with
E.ZN.A.® Blood DNA Maxi kit (Omega BIO-TEK, Norcross,
United States). The concentration and purity of extracted DNAs
were measured with the NanoDrop 2000 spectrophotometer
(Thermo Fisher Scientific, Waltham, MA, United States).
Multiplex ligation-dependent probe amplification (MLPA)
assays were performed for screening large deletions or
duplications in NFI gene using the commercially available
SALSA MLPA kits P081-D1 and P082-C2 (MRC-Holland,
Amsterdam, The Netherlands). The two probemixes contained
together one probe for each exon, three probes for exon 1, one
probe for intron 1, and two probes for the exons 15, 21, 23, 51,
and 58 of the NFI gene. Additionally, one upstream and one
downstream probe of NFI gene and two probes for the OMG gene
(located within intron 36 of NFI gene) were applied. Moreover,
SALSA MLPA kit P122-D1 NFI area mix was used for the
examination of the contiguous genes in the flanking regions. The
probemix contained 20 probes for 16 genes (MYO1D, PSMDI1,
ZNF207, LRRC37B, SUZI12, UTP6, RNF135, ADAP2, ATADS,
CRLF3, SUZI12P, CPD, BLMH, TRAF4, PMP22, ASPA), which
were localized upstream and downstream as well. Besides, it also
contained probes for five distinct NFI exons (1, 17, 30, 49, 57).
According to the manufacturer’s instructions, a total of 100-200
ng of genomic DNA of each patient and the same amount of three
control genomic DNA was used for hybridization. Amplification
products were separated by capillary electrophoresis on an ABI
3130 Genetic Analyzer (Life Technologies, United States) and the
results were analyzed using Coffalyser software (MRC-Holland,
Amsterdam, Netherlands). Each MLPA signal was normalized
and compared to the corresponding peak area obtained from the
three control samples. Deletions and duplications of the targeted
regions were suspected when the signal ratio exceeded 30%
deviation. Positive results were confirmed by repeated MLPA
experiments and further investigated with array CGH.

Whole Genome Array Comparative

Genomic Hybridization Analysis

Array comparative genomic hybridization (aCGH) was
performed using the Affymetrix CytoScan 750 K Array. Genomic
DNA samples were digested, ligated, amplified, fragmented,
labeled, and hybridized to the CytoScan 750 K Array platform
according to the manufacturer’s instructions. The raw data were
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TABLE 1 | Clinical features of our patients with different type of NF7 microdeletions.

Deletion type

Type 1

Type 1

Type 2

Atypical

Applied method

aCGH

MLPA

aCGH aCGH

MLPA

Patients 68/NF 115/NF 255NF 428NF 467/2016 532/NF 629/NF 761/NF 9/NF 271/NF 387/NF 483/NF 85/NF 556/NF 125/NF 134/NF 260/NF
Gender M F M M F M F M M M F M F M F F M
Age of onset 26y 5mo at birth at birth N/A 12y atbirth at birth at birth at birth atbirth 5y 1imo 6.5y atbirth 3y atbirth
Age at 36y 9y 14y 5y 9y 14y 4.5y 9y 21y 4y 17y 75y 13y 10y 2y 40y 8y
examination
Dysmorphic features Facial X X X X - X X - X - - X - - - - X
dysmorphism
Hypertelorism X X X X - X X - - - - X - - - X X
Facial asymmetry - - - - - X - X X - - - - - - - -
Coarse face X - X X - X X X X - - X X - - - -
Broad neck - - X - - - - - - - - - - - - - -
Large hands, feet - X X X - X X X X - - X X - - - -
Skin manifestations CALs X X X X X X X X X X X X X X X X X
Freckling - X X X X - X X X X X X - X X - X
Excess soft tissue - - X X - - X - X - - - X - - - -
SBC neurofibromas X X X X - - - X - X X - - - - X -
CT neurofibromas - - - - - - X - - - - -
PL neurofibromas* - - - - - - - - X - X - - - - - -
Education and behavior problems SDICD X - X X X X X X X - - X - - - - X
Learning difficulties X - X - X X X X X - X X X - - - -
Speech difficulties - - X X X X X X - - X X - - - - -
IQ <70 - - - - - - - X - - - - - - - -
ADHD - - X - - X - - - - - - -
Skeletal manifestations Skeletal anomalies X X X X X X X X X X X - X X X X X
Scoliosis X - X - - X - - X X - - X - - X -
Pectus excavatum - X - X - X - - X X - - - - X - X
Bone cysts X n.d. - n.d. n.d. - - - - - - - - - - -
Joint hyperflexibility - - - X - - - - - - - - - - - -
Macrocephaly - X X X X - X X - - X - X - - - X
Neurological manifestations Muscular hypotonia X - X - - - - X - - - - - - - - -
Headache - - - X - - - - - - - - - - - - -
Coordination - - X X X - - X - - - - - - - - -
problem
MPNST X - - - - - - - - - X - - - - - -
(Continued)
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M
at birth
8y

Atypical
MLPA
F
6.5y atbirth 3y
2y 40y

10y

aCGH aCGH

Type 2
F
1 mo
13y

M
5y
75y

17y

Type 1
MLPA

4y

M
12y
14y 4.5y 9y

Type 1

aCGH
N/A
9y

Sy

M
26y 5mo atbirth at birth
9y 14y

68/NF 115/NF 255NF 428NF 467/2016 532/NF 629/NF 761/NF 9/NF 271/NF 387/NF 483/NF 85/NF 556/NF 125/NF 134/NF 260/NF
M
at birth at birth at birth at birth at birth
36y 21y

Deletion type
Applied method
Patients
Gender

Age of onset
Age at
examination

TABLE 1 | Continued

n.d.

n.d.

n.d.

n.d.

n.d. n.d.

n.d.

Spinal

neurofibromas

n.d.

X

T2 hyperintensities

Visual disturbance

Ocular manifestations

Lisch nodules

Strabismus
OPG

Tall stature

Development. problems

CALs, café-au-lait spots; CT/SBC/PL, cutaneous/subcutaneous/plexiform neurofibroma; SDICD, significant delay in cognitive development; ADHD, Attention deficit hyperactivity disorder; MPNST, malignant peripheral

nerve sheath tumors; OPG, Optic Pathway Gliomas. * means externally observable plexiform neurofibroma. -, absent; X, present, n.d., not determined.

analyzed by ChAS v2.0 Software (Affymetrix, Thermo Fisher
Scientific, Waltham, MA).

CNV Interpretation

DNA sequence information of the identified CNVs refer to
the public UCSC database (GRCh37/hg19). CNV interpretation
was performed with the help of the following databases and
websites: DECIPHER (Database of Chromosomal Imbalance
and Phenotype in Humans using Ensembl Resources) (Firth
et al., 2009), DGV (Database of Genomic Variants), Ensembl
and ECARUCA (European Cytogeneticists Association Register
of Unbalanced Chromosome Aberrations) (Vulto-van Silfhout
etal.,, 2013). The estimated size of the deletions and the estimated
breakpoints were assessed using the known locations of the last
proximal and first distal deleted probes.

Somatic Mosaicism Determination

In patients examined by aCGH assay, allele difference plot and
B allele frequency (BAF) plot were evaluated together with Log2
ratios and weighted Log2 ratios with the help of ChAS software to
assess the presence and extent or absence of somatic mosaicism.
In those samples investigated by MLPA, the ratio values for each
MLPA probe were used to assess mosaicism. Values between 0.4-
0.6 were considered as non-mosaic deletion, values around 0.7 or
up to 0.8 were considered as mosaic deletion.

Clinical Investigation

Phenotypic features of the 17 microdeletion and the 33
control patients were collected using the same standardized
questionnaire collection protocol in four HCPs (health care
provider). The same patient was always examined and followed
up by the same clinician. Most features were identified by
physical examination. Dysmorphic features were assessed by
expert clinical syndromologist following international guidelines'
(Allanson et al., 2009; Hall et al., 2009). Lisch nodules and other
ocular manifestations were diagnosed by an ophthalmologist. To
evaluate childhood overgrowth age and race-related percentile
curve was applied. All the patients were investigated by cranial
MRI. To evaluate intellectual functions, developmental delay
and learning disabilities, patients were assessed by various
psychological tests appropriate to their age (Walter Strassmeier’s
developmental scale: ages between 0 and 5 years (Strassmeier,
1980), Bayley Scales test (BSID-III): ages between 1 and
42 months (Bayley, 2006), Budapest Binet test: ages between 3 and
14 years (Bass et al., 1989)). When IQ was not measured, it was
estimated to be > 70 based on the fact that the patient attended a
regular kindergarten or school (with special educational needs).
ADHD was diagnosed following international guidelines®. The
term “speech difficulties” was used in those cases when the patient
did not speak or he or she had a problem with the language
content, language structure and expressive vocabulary and
grammar. We assigned it to delayed language development and
not neurological symptoms (dysarthria or orofacial dyskinesis).

'http://elementsofmorphology.nih.gov/

Zhttps://www.nhs.uk/conditions/attention- deficit- hyperactivity-disorder-adhd/
symptoms/
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Statistical Analysis

All statistical analyses were performed with SPSS version 27
(SPSS Inc,. Chicago, IL, United States). Two-tailed Fisher’s
exact test was used to assess whether there is a difference in
the frequency of clinical features between patients with type-1
NFI microdeletion and patients with intragenic NFI mutations.
A difference with p < 0.05 was considered as significant.

RESULTS

Characterization of the NF1

Microdeletions

A total of 252 patients in whom mutation analysis did
not find any pathogenic NFI point mutations or intragenic
insertions/deletions were screened for large NFI rearrangements
by MLPA. Heterozygous deletions of the entire NFI gene
and its flanking regions were identified in 17 patients using
SALSA P081/082 assay. To determine the contiguous genes
involved in the deletion, the SALSA P122 assay was applied.
As a result, majority of our cases (12/17) had type-1 deletion.
Moreover, the MLPA analysis revealed atypical deletions in
5 patients. The estimated proximal and distal breakpoints,
preceding and following marker locations and the estimated
size of the deletions identified by MLPA are summarized
in Supplementary Table 1. To confirm the MLPA results,
array comparative genomic hybridization (aCGH) analyses were
performed in 10 patients (8 patients with type-1 and 2 patients
with atypical deletions). The estimated location of proximal
and distal breakpoints, preceding and following markers and
the estimated size of the deletions determined by aCGH are
summarized in Supplementary Table 2. The classification by
MLPA and by aCGH were found to be the same in eight cases
(7 type-1 deletion and 1 atypical). In patient 85/NF the aCGH
finally revealed the existence of type-2 deletion although the
MLPA showed atypical deletion. In patient 4672016 the aCGH
test showed atypical deletion whereas MLPA detected a type-1
deletion, finally we considered this patient has type-1 deletion.
The discrepancy between the MLPA and aCGH results in these
cases may originate from the different localization of the probes.
Type-2 deletions are characterized by breakpoints located within
SUZI12 gene and its pseudogene SUZI12P. SALSA P122 probe set
contains only one probe for SUZI2 gene (SUZ12-10: localized
within exon 10) and 2 probes for SUZ12P pseudogene (SUZ12P-
3, SUZI12P-1: probe localization within exon 3 and exon 1,
respectively). The breakpoints of the deletion detected in our
patient (85/NF) were localized within the region covered by
SUZ12 and SUZI12P probes of P-122 set. The applied CytoScan
750K chip contains more probes, at least 50 and 7 for SUZI2
and SUZI2P, respectively. Therefore, aCGH was capable to
identify this type-2 deletion. Breakpoints of type-1 deletions are
located within the low-copy repeats NF1-REPa and NF1-REPc.
In patient 4672016 the estimated proximal breakpoint detected
by aCGH can be found within NFI-REPa and the estimated
distal breakpoint detected by MLPA can be found within NF1-
REPc, therefore we considered 4672016 patient as having type-1

deletion. In the remaining 7 cases (4 patients with type-1 and
three with atypical deletions), aCGH tests were not feasible due to
the quality of the available samples. After all, 8 type-1 deletions,
4 potential type-1 deletions (altogether 12 type-1 deletions), one
type-2 deletion and 3 atypical deletions in four patients were
identified in our patient cohort. No type-3 microdeletion was
found in our patients. Among the type-1 deletions aCGH analyses
revealed identical estimated breakpoints in four cases with an
approximately 1.37 Mb deletion size. Among atypical cases
three distinct novel deletions were detected. Patient 134/NF and
260/NF are close relatives (mother and child), so they possess the
same deletion. The results of our MLPA and aCGH analyses with
the localization of the MLPA probes are visualized in Figure 1.
Novel atypical deletions identified in this study, together with the
already known atypical NF1 cases, are demonstrated in Figure 2
and Tables 4, 5. Two out of three novel atypical deletions were
identified by MLPA. SALSA P122 probe set contains 23 probes
within the 17q region and the distance between the adjacent
probes are quite variable from 11 kb up to 1500 kb. The preceding
markers of the estimated proximal breakpoint and the following
markers of the estimated distal breakpoint are localized far from
the breakpoint boundaries. The distance between the preceding
markers and the estimated proximal breakpoints are ca. 270 kb
and 27 kb in case 125/NF and 260/NF (134/NF), respectively.
The distance between the following markers and the estimated
distal breakpoints are ca. 80 kb and 500 kb in case 125/NF and
260/NF (134/NF), respectively. MLPA is able to identify only
estimated location of breakpoints, the exact localization of the
breakpoints can be determined precisely by breakpoint-spanning
PCR (Summerer et al., 2018). In our cases the actual breakpoints
are presumably located somewhere between two MLPA probes.
Therefore, the regions in proximal direction from the first probe
or in distal direction from the last probe affected by the deletion
until the adjacent probe are suggested as potential deleted region
and represented in Figure 2 with dotted lines.

Assessment of Somatic Mosaicism

Among 10 patients investigated by aCGH, only one subject
(556/NF) with atypical NFI microdeletion displayed somatic
mosaicism with an extent of ca. 30%. In 7 patients examined
by MLPA, the ratio values do not imply the presence of any
mosaicism. However, neither aCGH, nor MLPA measurements
are capable to detect low-grade mosaicism below 20% due to the
nature of these techniques. In this study we investigated only
blood samples, so to completely rule out mosaicism, examination
of additional tissues such fibroblast, buccal or urine cells are
necessary. In type-1 NFI microdeletion the occurrence of somatic
mosaicism is known to be very rare (Summerer et al., 2019),
so based on our results our type-1 patients can be considered
as non-mosaic cases. The only one patient with type-2 deletion
inherited the deletion from her mother, consequently she does
not possess somatic mosaicism. Anyway, this is compatible with
the aCGH result as well. Among our four patients with atypical
NF1I deletion, the results indicated ca. 30% mosaicism in only
one case (556/NF). Patient 260/NF inherited the deletion from
his mother, therefore this patient is considered as non-mosaic.
His mother (134/NF) is supposed to be a non-mosaic case as
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well, since she has a positive family history (her mother and
her grandmother were also affected, however, without laboratory
diagnosis) and the MLPA results (peak ratios were between 0.49-
0.55) also supported this assumption. MLPA peak ratios were
between 0.49 and 0.55 also for patient 125/NF, therefore we
supposed this patient to be a non-mosaic as well.

Clinical Characterization of Our Patients
With Different Type of NF1 Microdeletion

Several clinical features and neuropsychological manifestations
belonging to eight major categories were selected for
consideration for genotype-phenotype association analysis
(Table 1). The frequency of each clinical feature that appeared
in patients with type-1 NFI microdeletion is compared with
frequencies observed in our control group, i.e., patients with
intragenic NF1 mutation (Supplementary Tables 4, 5).

Dysmorphic Features

Facial dysmorphism was described in 9 of the 17 patients
investigated (53%). It was present in 8 out of 12 patients with
type-1 NFI deletion (67%) and in 1 out of 4 atypical NFI deletion
(25%) patient cohort. The prevalence of hypertelorism was
similar to that of facial dysmorphism, however the distribution
among the deletion types was different. This clinical feature was
found to roughly the same extent in type-1 deletion and atypical
deletion cases (58% vs 50%, respectively). Facial asymmetry was
noted only in 3 out of 12 patients with type-1 deletion. Coarse

facial appearance was frequent in type-1 deletion patients (8 out
of 12 patients, 67%), it was present also in the type-2 deletion
patient, though it was absent in our atypical cases. Large hand
and feet seem to be a characteristic dysmorphic feature of NFI
microdeletion patients as well, since the majority of our patients
with type-1 deletion (67%, 8 out of 12) showed this trait and it was
also noted in the type-2 patient. Dysmorphic features were rare
events in our intragenic NFI patient population. Of the examined
dysmorphic traits only hypertelorism and facial asymmetry were
found with the frequency of 18% (6 out of 33 controls) or 6% (2
out of 33 controls), respectively.

Skin Manifestations

Café-au-lait spots (CALs) were observed in each patient in our
study regardless of the type of the deletion they have. Axillary and
inguinal freckling occurred also in high frequency in our patient
cohort. It was more common within the type-1 deletion group,
10 out of 12 patients (83%) presented this skin manifestation.
In atypical deletion group 3 out of 4 patients (75%) displayed
this feature, however, it was absent in the type-2 deletion patient.
Moreover, another skin manifestation, i.e. excess soft tissue in
hands and feet was observed among our patients, though at a
lower frequency. In type-1 deletion group it was noted in 4 out of
12 patients (33%), it developed in a patient with type-2 deletion
also, in contrast, it was not found in the atypical deletion patients.
Skin manifestations are characteristic for intragenic NF1 patients
as well. CALs were presented in 91% (30 out of 33) of our patients
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FIGURE 2 | Schematic representation of atypical NF1 deletions. The affected genes and NF1-REP regions schematically are displayed at the top of the figure.
Horizontal black bars represent the already known atypical NF7 cases. Solid lines indicate the deleted regions, dotted lines indicate the possibly deleted regions.
Horizontal red bars refer to our cases. Solid lines represent the deleted regions, while dotted lines suggest the potential deletion range.

and the frequency of axillary and inguinal freckling was 52% (17
out of 33 controls).

Neurofibromas and Other Tumors

Subcutaneous neurofibromas were found more common in type-
1 deletion patient cohort compared to type-2 and atypical groups.
They were observed in 7 out of 12 patients (58%) with type-1
deletion, in 1 out of 4 patients (25%) with atypical microdeletion,
though none occurred in the patient with type-2 deletion.
The prevalence of cutaneous neurofibromas appears to be less
frequent in our patient cohort, it was observed in only one patient
with type-1 deletion. However, it is important to mention that 14
out of 17 patients were children and furthermore 10 out of 14
were under 10 years old at the age of examination.

Externally observable plexiform neurofibromas were seen in
only 2 patients with type-1 deletion, in a 21-year-old boy and
a 17-year-old girl. None of the patients with type-2 or atypical
microdeletions presented this type of neurofibromas. However,
this is worth to mention that whole-body MRI was not performed
routinely in our patients, therefore we have no information about
the internally occurring plexiform neurofibromas.

Spinal neurofibromas were found in the type-1 microdeletion
group only, however, within this group, the prevalence was
low, it developed in 2 out of 12 patients (17%). However, the
observed low occurrence is probably the result of the fact,
that spinal MRI is not part of the routine procedure in our
patient management.

Optic pathway glioma (OPG) was detected by MRI in 4
patients and it was not symptomatic in any of these cases. It
was more common in the atypical group with 50% prevalence.
Moreover, it developed in 2 out of 12 patients (17%) with type-
1 deletion but it was absent in the patient with type-2 deletion.
Among the control patients 2 symptomatic and 2 asymptomatic
OPG were observed.

Malignant peripheral nerve sheath tumors (MPNST) were
observed in 2 of our patients, both belonging to type-1
deletion group. None of the patients with type-2 or atypical
microdeletions displayed this type of tumor. MPNSTs show age-
related penetrance and our patient cohort consisted of mainly
children under 17 years, therefore it is not surprising to detect
low occurrence among our patients. However, both patients
presenting MPNSTs were adult or nearly adult (36 years and
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17 years old, respectively), consequently the frequency of this type
of tumor was high (50%, 2 out of 4) among adult patients.
Among our intragenic NFI patients, subcutaneous fibromas
were found with 30% (10 out of 33) frequency, the occurrence
of cutaneous and plexiform neurofibromas were 18% (6 out of
33) or 6% (2 out of 33), respectively. Spinal neurofibromas were
observed in 3% (1 out of 33) of our patients. Moreover, 12% (4
out of 33) of this patient cohort developed optic pathway glioma,
however, no malignant peripheral nerve sheath tumors occurred.

Skeletal Anomalies

Anomalies of the skeletal system were detected in almost all of our
patients (94%, 16 out of 17). The most frequent skeletal anomaly
was macrocephaly, which was observed in 9 out of 17 patients
(53%). This clinical feature was common in type-1 microdeletion
cohort with 58% prevalence, whereas in atypical cohort only one
patient (25%) presented this symptom.

Scoliosis was noted in 7 out of 17 patients studied here (41%).
It was more frequent in patients with type-1 NFI microdeletion
than in patients with other type of NFI microdeletions.
Interestingly, there were only 2 patients who presented scoliosis
together with macrocephaly.

Pectus excavatum was observed in 35% of our patient
cohort. In contrast to scoliosis, this skeletal anomaly was more
frequently observed in patients with atypical microdeletion (50%)
as compared to type-1 deletion group (33%).

Bone cysts were found in only one patient with type-
1 microdeletion.

None of our patient displayed pes cavus, however, other foot
deformities such as pes planus was observed in 3 patients.

Interestingly, skeletal anomalies were the leading
manifestations in our patient with type-2 deletion. She had
macrocephaly, scoliosis, bilateral dislocation of the elbow and
wrist joint. Moreover, absorption of the tibial malleolus was
observed and she developed osseous malignancy as well.

Skeletal anomalies were less frequently observed in the
intragenic NF1I patient group (33%). Of these, scoliosis occurred
most frequently with 21% prevalence. Macrocephaly and pectus
excavatum were noted in 9% of the patients and 3% of them
presented pes cavus.

Ocular Manifestations

Ocular manifestations were observed in 7 of 17 our patients
(41%). Lisch nodule, one of the characteristic hallmarks of type
1 neurofibromatosis, was noted only in 3 out of 12 patients with
type-1 deletion and in the patient with type-2 deletion, however, it
was not observed in the atypical patient cohort. Moreover, other
ocular manifestations, such as visual disturbance, strabismus
and proptosis were noticed in 2 patients with type-1 deletion
and in the type-2 deletion patient. One of the patients had
hypermetropia, while the others had myopia. The frequency of
ocular manifestations was similar in the intragenic NFI patient
cohort. Lisch nodule was noted in 21% (7 out of 33) of the
patients and 15% (5 out of 33) presented visual disturbances as
well. One patient had myopia, two patients had hypermetropia,
and two other patients had anisometropia. However, strabismus
was not observed.

Neuropsychological Manifestations

Significant delay in cognitive development and general learning
difficulties were observed with high frequency (75%, 9 out of
12) in type-1 patients. Furthermore, along with the previous
features, speech difficulties occurred in 67% (8 out of 12) of
this patient group. One patient had an IQ below 70 and 2
patients showed attention deficit hyperactivity disorder (ADHD).
IQ measurement was performed in only two among our type-
1 patients (761/NF 1Q:77, 9/NF 1Q:47), however, all of our
pediatric patients attended regular kindergarten or school, except
the one with IQ = 47, and five of them have special educational
needs. Therefore, we supposed these patients are not intellectually
disabled, so we marked them as negative for IQ < 70 criteria in
Table 1. Majority of these neuropsychological features were not
found in atypical patient cohort (patient 556/NF 1Q:89) and in the
type-2 patient. Only a significant delay in cognitive development
was noted in 25% (1 out of 4) of atypical patients and the type-2
patient suffered from general learning difficulties.

Structural brain abnormalities were not observed in our
patients, however, T2 hyperintensities were found in the majority
of our patients. It was present with 75% (9 out of 12) prevalence
in type-1 deletion patient cohort, with 25% (1 out of 4) prevalence
in atypical group and also in the patient with type-2 deletion.
Nevertheless, we did not find any correlation between the age of
our patients and the T2 signal intensities.

Muscular hypotonia and coordination problems (25% and
33%, respectively) were documented in patients with type-1
deletion. None of these neurological symptoms were found in our
type-2 and atypical deletion groups.

Epilepsy and nerve pain were not noted in our patients. One
patient with type-1 deletion complained of headache.

Neuropsychological manifestations were not common among
the patients with NFI intragenic mutation. 3% (1 out of 33) of
our patients presented significant delay in cognitive development,
speech difficulties and epilepsy. Moreover, general learning
difficulties were noted with a bit higher frequency (15%, 5 out
of 33). Muscular hypotonia was observed in 12% (4 out of 33) of
our patients and T2 hyperintensities were found in 39% (13 out
of 33) of them.

Connective Tissue Anomalies and

Cardiac Abnormalities

Connective tissue anomalies and heart abnormalities were a very
rare event in our patient cohort. Hyperflexibility of joints was
observed in 2 out of 12 type-1 deletion patients (17%). Such
manifestation was not present in our patients with type-2 or
atypical deletions. Among the cardiac abnormalities atrial septal
defect was observed in one patient with atypical microdeletion.
Moreover, hypertrophic cardiomyopathy was observed in one
patient (8%) and patent ductus arteriosus (PDA) occurred in
another patient (8%) with type-1 microdeletion. No congenital
heart defect, pulmonary stenosis, ventricular septal defect, aortic
stenosis, aortic dissection, mitral valve prolapses, mitral valve
insufficiency, aortic valve insufficiency was found in any of the
deletion groups. It should mention that two of our patients were
not investigated by cardiac ultrasound.
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These manifestations were rare in our patients with NFI
intragenic mutation as well. Among the cardiac abnormalities
only ventricular septal defect was observed at birth in one patient
and 6% (2 out of 33) of our patients developed joint laxity.

Other Features

Some rare clinical manifestations were observed in our patient
group. Obesity, hearing impairment, immune deficiency and
milk protein allergy, however it is hard to tell whether these
symptoms are associated with the observed large deletion or the
results of an independent event.

DISCUSSION

The NF1 gene was discovered in Viskochil et al. (1990), somewhat
later the first case with large NFI microdeletion was published
in Kayes et al. (1992). Several attempts were made to establish
genotype-phenotype correlations which finally suggested a more
severe clinical phenotype among patients with NFI microdeletion
than patients with intragenic NFI mutations. However, certain
variability of clinical symptoms has been observed among
individuals with NFI microdeletions.

In this study, we have identified 17 patients with large
NFI microdeletion. Among them 8 proved to be a type-1
microdeletion carrier by aCGH, 4 more patients are supposed
to belong to type-1 group based on MLPA results, 1 patient
has type-2 deletion and 4 patients possess atypical deletions.
Somatic mosaicism with an extent of ca. 30% was detected in
one patient with atypical NFI microdeletion. Comparison of
clinical characterization of our patients with the published data
on intragenic and microdeletion NF1 patients was performed
to reveal distinct phenotype-genotype correlations. Moreover,
the frequencies of phenotypic features in our patients with
NFI1 microdeletion and with type-1 deletion were compared
to frequencies observed in our patients with intragenic NFI
mutation as well (Supplementary Tables 3-5).

A similar difference was found between our patients with
intragenic NFI mutation and NFI microdeletion in several
clinical features when comparing to those previously published
by others (Table 2). Mainly the occurrence of dysmorphic
features, subcutaneous neurofibromas, skeletal anomalies
and neurobehavior problems showed significant difference.
Moreover, remarkable differences in certain clinical features were
observed between our patients with NFI microdeletion and the
previously published cases with large NF1 deletions. However,
it is important to emphasize that the majority of our patients
(13 out of 17) were less than 15 years old at the time of the
examination. There are only few studies (Kehrer-Sawatzki et al.,
2020) that demonstrated pediatric clinical data, the majority of
phenotypic data published previously originated mainly from
adult patient populations.

Type-1 deletion represents the largest group of NFI
microdeletion cohort with an estimated 70-80% prevalence
(Pasmant et al., 2010; Messiaen et al., 2011). The occurrence
of this type of deletion among our patients was somewhat
similar (70%). Significant number of articles were published on

this type of deletion, however, these reports indicate that the
clinical phenotype associated with NFI microdeletions show a
certain degree of variability in the frequency of some clinical
features (Table 2) (Mensink et al., 2006; Mautner et al., 2010;
Pasmant et al., 2010; Bianchessi et al., 2015; Zhang et al., 2015).
Dysmorphic features are common in individuals with large
NF1 deletions, whereas they occur rarely among intragenic NF1
patient population. Among these features facial dysmorphism
is one of the most characteristic hallmarks of patients with
NFI microdeletion. In our type-1 patient cohort 67% of the
affected individuals possess this manifestation. At the same time
in a large study performed by Mautner et al. involving 29
patients (Mautner et al., 2010), the majority of the cases (ca
90%) had facial dysmorphism. However, Pasmant and Zhang
observed this feature with lower frequency (Pasmant et al,
2010; Zhang et al., 2015). Nevertheless, all of these data indicate
that facial dysmorphic features are very frequent in type-1
deletions. Another dysmorphic feature which can be seen more
often in microdeletion patients is the observed large hands and
feet. It occurred with 67% prevalence in our patient cohort,
it was observed in 46% of patients by Mautner (Mautner
et al., 2010), however, it was not stated by others. Another
observable difference can be seen in the number of the detected
neurofibromas. Previous studies established an early-onset of
neurofibromas among NFI microdeletion patients. While the
frequency of the detected subcutaneous neurofibromas in our
patients was close to that observed by others (58 vs 76%),
the occurrence of cutaneous or plexiform neurofibromas was
remarkably lower in our patients compared to other patient
groups (8 vs. 86% and 17 vs. 76%, respectively). However, it is
worth to highlight, that our patient cohort mainly consisted of
children and adolescents, and 9 out of 17 were less than 10 years
old at the time of examination. Cutaneous neurofibromas show
age-related penetrance and they usually appear in adulthood,
therefore this may contribute to the difference in frequency
observed by us and by others. Nevertheless, a high frequency
(60%) of cutaneous neurofibromas was observed among children
by Kehrer-Sawatzki in a recent study (Kehrer-Sawatzki et al.,
2020). The high prevalence of subcutaneous neurofibromas
in type-1 NFI patients is important to consider, since they
are associated with mortality in NF1 disease (Tucker et al,
2005). Patients with subcutaneous neurofibromas possess a
higher risk for the development of MPNSTs. In addition,
the presence of plexiform neurofibromas possess a risk for
development of malignant tumor as well (Waggoner et al,
2000). More pronounced alteration can be seen in the cognitive
ability. Although, significant delay in cognitive development was
found more frequently in our type-1 patients, the prevalence
of intellectual disability was less pronounced. Moreover,
overgrowth, which is characteristic for type-1 NFI microdeletion,
was observed as much as by others, however, connective tissue
anomalies were fairly less frequent among our patients. It was
common among Mautner’s patients (72%), but it was rare (8%)
in our patient cohort.

Type-1 deletion harbors 14 protein coding genes and 4
microRNA genes. Some of the genes co-deleted with NFI may
have an influence on the clinical manifestation observed in
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patients with NFI microdeletion, thus affecting the severity of
the disease (Kehrer-Sawatzki et al., 2017). Haploinsufficiency
of certain genes may contribute to dysmorphic facial features,
overgrowth and reduced cognitive capability (RNF135) (Tastet
et al., 2015) or heart defects (ADAP2) (Venturin et al., 2014),
whereas others might have tumor suppressive function, thus their
deletion promote tumor development (SUZI12, ATADS5) (Bell
et al,, 2011; Zhang et al., 2014). Although the size of the deletion
and the gene content is almost the same in all patients with type-
1 deletion, they demonstrate a notable clinical variability. This
observation may suggest that differences in the unique genomic
architecture of the patients may also contribute to the observed
variability of the clinical phenotypes.

Type-2 deletions account for 10-20% of NFI large deletion
cases according to previous studies. In our patient cohort
one patient and her asymptomatic mother carries this type of
large NF1 deletion. Because of the missing phenotypic signs,
we suppose that the mother should be a mosaic patient. In
type-2 deletions existence of somatic mosaicism is a frequently
observed phenomenon, these deletions arise during post-zygotic
cell division and are associated with a milder clinical phenotype.
Vogt et al. reported 18 patients with type-2 deletion, 16 of
whom proved to be mosaic cases (Vogt et al., 2011). In another
study the same research group identified 27 of 40 patients with
mosaicism determined by FISH. That paper did not contain
clinical information, because it was focused on the possible
molecular mechanism behind type-2 deletion formation (Vogt
et al., 2012). Only a few non-mosaic type-2 cases with detailed
phenotype have been published so far (Table 3; Vogt et al,
2011; Zhang et al., 2015). These patients share common features,
half of which can be found in our patient as well. However,
some characteristic hallmarks of NFI microdeletion symptoms
are missing from our patient’s phenotype or they are presented
in a mild form. This may originate from her young age
(13 years). She does not have any type of externally observable
neurofibromas, cardiac manifestations, those that may manifest
as early as childhood, and neurobehavioral problems, whereas
these features were noted in the majority of the published cases.
Moreover, frequent skin manifestation such as freckling was
not observed in our patient. These traits occurred in other
known type-2 patients. The unique feature of our patient is that
the whole clinical picture is dominated by skeletal anomalies.
She underwent a number of operations affecting the skeletal
system. Moreover, absorption of the tibial malleolus was observed
and she developed osseous malignancy as well. After all her
clinical picture possesses many features frequently observed in
patients with large NFI deletion. Although type-2 deletions are
typically 1.2 Mb in size, the exact localization of the breakpoints
are presumably different in our patient and in the published
cases. This may result in the removal of certain regulatory
factors which may finally lead to the observed variability
in the phenotype.

Atypical deletions form a heterogeneous group of NFI
microdeletions regarding the clinical manifestations they cause
as well as the size and location of the deletion. Moreover, somatic
mosaicism can be frequently observed among these patients
which may lead to a milder phenotype. The occurrence of atypical

cases is around 8-10% among patients with NFI microdeletion,
however, in our patient cohort we observed a higher frequency
(23%) and only one patient displayed mosaicism. Around 20
patients with atypical deletion were published so far without
recurrent breakpoints (Kayes et al., 1992; Upadhyaya et al,
1996; Cnossen et al., 1997; Dorschner et al., 2000; Riva et al,,
2000; Kehrer-Sawatzki et al., 2003, 2005, 2008; Venturin et al.,
2004a,b; Mantripragada et al., 2006; Zhang et al, 2015). In
our study three distinct, novel deletions were identified. The
deletions in the published cases show remarkable overlaps
with those observed in our patients, though in our cases the
deletions are typically smaller (Figure 2). However, the clinical
pictures of the known cases show hardly any overlapping
symptoms apart from the major diagnostic criteria for NFI1
(Table 4). Remarkable difference can be seen in dysmorphic
features, neuropsychological manifestations and the presence
of various neurofibromas. Dysmorphic features such as facial
dysmorphia, coarse face, facial asymmetry and large hands
and feet are characteristic hallmarks of NFI microdeletions.
They were observed in the majority of patients with type-
1 NFI microdeletion (Table 2) and it was noted at least in
half of the atypical cases identified so far, however, in our
patient cohort only one patient displayed facial dysmorphia
and another had hypertelorism. Moreover, these features were
not observed in patients described by Zhang et al. (2015). In
addition, notable divergence can be observed in the occurrence
of various neurofibromas among the atypical NF1 microdeletion
patients. All the patients in Zhang’s study manifested cutaneous
or plexiform neurofibromas, 6 out of 11 other published cases
had various type of neurofibromas, whereas in our study only
one patient has developed subcutaneous neurofibromas. This
discrepancy may be related to the age of the patients. It is
a known phenomenon that the number of the neurofibromas
may increase with the age of the patient. Among atypical
cases the majority of the patients who presented any type of
neurofibromas were teenagers or young adults. In our patient
cohort, which consisted of mainly children under 10 years, the
only one who had subcutaneous neurofibroma was 40 years
old. In addition, observable difference can be found among the
neuropsychological manifestation. These features were almost
absent in our patients, only one showed significant delay in
cognitive development, however, moderate to severe intellectual
disability or severe learning disability were noted in almost
all patients carrying larger deletion than our patients. In
an atypical deletion the gene content of the deleted region
has an effect on the phenotypic manifestations, particularly
the genes with intolerance of haploinsufficiency are likely
to have pathological consequences. Table 5 summarized the
haploinsufficiency intolerant genes in all cases published so far
including this study. Although in 3 out of 4 patients of ours
only MLPA measurements were feasible, the deletion of one more
haploinsufficiency intolerant gene, namely RABIIFIP4, may be
expected beyond those demonstrated in Table 5. The exact role of
this gene in the disease pathogenesis is not clear. Previous studies
(Descheemaeker et al., 2004; Ottenhoff et al., 2020) revealed that
NF1 microdeletion genotype is associated with a lower cognitive
ability compared with intragenic NFI genotype. Co-deletion of
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TABLE 2 | Clinical features of patients with type-1 NF7 microdeletion.

Frequency in patients with

type-1 NF1 microdeletions (%)

Frequency in NF1

non-deleted patients (%)

System involvement/ Clinical features This study Kehrer-Sawatzki Pasmant Zhang Bianchessi This study Kehrer-
manifestations (n=12) et al., 2017 etal, 2010 etal., 2015 etal., 2015 (n=33) Sawatzki
(n=29) (n =44) n=7) (n=11) etal., 2017
(n=29)
Dysmorphic features Facial 67 90 54.8 43 n.d. 0 n.d.
dysmorphism
Hypertelorism 58 86 n.d. n.d. n.d. 18 n.d.
Facial asymmetry 25 28 n.d. n.d. n.d. 6 8
Coarse face 67 59 n.d. n.d. n.d. 0 n.d.
Broad neck 8 31 n.d. n.d. n.d. 0 n.d.
Large hands and 67 46 n.d. n.d. n.d. 0 n.d.
feet
Skin manifestations Café-au-lait spots 100 93 20.8 100 100 91 86-99
Axillary and inguinal 83 86 86.4 57 72.7 52 86-89
freckling
Excess soft tissue 33 50 n.d. n.d. n.d. 0 n.d.
in hands and feet
Subcutaneous 58 76 37.2-41.8 29 45.5% 30 48
neurofibromas
Cutaneous 8 86 15.4-48.7 57 45.5% 18 38-84
neurofibromas
Plexiform 17 76 0.6 29 27.3 6 15-54
neurofibromas
Education and behavior problems SDiCD 75 48 n.d. 14 36.4 3 17
General learning 75 45 85.7 n.d. 18.2 15 31-47
difficulties
Speech difficulties 67 48 n.d. 29 0 3 20-55
IQ <70 8 38 n.d. 14 36.4 0 7-8
ADHD 17 33 n.d. n.d. 0 6 38-49
Skeletal manifestations Skeletal anomalies 92 76 31+ 14 45.5+ 33 31
Scoliosis 42 43 31 0 9.1 21 10-28
Pectus excavatum 33 31 n.d. n.d. n.d. 9 12-50
Bone cysts 8 50 n.d. n.d. 0 0 1
Hyperflexibility of 8 72 n.d. n.d. n.d. 6 n.d.
joints
Pes cavus n.d. 17 n.d. n.d. n.d. 3 n.d.
Macrocephaly 58 39 11.5 14 45.5 9 24-45
Neurological manifestations Muscular hypotonia 25 45 n.d. n.d. n.d. 12 27
Epilepsy 0 7 n.d. n.d. 0 3 4-13
MPNST 17 21 71 0 * 0 2-7
Spinal 17 64 n.d. n.d. n.d. 3 24-30
neurofibromas
T2 hyperintensities 75 45 n.d. 29 n.d. 39 34-79
Ocular manifestations Visual disturbance 17 n.d. n.d. 14 n.d. 15 n.d.
Lisch nodules 25 93 40 14 45.5 21 63-93
Strabismus 17 NA n.d. 14 n.d. 0 NA
Optic pathway 17 19 15 n.d. 0 12 11-19
gliomas
Developmental problem Tall-for-age stature 58 46 22.2 n.d. n.d. 0 n.d.
Heart problems Congenital heart 0 29 n.d. n.d. n.d. 0 2

defects

n.d., not determined; NA, not assessed or no data available; *no straightforward information (only referenced as neurofibroma); *it is not clear from the manuscript (it was
mentioned that 18.2% of patient had tumors); + it may be higher (there were data for scoliosis and macrocephaly only); SDICD, significant delay in cognitive development;

MPNST, malignant peripheral nerve sheath tumors; ADHD, attention deficit hyperactivity disorder.
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TABLE 3 | Clinical features of patients with type-2 NF7 microdeletions.

Clinical features of patients with type-1
NF1 microdeletions (frequency observed,%)

Presence or absence of the features in patients with “non-mosaic”
type-2 NF1 deletions

Patients n=29 n=12 078

Reference Kehrer- This study Zhang et al.,
Sawatzki et al., 2015

2017

CALs 93% 100% +

Freckling 86% 83% -

Lisch nodule 93% 25% ?

Cutaneous 86% 8% +

neurofioromas

Subcutaneous 76% 58% +

neurofioromas

Plexiform 76% 17% -

neurofibromas

Facial 90% 67% —

dysmorphism

Large hands 46% 67% N/A

and feet

Macrocephaly 39% 58% -

Tall stature 46% 58% N/A

Learning 48% 75% ?

disabilities

Attention 33% 17% ?

deficits

Scoliosis 43% 42% +

Hyperflexibility 72% 8% N/A

of the joints

MPNST 21% 17% -

T2 45% 75% N/A

hyperintensities

Muscular 45% 25% N/A

hypotonia

Congenital 21% 0% N/A

heart defects

P. 2429 P. 2358 85/NF
Roehl et al., Roehl et al., This study
2010; Vogt 2010; Vogt
etal, 2012 etal., 2012

+ + +

+ + -

+ + +

+ (multiple) — -
+ (multiple) + -
+ (multiple) + —
+ + -

+ + +

+ + +

+ + (mild) +

+ + -

— N/A +

+ + -

+ — —

- + +

N/A + -

+ + -

—, absent; +, present; N/A, not assessed or no data available; ? unclear result from the original article. CALs, café-au-lait spots;, MPNST, malignant peripheral

nerve sheath tumors.

genes adjacent to NF1, such as OMG and RNFI135 are supposed
to contribute to the observed decreased cognitive ability (Kehrer-
Sawatzki et al.,, 2017). OMG gene encodes the oligodendrocyte
myelin glycoprotein which plays an important role in early
brain development (Martin et al, 2009). Moreover, OMG
is associated with intellectual disability and neuropsychiatric
disorders (Bernardinelli et al., 2014). In addition, a rare allele
of RNFI35 gene has been found with higher frequency in
patients with autism (Tastet et al., 2015). Although the deletion
identified in our patients encompass OMG and RNF135 genes as
well, our patients hardly displayed neuropsychiatric symptoms.
This observation implies that beyond the OMG and RNFI135
deletion further factors are also necessary for the development
of intellectual disability or neuropsychiatric manifestations in
patients with NF1 microdeletions. Contrary to our cases, high
load of internal tumors were observed in a number of patients
with larger atypical deletion. Several genes (ATADS5, COPRS,
UTP6 and SUZI2) in the 17ql11.2 region were supposed to be
involved in tumorigenesis (Kehrer-Sawatzki et al., 2017). ATAD5

was affected in our two patients, co-deletion of ATAD5, COPRS
and UTP6 was observed in another one. However, none of
these patients of ours developed internal tumors. Co-deletion of
ATADS, COPRS, UTP6 and SUZI12 genes with NFI may possess
an increased risk for high tumor load which might lead to
the observed high number of tumors in patients with larger
atypical deletion. In one of our patients the atypical deletion
harbors all of these four genes, however, perhaps due to her
young age (i.e., 2 years) no tumors were found at the age of
her examination.

Genotype-phenotype analyses among our patients revealed
that ones with NFI microdeletion more often presented
dysmorphic facial features, macrocephaly, large hands and
feet, delayed cognitive development and/or learning difficulties,
speech difficulties, overgrowth and subcutaneous neurofibromas
compared to those with intragenic NFI mutations. These features
seemed to be characteristic for the patient group with type-1
NFI microdeletion, however, some of the above-mentioned traits
were absent from the type-2 and atypical NFI1 microdeletion
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TABLE 4 | Clinical features of patients with atypical NF1 microdeletions.

Patient Age Gender Skin Neurofibromas Dysmorphic Skeletal Ocular Neuropsychological Other References
(v) manifestations features manifestations Manifestations manifestations
BUD 14; 18 N/A CALs, F Many CNF, SNF Coarse face SCS, genu valgum, N/A SDICD, ID, T2 Many ST Kehrer-Sawatzki
joint laxity hyperintensities et al., 2003
3724A 13 Female CALs, F Few CNF Coarse face, FA, PE LiN Moderate ID - Cnossen et al.,
hypertelorism, 1997
ptosis, broad lips
and nose
6 N/A N/A N/A N/A N/A N/A N/A N/A N/A Venturin et al.,
2004a,b
UWA106-3 18 Male CALs, F Many CNF, PNF, Coarse face, large MA N/A SDICD, 1Q 46 Many ST Dorschner et al.,
spinal NF hands 2000; Kayes et al.,
1992
442 18; 26 Male CALs, F Multiple SCNF, and Coarse face SCS LiN 1Q 76, severe LD Many ST Kehrer-Sawatzki
many CNF, PNF et al., 2005
BL 13,5 Male CALs, F - FD, hypertelorism Skeletal anomalies - Severe ID - Riva et al., 2000
D806 3mo; 3;4 Male CALs, F - Narrow palpebral - - Marked developmental - Upadhyaya et al.,
fissures, ptosis, low delay, SP, seizure 1996
set, rotated ears,
prominent maxilla
UWA155-1 27 N/A - Multiple CNF, spinal Coarse face, MA - Moderate ID MPNST Dorschner et al.,
NF ptosis, large hands 2000
and feet
118 5 Male CALs, F N/A - - OPG Seizure, no LD - Venturin et al.,
2004b
282775 n.d. N/A CALs - Noonan-like FD - - PD, SP - Mantripragada
et al., 2006
562 20 Female CALs, F 2 PNF, 4 SIN NF Large hands and PE, lumbar LiN, visual Mild ID, severe LD, SP, - Kehrer-Sawatzki
feet lordosis, pedes disturbance hypotonia et al., 2008
valgoplanus
NF040 1 Female CALs PNF - - * * - Zhang et al., 2015
NF056 60 Female CALs, F CNF - - * * -
NFO73 25 Female CALs, F CNF - - * * -
NFO76 36 Female CALs CNF - - * * -
556/NF 10 Male CALs, F - - Bilateral PP OPG - - this study
125/NF 2 Female CALs, F - - PE - - -
134/NF 40 Female CALs SCNF Hypertelorism SCS - - -
260/NF 8 Male CALs, F - FD, hypertelorism PE, MA OPG SDICD, T2 ASD
hyperintensities

CALs, café-au-lait spots; F, freckling; FA, facial asymmetry; FD, facial dysmorphy; CNF, cutaneous neurofibroma; SCNF, subcutaneous neurofibroma; PNF, plexiform neurofibroma; SIN NF, small intramuscular nodular
neurofibroma; ST, spinal tumors; MPNST, malignant peripheral nerve sheath tumors; SDICD, significant delay in cognitive development, ID, intellectual disability; LD, learning difficulties; SF, speech delay; PD, psychomotor
delay; SCS, scoliosis; PE, pectus excavatum, MA, macrocephaly; PP, pes planus; LiN, Lisch nodule; ASD, atrial septal defect. * unclear results in the original article. NA, no data available.

‘e 18 Mng

SUONBIBPOIDIN LN Ul Suolreloossy adAlousyd-adAjouss)


https://www.frontiersin.org/journals/genetics
https://www.frontiersin.org/
https://www.frontiersin.org/journals/genetics#articles

Buki et al.

Genotype-Phenotype Associations in NF7 Microdeletions

TABLE 5 | Size of the deletions and haploinsufficient genes located within the

atypical NF1 deletions.

Patient Deletion size  Haploinsufficient genes References
(Mb) (by gnomAD pLl)
BUD 4.7 ATAD5, NF1, OMG, Kehrer-Sawatzki
RAB11FIP4, SUZ12, et al., 2003
PSMD11, CDK5R1, ASIC2
3724A 2.0-3.1 ATADS5, NF1, OMG, Cnossen et al.,
RAB11FIP4, SUZ12, 1997
PSMD11, CDK5R1, ASIC2
6 3 ATADS, NF1, OMG, Venturin et al.,
RAB11FIP4, SUZ12, 2004a,b
PSMD11, CDK5R1, ASIC2
UWA106-3 3.2-3.7 ATAD5, NF1, OMG, Dorschner et al.,
RAB11FIP4, SUZ12, 2000; Kayes et al.,
PSMD11, CDK5R1, ASIC2 ~ 1992; Kayes et al.,
1994
442 2 ATADS5, NF1, OMG, Kehrer-Sawatzki
RAB11FIP4, SUZ12 et al., 2005
BL ~3 ATADS5, NF1, OMG, Riva et al., 2000
RAB11FIP4, SUZ12,
PSMD11, CDK5R1, ASIC2
D806 ~7 ATADS5, NF1, OMG, Upadhyaya et al.,
RAB11FIP4, SUZ12, 1996
PSMD11, CDK5R1, ASIC2
UWA155-1 2.1-2.7 NF1, OMG, RAB11FIP4, Upadhyaya et al.,
Suz12, PSMD11, 1996
CDK5R1, ASIC2
118 N/A ATAD5, NF1 Venturin et al.,
2004b
282775 > 1.33 NF1, OMG, RAB11FIP4, Mantripragada
Suziz et al., 2006
552 2.7 NF1, OMG, RAB11FIP4, Kehrer-Sawatzki
Suz12, PSMD11, et al., 2008
CDK5R1, ASIC2
40 1.27-1.46* NF1, OMG, RAB11FIP4, Zhang et al., 2015
Suz12,
56 0.60-1.14* ATADS5, NF1, OMG
73 0.93-1.28* NF1, OMG, RAB11FIP4,
Suziz
76 1.26-1.63* ATADS5, NF1, OMG,
RAB11FIP4, SUZ12
556/NF 1.122 ATADS5, NF1, OMG, This study
RAB11FIP4, SUZ12
125/NF 1.635* ATADS, NF1, OMG,
RAB11FIP4, SUZ12
134/NF 0.618* ATADS5, NF1, OMG
260/NF 0.618* ATADS, NF1, OMG

*Results originated from MLPA probes location. The probability of loss of function
(pLI) metric were provided by the gnomAD browser (https://gnomad.broadinstitute.
org/). According to official description, a transcript’s intolerance to variation is
measured by predicting the number of variants expected to be seen in the gnomAD
dataset and comparing those expectations to the observed amount of variation.
The range scales from 0O to 1, where the closer the pLl value is to 1, the more
intolerant the gene appears to be to loss of function (LoF) variants. We determined
as haploinsufficient a gene if the pLI value was above 0.9, which indicates extreme
intolerance to LoF variants (Karczewski et al., 2020).

patient cohort. Our patient with non-mosaic type-2 NFI large
deletion had only a few of the typical clinical signs: macrocephaly,
large hands and feet as well as learning difficulties. On the other

hand, she has a strong skeletal involvement. In our atypical
NFI microdeletion patient cohort only the facial dysmorphism,
delayed cognitive development, macrocephaly and the presence
of subcutaneous neurofibromas were noted. Certain clinical
symptoms such as congenital heart defects, joint laxity, muscular
hypotonia and bone cysts were reported by others in type-
1 NFI microdeletion patients (Mautner et al., 2010; Kehrer-
Sawatzki et al., 2017), but these were not pronounced in our
patients. It is worth to mention that manifestations of several
symptoms are age dependent, therefore a comprehensive study
on the clinical course of patients with different type of NFI
microdeletion could help to establish diagnostic milestones in
these patients’ group.

CONCLUSION

In conclusion, in our patient cohort three different types of
NFI microdeletion have been identified. Although these deletions
were associated with different clinical manifestations, possibly
due to the deleted gene contents or the deletion of other
regulatory DNA elements, patients with NFI large deletion
showed more severe clinical phenotype compared to individuals
with intragenic NFI mutations. The identification and in some
cases the classification of the NFI microdeletions have been
feasible using MLPA, a simple, cost-effective technique. This
method enabled us to recognize NFI microdeletion patients easily
among the general NF1 patients. Our study presented additional
clinical data related to NFI microdeletion patients especially for
pediatric patients and it contributes to the better understanding
of this type of disorder.
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Microhomology-Mediated Break-Induced Replication: A Possible
Molecular Mechanism of the Formation of a Large CNV in FBN1
Gene in a Patient with Marfan Syndrome
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Abstract: Background: Marfan syndrome (MFS) is an autosomal dominant multisystem
disorder caused by mutations in the fibrillin-1 gene (FBN17). A small portion of them is
copy number variations (CNVs), which can occur through recombination-based,
replication-based mechanisms or retrotransposition. Not many have been characterized
precisely in MFS.

Methods: A female patient with suspected Marfan syndrome was referred for genetic
testing at our institute. After systematic sequencing of FBN1, TGFBR1, and TGFBR2
genes, multiplex ligation-dependent probe amplification was applied. Long-range PCR,
subsequent Sanger sequencing with designed primers, and preliminary in silico analysis
were applied for the precise characterization of the breakpoints.

ARTICLE HISTORY

Results: Primary analysis displayed a de novo large deletion affecting exons 46 and 47
in the FBN1 gene, which resulted in the loss of the 31% and 32™ calcium-binding EGF-
like domains. Further examination of the breakpoints showed a 4916 nucleotide long
deletion localized in intronic regions. Surprisingly a ‘TG’ dinucleotide insertion was
detected at the junction. We hypothesize that the CNV formation was generated by a
rare event based on the known microhomology-mediated break-induced replication
(MMBIR).

Conclusion: An increasing number of CNVs are associated with Mendelian diseases
and other traits. Approximately 2-7% of the cases in MFS are caused by CNVs. Up to
date, hardly any model was proposed to demonstrate the formation of these genomic
rearrangements in the FBN1 gene. Hereby, with the help of previous models and
breakpoint analysis, we presented a potential mechanism (based on MMBIR) in the
formation of this large deletion.
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1. INTRODUCTION

Marfan syndrome (MFS; OMIM #154700) is an
autosomal dominant, multisystem disorder with high
clinical heterogeneity. Mainly the ocular, skeletal, and
cardiovascular systems are affected, where cardio-
vascular abnormalities can be life-threatening. The
prevalence of MFS is estimated at 1/5,000 [1, 2]. The
syndrome is caused by mutations in the fibrillin 1
(FBN1) gene [3], located on the long arm of
chromosome 15 (15g21.1), comprising 65 coding
exons. The gene encodes a protein called fibrillin-1,
which is a major component of microfibrils in the
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extracellular matrix. A minority of the cases show
pathogenic variations in the genes transforming growth
factor B receptors 1 and 2 (TGFBR1 and TGFBR2,
respectively) [4, 5]. Although most of the disease-
causing mutations in the aforementioned TGFBR1 and
TGFBR2 genes are responsible for developing another
inherited connective tissue disorder called Loeys-Dietz
syndrome [6].

Based on the ClinVar (https://www.ncbi.nlm.nih.gov/
clinvar) database, up to date, more than 5000
variations are known in the FBN1 gene, and almost half
of them are disease-causing pathogenic or likely
pathogenic mutations. Among these, missense,
nonsense, frameshift, splice-site, in-frame deletions,
and insertions have been identified so far. Additionally,
large genomic rearrangements have also been

© XXXX Bentham Science Publishers
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reported. Deletion of the entire FBN1 gene and single
or multiple exons are also known [7-10]. In contrast, no
duplications affecting the exons of the FBN1 gene have
been reported until now. Approximately 2-7% of MFS
patients have been detected with a copy number
variation (CNV) in the FBN1 gene [11].

CNVs, encompassing losses or gains of relatively
large genomic DNA segments, are represented widely
in the human genome and they are one of the major
sources of genetic diversity as genome-wide analysis
tools and other large-scale population studies
demonstrated [12, 13]. Recent research suggested that
CNVs appear to have a much higher de novo locus-
specific mutation rate than single nucleotide
polymorphisms (SNPs) [14, 15]. In addition, CNVs
have been associated not only with genomic disorders
but also with complex traits in humans (for instance
autism and schizophrenia) and may be responsible for
some advantageous human-specific traits (for instance
cognition and endurance running) [16-18]. Moreover,
nowadays, emerging evidence shows that CNVs may
cause Mendelian diseases or sporadic traits as well
[18].

The formation of CNVs can occur through
recombination-based [19], and replication-based
mechanisms or retrotransposition [20, 21]. A couple of
different mechanisms have already been suggested so
far, including non-allelic homologous recombination
(NAHR), non-homologous end-joining (NHEJ), or
microhomology-mediated end-joining (MMEJ), along
with fork stalling and template switching (FoSTeS) or
microhomology-mediated break-induced replication
(MMBIR). In the case of CNVs in the FBNT1 gene,
accurate breakpoint analyses have been performed
only in a few cases. Therefore, the precise mechanism
responsible for the CNVs has not been elucidated
frequently.

Hereby we present a de novo two exon deletion in
the FBN1 gene, which caused Marfan syndrome in a
female patient. A rare rearrangement mechanism,
MMBIR, is being proposed for the first time in the
literature on Marfan syndrome as an underlying
mechanism of this CNV formation.

2. MATERIALS AND METHODS

2.1. Participants

A female patient was referred for genetic testing to
our institute (Department of Medical Genetics) because
of a suspected Marfan syndrome or a related
connective tissue disorder. Genetic counselling verified
that the patient fulfiled the revised Ghent criteria.
Systematic sequencing of FBN1, TGFBR1, and
TGFBR2 genes could not identify pathogenic point
mutations. Thereby the FBN71 and TGFBR2 large
del/dup screening was applied with MLPA. The study
was approved by the ethics committee of the University
of Pecs (Protocol 8770-PTE/2021). The patient gave
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informed consent to genetic testing according to
national regulations.

2.2. Identification of the Breakpoints in our Patients

To confirm the deleton and determine the
breakpoints, long-range PCR and subsequent Sanger
sequencing were applied. We designed primers
targeting the flanking region of the predicted deletion
(45F: 5-TCTTGGTTGCTTCCAAATTC-3* 47R: 5'-
GCTGGAACACTAGAGATGATG-3’). A QIAGEN long-
range PCR kit (Qiagen, Hilden, Germany) was applied
according to the manufacturer’s instructions with the
following cycling process: 3-min initial denaturation at
93°C, 35 cycles of 15 s at 93°C, 30 s at 55°C, and 8
min at 68°C. PCR analysis displayed approximately 6
kb and 1.5 kb products. The smaller fragment was
excised from agarose gel and cleaned with the help of
Nucleospin Gel and PCR Clean-up kit (Macherey-
Nagel, Diren, Germany).

After purification of the PCR product, it was
sequenced using 45F,47R, and newly designed
internal primers (FBN1delF:5-CAGGAAGAATGTGTT
ATTTTGCTC-3’ and FBN1delR: 5-GTCTCAGAATGTA
TCCCTCAC-3’) using a BigDye Terminator Cycle
Sequencing Ready Reaction kit v1.1 on an ABI PRISM
3130 Genetic Analyzer (Applied Biosystems, Forster
City, USA).

2.3. In silico Analysis

Tandem Repeats Finder [22] and REPFINDER [23]
were applied to analyze the neighboring region of the
breakpoints to reveal remarkable sequence homology.
Tandem Repeats Finder was applied to locate and
display tandem repeats in DNA sequences.
REPFINDER was applied to identify identical direct
and/or inverted repeat sequences. RepeatMasker [24]
was applied to screen low complexity DNA sequences
and interspersed repeats within the proximity of the
breakpoints. Cross_match and HMMER search
engines were used with slow sensitivity in the analysis.
REPEATAROUND [25] was used to determine direct
repeats, mirror repeats, and inverted repeats in the
immediate vicinity of the breakpoint. The examined size
range was determined at a distance of 30 bases both
upstream and downstream from the breakpoints.
Tetraplex formation of a single strand of DNA with
another unpaired single strand could be generated by
G-rich sequences. QGRS MAPPER [26] was applied to
examine G-rich sequences.

3. RESULTS

A novel large deletion (exons 46-47) was identified
in a 22-year-old female. As a result of this deletion, the
31st and 32nd calcium-binding EGF-like domains of the
fibrillin-1 protein was affected, contributing to the
development of the Marfan syndrome. The de novo
origin of the deletion was confirmed by the molecular
genetic testing of her parents.
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Fig. (1). Depiction of the genome in the region of the deletion and the sequences of PCR products spanning the breakpoint
junctions of the deletion. Blue letters indicate intron 45 sequences and green letters indicate intron 47 sequences. The open
arrow below the gene name indicates the direction of transcription. Exons are represented by bars and marked with the
corresponding number. Red dotted lines mark the (most telomeric position of the possible breakpoints) position of the
breakpoints. Black letters denote the sequences of the deleted regions. The curved arrow indicates TG insertion. All nucleotide
positions are represented by the human genome reference sequence (NCBI build hg19). (A higher resolution / colour version of

this figure is available in the electronic copy of the article).

3.1. Breakpoint Analyses and Experimental
Findings Supported the Proposed Mechanism
Behind the Identified Deletion

The breakpoint junctions were determined by long-
range PCR. A wild type (6kb fragment) and a deleted
allele (1.5kb fragment) were amplified. Excision and
purification of the smaller fragment and direct
sequencing of the deletion junction amplicon displayed
a 4916 bp long deletion. After the junction was
identified, the breakpoints localized into intronic
regions. Surprisingly a TG insertion was found near the
breakpoints, which wasn’'t found in the parents’
sequence (Fig. 1).

In silico analyses of the breakpoints including the
Tandem Repeats Finder Program and REPFINDER did
not reveal remarkable sequence homology neighboring
the deletion region. Both programs were applied for the
analysis of the genomic sequence between exon 44
and exon 50. The examination did not reveal significant
repeat sequences. From exon 45 to exon 48, the
sequence was analyzed by RepeatMasker, which did
not find any L1, Alu, LTR, or MIR DNA elements in the
proximity of the deletion. REPEATAROUND was
applied for a more specific analysis, showing slight
differences in the repeat variations (Table 1) with or
without the ‘TG’ insertion. QGRS MAPPER did not
detect any significant G-rich sequences.

We hypothesize that the CNV formation was
generated by a rare event based on the known
microhomology-mediated break-induced replication.

4. DISCUSSION

Numerous recent research findings imply that CNVs
have a significant effect on human ftraits, diseases, and
even evolution [18]. The use of high-resolution
genome-wide analysis tools and platforms improved

our knowledge of CNVs and their effect. Such genomic
rearrangements can convey abnormal phenotypes
through various molecular mechanisms including those
affecting dosage sensitivity of a gene, gene fusion or
gene interruption at the breakpoint junctions, or
unmasking of recessive alleles. Furthermore, other
noncoding cis- and trans-regulatory elements such as
enhancers and promoters could be affected. The
contributions of CNVs to human phenotypes, especially
complex diseases and other specific traits are yet to be
fully understood. Although there is growing evidence
that CNVs may cause Mendelian diseases or sporadic
traits as well. Approximately 10% of the Mendelian
disorders are caused by CNVs. In the case of Marfan
syndrome, up to date ca 2-7% of the disease-causing
mutations belong to CNVs [11, 18].

According to breakpoint analysis, CNVs can be
divided into two groups, namely recurrent and non-
recurrent forms. The latter group is represented in MFS
so far. Most of the non-recurrent CNVs are generated
by NHEJ or other replication-based mechanisms
(FoSTeS, MMBIR) which are increasingly accepted as
mechanisms in the development of rare pathogenic
CNVs [27]. Most of the recurrent CNVs are generated
by NAHR.

In silico analyses of the genomic architecture
surrounding the detected CNV in our patient revealed a
novel non-recurrent genomic rearrangement. Three
major mechanisms did not seem to explain the
mechanism behind the deletion. NAHR is based on
sequence homology and leads to the formation of
CNVs with recurrent breakpoints. However, no exten-
sive homology, including low copy repeats/segmental
duplication, was found in the area of the breakpoints in
our patient using Tandem Repeats Finder Program,
REPuter, and REPFINDER software. As a
consequence, the deletion is probably not mediated by
the known NAHR mechanism. Some non-recurrent
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Table 1. Representation of the detected repeats (direct, indirect, mirror, complementary) with and without the TG

insertion by REPEATAROUND.

- 5' breakpoint with TG insertion 5' breakpoint without TG insertion

4 base (2) 4 base (2)

Direct repeat 5 base (4) 5 base (3)

8 base (1) 8 base (1)

Indirect repeat 4 base (6) 4 base (6)

5 base (2) 5 base (1)

Mirror repeat 4 base (4) 4 base (2)

4 base (5) 4 base (5)

Complementary repeat 5 base (2) 5 base (2)

deletions can occur via NHEJ, which is a major
mechanism used by eukaryotic cells to repair double-
strand breaks (DSBs) [28]. However, NHEJ repairs
blunt ends [29], thus in the case of resected or modified
ends this mechanism is blocked which is supposed to
be involved in our CNV formation. An additional
characteristic of NHEJ is that it often leaves
informational scars at the breakpoint, including the
addition or cleavage of several nucleotides [18, 30]. In
our patient, a TG dinucleotide insertion was detected
along with the large 4916 bp deletion. However, in the
NHEJ mechanism certain repetitive elements such as
MIR, LTR, LINE, Alu, and other sequence motifs (e.g.
TTTAAA) were indicated at the breakpoints or within
close proximity [31-33]. Neither of the mentioned motifs
or DNA elements was present in our patient's DNA.
Based on the sequential environment, NHEJ can be
ruled out for the creation of deletion in our patient. The
FoSTeS mechanism is frequently discussed in the
complex rearrangement formation, through
disengaging and invading a new replication fork in
close proximity and an extension of the sequence from
a microhomologous region. Moreover, in contrast to
MMBIR, resection of the sequence is not involved in
this model. We hypothesize that in our case the
microhomologous region became available after
resection, and the detected CNV was a simple
rearrangement, therefore we excluded the possibility of
FoSTeS.

One possible way of genomic rearrangement
formation takes place through the replication
machinery. Incomplete, erroneous, or untimely DNA
replication events can lead to various types of
mutations, including CNVs as well, which can
contribute to the development of disorders [34].
Moreover, all DNA replication events are harmonized
with other cellular events such as transcription and
DNA repair [35, 36]. Previous studies [37, 38] outlined
that replication abnormalities are often associated with
various kinds of stress, including DNA binding proteins,
DNA-RNA interaction, DNA damage, secondary DNA
structures, and metabolic conditions [39]. This causes
the replication fork to stall and collapse and a single-
ended DSB will be created.

The presence of certain de novo DNA structures
frequently contributes to forming certain genomic
rearrangements  with  non-recurrent  breakpoints.
Depending on this we applied in silico analysis of the
breakpoint and its close vicinity to search for various
kinds of repeat sequences (direct, inverted, and mirror
repeats) at the breakpoint. REPEATAROUND
revealed, that if a ‘TG’ insertion occurs, a 5 base long
direct repeat will appear (‘CCTTGCCTTG’) at the
breakpoint.

We hypothesize that the deletion found in our
primary case (Fig. 2) might be the result of the MMBIR
mechanism described earlier in detail by Hastings et al
[38] and later by Ottaviani and colleagues [40].
According to the model the replication potentially
stopped and stalled at an unexpected event. A
potential dinucleotide insertion (‘TG’) created a
‘CCTTGCCTTG’ direct repeat sequence (l.) which
could interrupt the replication machinery. The insertion
itself or the generated repeat potentially caused the
replication fork to slow down, stall and collapse.
Presumably, this event resulted in a single DSB.
Thereafter, a 5’ to 3’ resection generated a sequence
with a short 3’ overhang (lI.). The resection exposed a
DNA segment with possible microhomology to another
DNA segment in close proximity. This 3’ overhang part
of the dsDNA invades the microhomologous region in a
D-loop, (lll.) then anneals to this sequence and restarts
the synthesis. We suggest a simultaneous adenine-to-
guanine substitution (IV.) due to an erroneous DNA
repair, which at this position creates a microhomology
on the other DNA segment. Eventually, the final
sequence indicates a 4916 bp long deletion with
inserted ‘TG’ nucleotides at the breakpoint (V.). In our
case, a short microhomologous region is involved in
the proposed molecular mechanism. Since the FBN1
gene is localized on the reverse strand, the sequence
of FBN1 was represented in the reverse orientation
during exploring the mechanism behind the CNV
formation. However, for easier explanation and
understanding, we indicated the final sequence in
regular orientation (Fig. 2).

In our case, we suppose MMBIR is a rare event to
form the CNV. In some cases, the MMBIR model has
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Fig. (2). A potential candidate for this mechanism is microhomology-mediated break-induced replication (MMBIR): (I) the
replication fork stalls, collapses, and a single-ended double-strand break is created, (ll) 5’ to 3’ resection generates a sequence
with short 3’ single-stranded overhang, (lll) A-G substitution due to a possible error of DNA repair, (IV) D-loop formation by the
template strand and invasion by the 3’ overhang, which anneals to the microhomologous region and restarts synthesis; (V)
synthesis is continued straight ahead. (A higher resolution / colour version of this figure is available in the electronic copy of the

article).

been associated with other non-recurrent CNVs
resulting in genomic disorders such as Cornelia de
Lange syndrome and haemophilia A [41]. MMBIR is
often associated with small stretches (1-4 bp) of
microhomology, further supporting our hypothesis [42-
44].

Copy number variation analyses among Marfan
patients published so far revealed single exon or
multiple exon deletions in the FBN1 gene along with
the whole FBN1 gene deletion (Fig. 3 and 4) [6-11, 45-
59]. Interestingly, accurate breakpoint analyses have
been performed only in a few cases. Short stretches of
identical sequences at the sites of breakpoints can be
found behind the CNVs formation, however, the precise

mechanism responsible for these CNVs has not been
elucidated (Table 2). In two cases, an extra nucleotide
was detected similarly to our cases, however without
an explanation.

CONCLUSION

CNVs are being associated more and more with
certain diseases and traits, for instance, Mendelian
diseases, sporadic birth defects, complex traits, and
other sporadic traits, thus contributing to the genetic
variation of the individuals. Various models (NHEJ,
MMEJ, NAHR, FoSTeS, MMBIR, retrotransposition)
have been proposed to explain the formation of the
different CNVs. In the case of CNVs in the FBN1 gene,
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Numbers in the brackets indicate the reference.
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this figure is available in the electronic copy of the article).



Molecular Mechanism Behind CNV Formation in Marfan Syndrome

Current Molecular Medicine, XXXX, Vol. XX, No. XX 7

Table 2. Characterization of the known breakpoints presented in the referring article.

Single and Microhomology Number of Affected Insertion or Deletion of Localization of the Refs.
Multi-exon Present Nucleotides (in Nucleotides Near the Breakpoints
(FBN1) Microhomology) Breakpoints
Ex1 + 2 (GC) - Intron [7]
Ex6 + 4 (CTGA) T insertion Intron [8]
Ex43 N/A N/A - Intron [11]
Ex50 N/A N/A - Intron [11]
Ex54 N/A N/A - Intron [11]
Ex56 N/A N/A - Intron [11]
Ex1-16 + 2 (CC) Intron [71
Ex2-4 - - - Intron [10]
Ex42-43 + 5 (CAGTA and/or GGAAA) - Intron [49]
Ex44-46 + 5 (ATTTT) - Intron [49]
Ex46-47 + TG TG insertion Intron Current study
Ex48-53 + 4 (CTGA) - Intron [8]
Ex49-50 - - G insertion Intron [8]
Ex58-63 + 4 (ATTT) - Intron [51]

N/A: no straightforward information available.

Exon numbering: original numbering shows the affected exons as it was reported in the referred article.
Our case (exon 46-47 deletion) corresponds to the 66 exon numbering and is represented by the human genome reference sequence (NCBI

build hg19).

hardly any model was proposed to demonstrate the
formation of these genomic rearrangements. More and
more CNVs are demonstrated with non-recurrent
breakpoints. An increasing number of these are
explained by replication-based mechanisms (FoSTeS,
MMBIR). Hereby we presented a potential mechanism
(based on MMBIR) of the formation of a large de novo
deletion, affecting two exons within the FBN1 gene. A
further comprehensive investigation is required to
understand the precise molecular mechanism in the
formation of CNVs.

LIST OF ABBREVIATIONS

MFS = Marfan syndrome

CNVs = Copy number variations

MMBIR = Microhomology-mediated break-
induced replication

FBN1 = Fibrillin 1 gene

NHEJ = Non-homologous end-joining

NAHR = Non-allelic homologous recombination

MMEJ = Microhomology-mediated end-joining
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Neurofibromatosis-1
microdeletios szindroma

Molekularis genetika és klinikas heterogenitis

Biiki Gergely = Till Agnes dr. = Zsigmond Anna dr.
Bene Judit dr. = Hadzsiev Kinga dr.

Pécsi Tudomanyegyetem, Altalinos Orvostudomanyi Kar, Klinikai Kézpont, Orvosi Genetikai Intézet, Pécs

Az 1-es tipust neurofibromatosis autoszomalis domindns 6roklésmenetet mutatd, klinikailag rendkiviil heterogén
neurocutan kérkép, amelynek kialakulasaban elsédlegesen az NFI1-gén intragenikus funkciévesztéses muticioi jatsza-
nak szerepet. Ugyanakkor a molekuldris diagnosztika fejlédésének koszonhetSen egyre tobb esetben sikeriil kimutat-
ni az NFI-gént és az azzal szomszédos régidkat érintG kopiaszambeli varidnsokat. Genotipus-fenotipus elemzések
alapjan a pontmutacios eltérések okozta 1-es tipust neurofibromatosis, illetve a microdeletios eltérések okozta, tn.
17q11.2 microdeletios szindroma elkiilonithet6k egymastol. Microdeletiok az esetek 5-10%-dban figyelheték meg,
melyek méretiik, toréspontjaik genomi lokalizicidja és érintett géntartalmuk alapjan négy kiilonbozé tipusba (1-es,
2-es, 3-as és atipusos) sorolhatok. A microdeletios betegek gyakran stilyosabb korlefolydst mutatnak, melybdl kieme-
lend6 a malignitasok emelkedett kockdzata. Az dsszefoglald kozleménnyel, mely a neurofibromatosis-1 microdeletids
szindréma f&bb jellemzdit, molekularis genetikai hatterét és vizsgalati mddszereit targyalja, a microdeletids szindro-
mids betegek korai diagnoézishoz jutisanak fontossigat szeretnénk hangsualyozni és felhivni a figyelmet a szoros nyo-
mon kovetés jelentGségére.

Orv Hetil. 2022; 163(51): 2041-2051.

Kulcsszavak: 17q11.2 microdeletiés szindroma, NFI1-gén, kopiaszam-valtozas, MLPA

Neurofibromatosis-1 microdeletion syndrome

Molecular charvacterization and clinical heterogeneity

Neurofibromatosis type 1 is a clinically extremely heterogeneous neurocutaneous disorder, inherited in autosomal
dominant manner. It is primarily caused by intragenic loss-of-function mutations in the NFI gene, however, as a
result of improvements in molecular diagnostics, copy number variants affecting the NFI gene and its flanking re-
gions are increasingly being detected. Based on genotype-phenotype analyses, two groups can be distinguished:
neurofibromatosis type 1 caused by point mutations and the so-called 17q11.2 microdeletion syndrome caused by
microdeletions. Microdeletions are observed in 5-10% of cases and can be divided into four different types (type 1,
2, 3 and atypical) according to the size of the deletion, the genomic location of the breakpoints and the affected gene
content. Patients with microdeletions often have a more severe course of the disease, with an increased risk of malig-
nancies. With this review, which summarizes the main characteristics and molecular genetic background of neurofi-
bromatosis-1 microdeletion syndrome, we would like to emphasize the importance of early diagnosis of patients with
microdeletion syndrome and draw attention to the importance of close follow-up.

Keywords: 17q11.2 microdeletion syndrome, NFI gene, copy number variation, MLPA
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Roviditések

arrayCGH = (chromosomal microarray-comparative genome
hybridization) kromoszomdlis microarray-komparativ genomia-
lis hibridizdcié; CNV = (copy number variation) kdpiaszdmbe-
li varidns; DNS = dezoxiribonukleinsav; GTP = (guanosine
triphosphate) guanozin-trifoszfat; HGMD = (Human Gene
Mutation Database) Humdn Génmutaciés Adatbazis; LCR =
(low copy repeat) kis kopiaszdm ismétl6dés; LoF = (loss-of-
function) funkciévesztéses; MAPK = (mitogen-activated prote-
in kinase) mitogénaktivalt proteinkiniaz; MEK = (mitogen-acti-
vated protein kinase/extracellular signal-regulated kinase)
mitogénaktivélt proteinkindz /extracelluldris szignal szabalyoz-
ta kindz; MIM = (Mendelian inheritance in man) mendeli
oroklédés emberben; MLPA = multiplex ligatiofiiggs pro-
baamplifikicié; MPNST = (malignant peripheral nerve sheath
tumour) malignus periférids ideghtively-daganat; MRI = (mag-
netic resonance imaging) madagnesesrezonancia-képalkotds;
NAHR = (non-allelic homologus recombination) nem allélikus
homolég rekombindcié; NF1 = 1-es tipust neurofibromatosis;
NHE] = (non-homologous end joining) nem homolog végil-
lesztés; NIH = (National Institutes of Health) az Egyestilt Al-
lamok Nemzeti Egészségiigyi Intézete; pLI = (probability of
loss-of-function intolerance) a funkcidvesztéses intolerancia
valészintisége; RAS = (rat sarcoma viral oncogene homolog)
patkinysarcoma viralis onkogén homolog

A neurofibromatosis, vagy korabbi nevén von Reckling-
hausen-kér, autoszomdlis domindns 6roklésmenetet mu-
taté neurocutan kérkép. Tobb formdja ismert, melyek
koziil a leggyakoribbak az 1-es és 2-es tipust neurofibro-
matosis, illetve a schwannomatosis. Kialakuldsa nemtdl
és rassztdl fiiggetlen, korlefolydsa valtozatos. Legjellem-
z6bb formdja az 1-es tipust neurofibromatosis (NF1;
MIM# 162200), amely mind klinikailag, mind genetikai-
lag eltér az emlitett masik két formatdl. Eléforduldsi gya-
korisdga a legtijabb adatok szerint 1,/2500-3000-ra te-
het6 [1, 2]. A neurocutan betegség féleg a bér és a
periférids idegrendszer teriiletén okoz variabilis expresz-
szivitdsu tiineteket, és teljes penetranciit mutat. A leg-
szembetlnébb tiinetek a testszerte eléforduld tejes-
kavéfoltok és a bdéron és/vagy boOr alatt kialakuld
neurofibromdk. A f6 jellegzetességek kozé tartoznak
még a retinin megjelens Lisch-nodulusok, az axillaris/
inguinalis régiéban megjelend szeplézottség és a kiilon-
boz6 idegrendszeri tiinetek [3]. A neurofibromak tobb-
ségiikben joindulatd komplex tumorok, melyeket f6ként
Schwann-sejtek, endothelsejtek, fibroblastok és hizosej-
tek alkotnak [4]. A genetikai rendellenesség hatdsira a
betegekben jelentésen megnd bizonyos daganatos meg-
betegedések kockdzata, ezek koziil a leggyakrabban az
agydaganatok és a malignus periférids ideghtively-daga-
natok (MPNST-k) fordulnak el6 [5]. A klinikai mani-
fesztaciok valtozatosak, az életkor fliiggvényében 4j tii-
netek jelenhetnek meg, illetve a fennalldé tiinetek
fokozatosan salyosbodhatnak [6-8].

A rendellenesség kialakulasinak hétterében a leggyak-
rabban a 17-es kromoszéma hosszt karjan (17ql11.2)
talilhaté neurofibromin-1 (NFI)-génben el6forduld

funkciovesztéses (loss-of-funtion, LoF-) mutacidk allnak
[9, 10]. Az NFI-génben tobbségében intragenikus, kis
skalaji muticiok (pontmutaciok, indelek) és kisebb, egy
vagy tobb exont érint6 képiaszambeli varidnsok (CNV-
k) fordulnak el§. Jelenleg a Human Gene Mutation
Database (HGMD) alapjan tobb mint 2800 csirasejtes
mutacié, mig a ClinVar adatbazis alapjan tobb mint
3300 patogén és valoszintileg patogén varians ismert el-
szorva a gén egész teriiletén, beleértve a CNV-ket is.
Az utébbi idSben egyre tobb esetben mutatnak ki tobb
gént érint6 nagyobb deletidkat (a tovabbiakban: micro-
deletiok) is, amelyek az egész NFI-gént, illetve a szom-
szédos régioban talilhatd géneket érintik. Az NFI-gén
mutacios ratdja rendkiviil magas, az esetek kozel 50%-
dban a muticiok de novo alakulnak ki [11]. Ezek a de
novo intragenikus mutdciok f6ként az apai eredet( kro-
moszéman jonnek létre, melyek eléforduldsinak valdszi-
nlsége novekszik az apa életkoraval [12]. Az NFI-gén
57 exonja a 2818 aminosavbdl dll6, neurofibromin nevii
fehérjét kddolja, amely mindeniitt expresszdlodik, az ex-
presszié mértéke azonban a szovet tipusatdl és a szerve-
zet fejl6dési szakaszatdl figgben viltozik. A legnagyobb
mértékben a felnSttneuronokban, Schwann-sejtekben,
astrocytakban, leukocytikban és oligodendrocytikban
fejez6dik ki [13, 14]. A neurofibromin egy Ras-specifi-
kus GTP-dz-aktivalo fehérje, melynek legfontosabb sze-
repe a RAS/MAPK jelatviteli kaszkdd negativ regulcio-
ja, czdltal részt vesz a sejtnovekedés és -differencidlodas
szabdlyozdsiban [9, 15]. A neurofibromin fehérje tu-
morszuppresszorként funkcional, hibds vagy csokkent
mkodése igy magyardzatot ad az 1-es tipust neurofib-
romatosisban szenvedd betegekben tapasztalt gyakoribb
daganatképzbdésre [16].

A neurofibromatosis-1 NIH diagnosztikus
kritériumai

A szertedgaz6 megjelenési tiinettan, illetve az ismert at-
fed§ tinettannal rendelkezd egyéb RASopathiak [17]
(példaul Legius-szindroma) miatt megalkottak egy klasz-
szifikicids rendszert, amely a leggyakoribb tiinetek jelen-
létén/hianyan alapul [18]. Az 1. tdblizat mutatja be a
NIH (National Institutes of Health) dltal 1987-ben 1ét-
rehozott, majd 1997-ben és 2021-ben revidealt kritéri-
umrendszert, mely magaban foglalja a betegség leggya-
koribb tiineteit [19].

Bizonyos tiinetek az életkor elérehaladtaval manifesz-
tilédnak, illetve szdmos esetben a meglévs tlinetek
progresszidja figyelheté meg, igy a diagnozis felallitdsa-
kor az életkor figyelembevétele kulcsfontossigt lehet a
kezelési lehetSségek és a pontos, egyénre igazitott nyo-
mon kovetés szempontjabodl. Kordbbi tanulmanyok [20,
21] alapjan dltalanossigban bizonyitott, hogy a gyerme-
kek enyhébb tiinetekkel rendelkeznek. A neurofibroma-
tosis-1 klinikai manifeszticidjinak szignifikins variabili-
tdsa miatt szamos esetben nem egyértelmden dllithatd fel
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1. tiblazat A neurofibromatosis-1 diagnosztikus kritériumai a 2021. évi

revidedlt NIH-konszenzus alapjin [19]

A) A diagnozis feldllitasihoz az alabbi kritériumok koziil két vagy tobb

jelenléte sziikséges, amennyiben a beteg egyik sziil6jénél sem diagnoszti-
ziltak neurofibromatosist

Hat vagy tobb tejeskdvéfolt (pubertaskor el6tt 5 mm-nél, pubertds-
kor utin 15 mm-nél nagyobb dtmérg).

Axillaris vagy inguinalis szepl&zottség.

Két vagy tobb, barmilyen tipust neurofibroma vagy egy plexiform
neurofibroma.

Opticus glioma.

Két vagy tobb, az iriszen lathat6 Lisch-csomd vagy két vagy tobb
érhirtya-rendellenesség.

Jellegzetes csontos elvaltozas (példaul sphenoid dysplasia,

a tibia anterolateralis gorbiilete vagy egy hosszt csoves csont
pseudoarthrosisa).

Heterozigéta patogén varians az NFI-microdeletiéban.

B) A neurofibromatosis-1 diagnosztikus kritériumainak megfelels szl
gyermeke esetében az ,,A” kritériumok koziil egy vagy tobb jelenléte
sziikséges a diagnozis feldllitasihoz

a klinikai diagnozis, igy a kéroki mutaciok molekularis
genetikai meghatdrozasa fontos szerepet jatszik a diag-
ndzis megallapitisiban.

Microdeletiok kialakulasa
és csoportositasuk

Az 1-es tipust neurofibromatosist az esctek 5-10%-aban
az NFI-gént is érinté microdeletiok okozzak [22, 23].
A rendellenesség kialakitdsiban részt vevé microdele-
tidkat lokalizacidjuk, méretiik és érintett géntartalmuk
alapjan négy altipusba sorolhatjuk. Az elsé harom tipus-

ba rekurrens deletiok tartoznak, amelyeknél az egyes ti-
pusokon beliil a téréspontok jol meghatirozhatéan ko-
zel azonos helyre lokalizilédnak a genomban. A 4. tipust
az an. atipusos deletiok alkotjik, amelyeknél mind a to-
réspontok, mind pedig a méret, igy az érintett gének szi-
ma is heterogén (2. tablizat).

A genomban szétszértan talalhatd, nagymértékd ho-
moloégiaval rendelkezd instabil kromoszémarégiok hajla-
mositanak rekurrens microdeletiék kialakulasara. A re-
kurrens microdeletiok gyakran alakulnak ki an. LCR- (low
copy repeat, kis kdpiaszimu ismétl§dés) régiok kozott.
A szekvenciaazonossig kovetkeztében az LCR-régiok
hibasan pdarba rendezédhetnek, emiatt nagy méretd de-
letik, duplikiciok és amplifikaciok johetnek létre. Ilyen
régiok taldlhatok a 17-es kromoszéma e szakaszan is, az
NFI-gén kornyezetében. A rekurrens deletiok tobbségé-
nek hatterében a nem allélikus homoldg rekombindcid
(NAHR) all.

Az 1-es és 3-as tipust deletiok kialakitasiban az NF1-
REP (NFI1-REPa, NF-REPb, NFI1-REPc) nevezetd
LCR-régiodk vesznek részt. Az 1-es tipus kialakitasaban
az NF1-REPa és az NF1-REPc jatszik szerepet, mig a
kisebb méretti 3-as tipusi deletibk esetében az
NF1-REPb és NF1-REPc régiok vesznek részt. A 2-es
tipust deletiok kialakuldsa posztzigotikusan mitdzis so-
ran torténik a SUZI2-gén ¢és az annak pszeudogénje
(SUZI2P) kozotti szekvenciaazonossig miatt. Ezzel
szemben az atipusos deletiok nem rekurrens téréspon-
tok mentén alakulnak ki. Jelenlegi ismereteink alapjan a
nem rekurrens deletiok tobbségének kialakitasiban a
nem homolég végillesztés (NHE]) mechanizmusa vesz
részt. A deletiok keletkezésében egyéb mechanizmuso-
kat is feltételeznek, amelyek a DNS-kett6sszal torésének
javitasan és/vagy replikacion, illetve bizonyos retro-

3-as tipus (1.0 Mb)

usos példa 1

Atipusos példa 2 |

tipusos példa 3

1. dbra

A 17q11.2 régidban elSfordulé, NFI microdeletio kiilonbozd tipusainak (1-es, 2-es, 3-as és atipusos) sematikus dbrdzoldsa. Az 1-es és 3-as tipust

rekurrens deletiok toréspontjai a sziirkével jelolt NF1-REPa — NF1-REPc, illetve NF1-REPb — NF1-REPc LCR-régidkban lokalizilédnak, mig a 2-es
tipust deletio toréspontjai a kékkel jelolt SUZI2-génen és rendkiviil homoldg pszeudogénjén, a SUZI2Pn beliil helyezkednek el. A nem rekurrens
atipusos deletiok méretiiket és toréspontjaik elhelyezkedését tekintve rendkiviil heterogének.

LCR = kis kopiaszamu ismétl6dés
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2. tablazat | Az NFI microdeletiés tipusok karakterisztikus jellemzsi
1-es tipus 2-es tipus 3-as tipus Atipusos
Méret 1.4 Mb 1.2 Mb 1.0 Mb Heterogén
Erintett gének 14 fehérjekodold + 4 miRNS 13 fehérjekédold + 2 miRNS 9 fehérjekddold + 2 miRNS Heterogén
Gyakorisig 76-80% 10% 1-4% 8-10%

A toréspontok
lokalizacioja

NFI-REPa és NFI-REPc régiok

SUZI2P és SUZI2 gének

NFI-REPb és NF1-REPcrégiok  Heterogén

miRNS = mikro-ribonukleinsav

transzpozonok miikodésén alapulnak [24]. A kiillonb6z6
microdeletio-tipusokat és a kialakitisukban részt vevd
LCR-régidkat az 1. abra szemlélteti.

Az NFI microdeletiok koziil a leggyakoribbak az 1-es
tipust deletiok, melyek anyai eredetd csiravonal-dele-
tiok, a microdeletiés esetek 70-80%-aban felelGsek a
betegség kialakitisaért [25, 26]. Az esetek kortlbelil
10%-aban a 2-es tipust deletiok okozzak a rendellenessé-
get. Ezekhez képest a 3-as tipusa deletidkat csak ritkibb
esetekben (1-4%) lehetett eddig megfigyelni. Az atipu-
sos deletiok a betegek 8-10%-dban fordulnak eld.
Az egyes microdeletio-tipusok Osszefoglald informacioi
a 2. tablazatban lathatok.

A szoveti mozaikossag kialakulasa és hatasa
a klinikai manifesztaciora

A neurofibromatosis-1 microdeletiés szindrémdaban bi-
zonyos microdeletiés csoportok esetében szomatikus
mozaikossag figyelheté meg, amely hatassal lehet a feno-
tipus kialakuldsdra. A magzati fejlédéstdl kezdve a szer-
vezet sejtjei a valtoz6 kornyezet folyamatos mutagén
hatdsainak vannak kitéve. Az osztédasok soran kialakuld
mutdciék nem minden esetben okozzik a sejt pusztula-
sat, ezdltal két vagy akar tobb sejtvonal is [étezhet parhu-
zamosan. A létrejott mutins és normilis sejtvonalak
egytittes jelenlétét a szervezetben a mozaikossiggal jelle-
mezzik. Attdl fliggben, hogy a muticidé az embriondlis
id6&szak melyik idépontjiaban alakul ki, valtozhat a mozai-
kossag aranya, el6fordulhat azonban olyan eset is, ami-
kor a mozaikossag csak bizonyos szervre lokalizalodik, s
ezdltal a megfigyelt klinikai kép is varidl6dhat.

Az NFI-gént érint§ kilonbozd tipust microdeletios
csoportokban kiillonb6z§ gyakorisaggal figyeltek meg a
mutdns sejtek mellett normalsejteket is, melyek nem
hordozzik az NFI microdeletiét. Az NFI 2-es tipusu és
az atipusos microdeletios esetekben gyakrabban fordul
el mozaikossdg, mig az 1-es tipust microdeletids ese-
tekben ennél sokkal ritkibban tapasztalhat6, a betegek
kevesebb mint 5%-aban. Az eddigi eredmények alapjan
az Osszes 2-es tipust deletio esetében kozel 63%-ban, az
atipusos esetekben pedig 60% koriil volt tapasztalhatéd
[20]. Fontos kiemelni, hogy a szomatikus mozaikossig
jelentésen megvaltoztathatja a korlefolyast, enyhébb

vagy atipusos neurofibromatosis-1-es fenotipust idézhet
el6 [27], jelenlétét és annak mértékét azonban nehéz
megallapitani.

Az NFI1 microdeletiok vizsgalati modszerei

A CNV-k vizsgilati médszerei hosszt fejlédésen mentek
keresztiil, kezdve a hagyomdnyos citogenetikai modsze-
rektdl egészen az Gjgeneracios szekvendldsi technologii-
kig. A vizsgalati médszerek fejlédésével javult a kimuta-
tas felbontisa, ami lehetévé tette a kisebb méretd, igy a
kiilonb6zé microdeletiés  szindromak kialakuldsiban
szerepet jatszé varidnsok azonositdsdt is. A molekularis
citogenetikai modszerek kozé tartozd microarray-kom-
parativ genomialis hibridizicié (arrayCGH ), mely a fluo-
reszcensen jelolt DNS-mintdk teljes genomot reprezen-
tdlo oligonukleotidprobiakhoz torténd hibridizacidjan
alapul, a felbontdsinak (10-25 kb vagy nagy denzitdsa
array-k esetében akir >500 bp) és pontossiginak ko-
szonhetéen a CNV-k kimutatasinak ,,gold standard-
java” valt [28, 29].

A CNV-k célzottabb vizsgilatara alkalmas a multiplex
ligatiofiigg$ probaamplifikicié (MLPA), amely hibridi-
zaciébn és multiplex polimerdz-lincreakcién alapuld
molekularis genetikai diagnosztikai modszer. Az MLPA
elsGsorban kisebb génszakaszok deletidjanak, duplikicié-
janak, illetve amplifikdciéjanak detektalasat teszi lehetd-
vé. Az esetek tobbségében intragenikus CNV-k vizsgila-
tira haszndljak, bizonyos esetekben azonban nagyobb
genomi régié analizisére is alkalmazhaté. A megfeleld
probakkal akar egy adott gén és a kornyezé genomikus
régioban talilhat6 egyéb géneket érint6 CNV-k is vizs-
galhatova vilnak, lehetévé téve ezaltal bizonyos micro-
deletios szindromdak azonositisdt is.

Az NFI microdeletiés szindréma laboratériumi diag-
nosztizalasanak egy gyors, koltséghatékony modszere az
MLPA. Az MRC Holland (Amszterdam, Hollandia) al-
tal kindlt SALSA MLPA Probemix P081, P082 és P122
NF1 kitek alkalmasak az NFI microdeletié és a kornyezé
genomi régié lefedésére. Az alkalmazott probak lehetévé
teszik az 1-es, 2-es és 3-as tipustt microdeletiok elkiiloni-
tését, azonban az atipusos deletiék clkiilonitésére, illetve
pontos meghatirozasira, valamint az esetlegesen el6for-
dulé szomatikus mozaikossig kimutatasira a modszer

csak részben alkalmas [20]. Az arrayCGH bar drigibb
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vizsgalati médszer, elénye, hogy képes az NFI microde-
letiés szindroma kiillonb6zd altipusait megkiilonboztet-
ni, illetve a deletiok toréspontjainak genomi lokalizacio-
jat pontosabban meghatarozni. Bizonyos platformokon

OSSZEFOGLALO KOZLEMENY

lehet8ség van a szomatikus mozaikossag meghatarozasa-
rais. Az alacsony mértékben (20% alatt) jelen 1évé moza-
ikossag kimutatasara azonban sem az MLPA, sem az ar-
rayCGH nem alkalmas.

3. tablazat Az NFI 1-es tipust microdeletiét hordozé és az NFI pontmutdcios betegesoportokban megfigyelt klinikai tiinetek és azok el6forduldsi gyakorisiga

(%) [20, 22, 25,27, 31]

NFI NFI pontmutacios
1-es tipust microdeletiés betegek betegek
A vizsgilt betegek szdma n=12 n=29 n =44 n=7 n=11 n=33 | n=29
Hivatkozasok Biiki és Kehrer- Pasmant Zhang | Bianchessi | Biiki Kehrer-
mtsai Sawatzki és mtsai és mtsai és mtsai | és mtsai | Sawatzki
[20] és mtsai [25] [22] [31] [20] és mtsai
[27] [27]
Erintett szervrendszer Klinikai tiinetek
Bérmanifesztaciok Tejeskavéfoltok 100 93 20,8 100 100 91 86-99
Axillaris /inguinalis szepl§zottség 83 86 86,4 57 72,7 52 86-89
Cutan neurofibromak 8 86 15,4-48.7 57 45,5* 18 38-84
Subcutan neurofibromdk 58 76 37,2-41.8 29 45,5* 30 48
Plexiform neurofibromak 17 76 0,6 29 27,3 6 15-54
Kézen és labon talzott lagy szovet 33 50 n/a n/a n/a 0 n/a
Dysmorphids Arcdysmorphia 67 90 54,8 43,0 n/a 0 n/a
jellemz8k Durva arc 67 59 n/a n/a n/a 0 n/a
Arcaszimmetria 25 28 n/a n/a n/a 6 8
Nagy kezek és labak 67 46 n/a n/a n/a 0 n/a
Hypertelorismus 58 86 n/a n/a n/a 18 n/a
Széles nyak 8 31 n/a n/a n/a 0 n/a
g::];ljrsril ééks magatartasi 1:1 [l;z;g:ii;is\; fejlédés szignifikans 75 48 n/a 14 36.4 3 17
Altalanos tanuldsi nehézségek 75 45 85,7 n/a 18,2 15 31-47
1Q<70 8 38 n/a 14 36,4 0 7-8
Figyelemhidnyos hiperaktivitasi zavar 17 33 n/a n/a 0 6 38-49
Beszédkészség-problémak 67 48 n/a 29 0 3 20-55
Csontrendszeri Skeletalis rendellenességek 92 76 31+ 14 45,5+ 33 31
manifeszticiok Scoliosis 4 43 31 0 9,1 21 | 1028
Macrocephalia 58 39 11,5 14 45,5 9 24-45
Pectus excavatum 33 31 n/a n/a n/a 9 12-50
Pes cavus 0 17 n/a n/a n/a 3 n/a
Az iziiletek hiperflexibilitisa 72 n/a n/a n/a 6 n/a
Csonteystak 50 n/a n/a 0 0 1
Neuroldgiai Izomzati hypotonia 25 45 n/a n/a n/a 12 27
manifeszticiok Malignus ideghiivelytumorok 17 21 7,1 0 * 0 2-7
T2-hiperintenzitas 75 45 n/a 29 n/a 39 34-79
Spinalis neurofibromik 17 64 n/a n/a n/a 3 24-30
Epilepszia 0 7 n/a n/a 0 3 4-13
Szemészeti Lisch-nodulus 25 93 40 14 45,5 21 63-93
manifeszticiok Opticus glioma 17 19 n/a n/a 0 12 | 1119
Litaszavar 17 n/a n/a 14 n/a 15 n/a
Strabismus 17 n/a 15 14 n/a 0 n/a
Egyéb Magas termet 58 46 222 n/a n/a 0 n/a

n/a = nem vizsgaltdk, vagy nem allnak rendelkezésre adatok; * = nem egyértelmd adatok allnak rendelkezésre az eredeti kozleménybdl
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Az NFI1 microdeletios szindréma jellegzetes
tiinettana

A 17qll.2 microdeletiés szindromaban (MIM#
613675), melynek becsiilt el6fordulasi  gyakorisiga
1/60 000 [27], az l-es tipust neurofibromatosisban
tapasztalhaté karakterisztikus jellegek (tejeskavéfoltok,
neurofibromdk, hoénalji és ligyéki szeplSk stb.) mellett
gyakran nagy foka klinikai variabilitas figyelhet6 meg a
betegek korében. Korabbi tanulmanyok [20, 22, 27, 30]
jellegzetes kiilonbségeket tirtak fel a pontmuticids és a
microdeletiés betegcsoportok klinikai manifesztacioi-
ban. A legtobb informdciénk az 1-es tipust microdeleti-
6s betegek megfigyelésébdl szarmazik. Az irodalomban
eddig ismert 1-es tipustt microdeletiés és pontmuticios
betegcsoportokban megfigyelt tiineteket és azok gyako-
risigit a 3. tablazatban foglaltuk ossze [20, 22, 25, 27,
31]. Az 1-es tipust microdeletios betegek korében gyak-
rabban tapasztalhaték bizonyos dysmorphids vonasok, a
neurofibromdk emelkedett szama és megjelenéstik gya-
korisaga, az értelmi akaddlyozottsag, illetve az ideghii-
vely-daganatok emelkedett kockazata és intenzivebb
progresszidja. A dysmorphias jellegek koziil a durva arc-
vondsok, illetve a nagy kezek és labak csak a microdeleti-
Os betegeknél figyelhet6k meg. A csontrendszert érinté
rendellenességek is Gsszességében nagyobb szamban for-

4. tiblazat

OSSZEFOGLALO KOZLEMENY

dulnak el6 a microdeletiés betegesoportban. Ezek koziil
kiemelend6 a macrocephalia, amely szignifikinsan gyak-
rabban jelentkezik a microdeletios betegeknél. Jellegze-
tes tinet még az életkorhoz képest magas termet.
Néhany tanulményban a velesziiletett szivtejlédési rend-
ellenességek emelkedett gyakorisigat is leirtak [27, 32].

A 2-es tipust deletiét hordozé betegek tobbségében
(tobb mint 60%-iban) szomatikus mozaikossig fordul
el6, ami enyhébb fenotipus kialakuldsit eredményezheti.
Az irodalomban csak néhany, klinikailag jol jellemzett
eset ismeretes, amelynél a betegek a deletiét nem moza-
ikos formaban hordozzik. A betegek tiineteit a 4. zdbli-
zatban foglaltuk 6ssze [20, 22,27, 33-35]. Az alacsony
esetszam dltal indokolt mértéktartas mellett is kiemelhe-
t6 az adatokbdl, hogy az 1-es tipust deletios betegekhez
hasonldan a kiilonb6z6 tipust neurofibromak el6fordu-
lasi gyakorisigdban, a csontrendszert érinté manifeszta-
cidkban, a dysmorphias jellemz&kben, illetve a magatar-
tisi és tanuldsi problémdk tekintetében eltérések
figyelhet6k meg a pontmuticios betegcsoportokhoz ké-
pest. Osszehasonlitva a 2-es tipusu deletiét hordozé be-
tegek klinikai képét az 1-es tipust deletios esetekével az
is megallapithat6, hogy ezen betegekben a csontrend-
szeri tiinetek kozil a macrocephalia, a dysmorphids tii-
netek koziil a nagy kezek és labak, valamint a velesziile-
tett szivtejlédési rendellenességek gyakrabban fordultak

| Az NFI nem mozaikos 2-es tipust microdeletios betegek klinikai jellemzdi [20, 22,27, 33-35]

A klinikai tiinetek el&forduldsi gyakorisiga (%)
az 1-es tipustt microdeletiés betegekben

A klinikai tiinetek jelenléte vagy hidnya a nem mozaikos
2-es tipust microdeletiés betegekben

A vizsgalt betegek szama/azonositoja n=29 | n=12 [ 85/NF | 078 D. 2358 D. 2429 #1
Hivatkozdsok [27] [20] [22] [34, 35] [33]
Erintett szervrendszer Klinikai tiinetek
Bérmanifesztaciok Axillaris /inguinalis szepl6zottség 86 83 - - + + -
Tejeskavéfoltok 93 100 + + + + +
Cutan neurofibromdk 86 8 - + - + (szdmos) | + (szamos)
Subcutan neurofibromak 76 58 - + + + (szamos) -
Plexiform neurofibromdk 76 17 - - + + (szamos) | + (szamos)
Tanuldsi és magatartasi | Tanuldsi nehézségek 48 75 + ? + (enyhe) + +
problémdk Figyelemzavar 33 17 - ? + + -
Neurologiai T2-hiperintenzitds 45 75 + n/a + - n/a
manifeszticiok Izomzati hypotonia 45 25 - n/a + n/a n/a
Malignus ideghtivelytumorok 21 17 - - - + -
Csontrendszeri Az iziiletek hiperflexibilitisa 72 8 - n/a + + -
manifesztaciok Scoliosis 43 42 + + n/a - -
Macrocephalia 39 58 + - + + -
Dysmorphids jellemz6k | Arcdysmorphia 90 67 - - + + +
Nagy kezek és labak 46 67 + n/a + + -
Egyéb Magas termet 46 58 - n/a - - -
Lisch-nodulus 93 25 + ? + + +
Velesziiletett szivfejl6dési rendellenességek | 21 0 - n/a + + -

— = hidnyzik; + = jelen van; n/a = nem vizsgdltdk, vagy nem dllnak rendelkezésre adatok; ? = nem egyértelm(i adat az eredeti cikkbdl
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el6, mint az 1-es tipust deletiét hordozé betegekben.
Megfigyelhetd tovabba, hogy ezekre a betegekre az 1-es
tipust betegekkel szemben nem jellemz6 az életkorhoz
képest magas termet, és az arc dysmorphidja is ritkibban
észlelhetd.

A 3-as tipust microdeletio meglehetGsen ritka, az iro-
dalomban eddig 6sszesen 11 esetet irtak le [25, 26, 36,
37]. A betegekrél kevés klinikai informdcié all rendelke-
zésre, ami azzal magyarazhato, hogy a betegek tobbsége
(81%) 10 év alatti gyermek. Az elérheté adatokat az
5. tablizatban foglaltuk 6ssze [25, 36, 37]. A klinikai
adatokbdl a kis betegszam mellett is megfigyelhetd, hogy
a microdeletios betegekre jellemz&en ezen betegekben is
gyakrabban fordult el6 az arc dysmorphidja, illetve a
nagy kezek és labak a pontmuticids esetekkel 6sszeha-
sonlitva. Emellett a betegek viszonylag nagyobb hinya-
ddban (36%) talnovekedés is gyakrabban volt tapasztal-
haté.

Az atipusos microdeletiot hordozo betegek meglehe-
t6ésen heterogén tiinettannal rendelkeznek. A klinikai
képet tovabb drnyalja a betegekben (kozel 60%-ukban)
jelen 1év8 szoveti mozaikossig. Az irodalomban eddig
osszesen 61 beteget azonositottak heterogén méretd,

ezaltal heterogén gén tartalmu atipusos microdeletidval,
melyek koziil hozzavetSlegesen 20 esetben érhetd el kli-
nikai informdcié. A betegek az azonositott deletio mére-
te és elhelyezkedése alapjan két nagy csoportba sorolha-
tok. A betegek kozel felében olyan nagy méretd deletio
fordul el8, amelyek toréspontjai talnytlnak az 1,4 Mb
méretli 1-es tipust deletién, mig a masik csoportba tar-
toz6 betegek esetében a toréspontok az 1-es tipust dele-
tién belil helyezkednek el [38]. A betegek klinikai képe
a neurofibromatosis-1 f§ diagnosztikai kritériumaitél el-
tekintve alig mutatnak atfedéseket. Figyelemre méltd
kiilonbség tapasztalhaté a dysmorphias vonasokban, a
neuropszicholégiai manifesztacidkban és a kiilonb6zd
neurofibromak el6fordulasi gyakorisagaban [20]. A be-
tegek egy részében jellegzetes tiinet a durva arcvonas és
a nagy kezek, libak. Néhdny esetben salyos, néhianyban
enyhe értelmi akadalyozottsig volt megfigyelhetS. A cu-
tan és subcutan, illetve plexiform neurofibromdk kiala-
kuldsa és szama is nagy foka heterogenitdst mutat.

Az 1-es tipusti neurofibromatosis egyik karakteriszti-
kus vonasa a kiilonb6z§ jéindulatt tumorok kialakuldsa
cutan vagy subcutan neurofibromik, illetve a potenciali-
san nagy plexiform neurofibromdk formdijiban. A plexi-

5. tablazat | Az NFI 3-as tipust microdeletios betegek klinikai jellemzdi [25, 36, 37]
A Kklinikai tiinetek jelenléte vagy hidnya a 3-as tipusi NFI microdeletiés betegekben
A vizsgilt betegek GUE | OLI [ N2603 | TOP 741/03 2176 R54307 | R85918 | R53520 | D071 | D091
azonositdja
Referencia [25] [36] [37]
Erintett Klinikai tiinetek
szervrendszer
Bérmanifeszta- | Axillaris /inguinalis n/a | n/a| n/a n/a n/a + + + n/a + -
ciok szeplSzottség
Tejeskavétoltok + + + n/a n/a + + + + + +
Cutan neurofibromak - - - + n/a + n/a n/a + - -
(szamos) (szamos)
Subcutan neurofibromak |+ + - n/a n/a + n/a n/a + n/a -
(szamos)
Plexiform + + - n/a n/a - n/a n/a + - +
neurofibromak
Tanuldsi és Tanulasi nehézségek + n/a | n/a n/a n/a + n/a n/a n/a n/a | n/a
magat/artfm Ertelmi akadilyozottsig | n/a | n/a | n/a + + n/a n/a n/a n/a + enyhe
problémak
Neuroldgiai Malignus ideghiively- n/a [ n/a| n/a n/a + n/a n/a n/a n/a n/a | n/a
manifeszticiok | tumorok
Csontrendszeri | Macrocephalia n/a [ n/a| n/a n/a n/a - n/a n/a n/a + n/a
manifesztaciok Microcephalia n/a | n/a| n/a n/a n/a + n/a n/a n/a - n/a
Scoliosis n/a [ n/a| n/a n/a n/a + n/a n/a - n/a | n/a
Dysmorphids Arcdysmorphia + + + + + + n/a n/a n/a n/a +
jellemzGk Nagy kezek ¢és labak n/a [ n/a| n/a + n/a + n/a n/a n/a + n/a
Egyéb Magas termet + + + n/a n/a - n/a n/a n/a + n/a
Lisch-nodulus n/a | n/a| n/a n/a n/a + n/a n/a n/a - -
Opticus glioma n/a [ n/a| n/a n/a n/a n/a + n/a - n/a | n/a

— = hidnyzik; + = jelen van; n/a = nem vizsgdltdk, vagy nem dllnak rendelkezésre adatok
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form neurofibromak azonban rosszindulatd MPNST-vé
alakulhatnak at, amelyek hozzdjarulhatnak a neurofibro-
matosis-1-ben szenved§ betegek mortalitisihoz. A
rosszindulata transzformacié kockazati tényezéi az NF1
microdeletio jelenléte, az egész testet érinté magas daga-
natterhelés és a subcutan neurofibromdk nagy szdma
[39]. A cutan neurofibromak, melyek sohasem valnak
rosszindulatavd, dltalaban felnéttkorban jelennek meg,
és a neurofibromatosis-1-ben szenvedd felnétt populd-
ci6 80-90%-aban fordulnak el§ [40]. A microdeletios
betegcsoportra azonban jellemzd a cutan neurofibromak
nagy szama ¢s korai (pubertds el6tti) megjelenése [27,
41]. A cutan neurofibromak mellett gyakran subcutan
neurofibromak is kialakulhatnak. Az 1-es és 2-es tipusa
microdeletiés csoportban igen magas a subcutan neuro-
fibromak el6fordulasa, ami korabbi tanulmanyok szerint
az MPNS kialakulasinak emelkedett kockdzataval tarsul,
ezért ezekben a betegekben javasolt a szorosabb nyo-
mon kovetés [42]. A kiils6leg megfigyelhet6 neurofibro-
mdk mellett a neurofibromatosis-1-betegekben nagysza-
mu Gn. belsé neurofibroma (tobbségében plexiform
neurofibroma) is el6fordulhat, melyek sokszor csak mag-
nesesrezonancia-képalkotdssal (MRI) detektalhatok.
A pontmuticios csoporthoz képest a plexiform neurofib-
romak nagyobb szama és gyorsabb novekedési iiteme
tapasztalhaté az NFI microdeletiés betegcsoportban
[39]. Egyes tanulminyok szoros osszefiiggést figyeltek
meg a belsé neurofibromdk jelenléte és az MPNS el6for-
dulasa kozott. Az MPNST-k nagyon agressziv, rossz
prognézist tumorok, melyek gyakran mar meglévé ple-
xiform neurofibromakbdl alakulnak ki [43]. A microde-
letios betegeknél az MPNST kialakuldsinak nagyobb
kockdzata, valamint a betegek koribbi életszakaszdban
valé megjelenése figyelheté meg. Mindezek ismeretében
a teljestest-MRI javasolt a microdeletios betegpopuldcié-
ban a nem lathaté, aszimptomatikus plexiform neurofib-
romak korai stidiumban torténé kimutatdsa és ezdltal a
korai diagnézis felallitasa, valamint az id6beli kezelés el-
inditasa céljabol. Egyes megfigyelések szerint ha a gyer-
mekekben az els6 MRI sordn nem észlelhetd plexiform
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neurofibroma, akkor nem valészint, hogy életiik sorin
késébb plexiform neurofibroma alakuljon ki [32].

A megjelend specifikus tiinetek miatt a megfelels és
alapos vizsgalatokkal jol elkiilonithet6k a microdeletios
és a pontmuticios betegesoportok. A 6. tablizatban 6sz-
szegydjtottiik a leggyakoribb tiineteket, amelyek felhiv-
hatjak a figyelmet a microdeletio jelenlétére. Ennek is-
meretében célzott vizsgalati mddszer alkalmazhatd a
rendellenesség hitterében dll6 genetikai eltérés feltérké-
pezésére.

Osszességében megallapithatd, hogy a neurofibroma-
tosis-1 klinikai manifesztaciéi a microdeletids betegcso-
portban dltalinossigban stlyosabbak, mint az intrageni-
kus patogén NFI-mutdciokkal rendelkez6 betegesoport-
ban [20, 21, 27].

A microdeletio altal érintett gének funkcioi
¢s codeletioinak a fenotipusra gyakorolt
lehetséges hatasai

Az NFI microdeletio kiilonb6z§ tipusai valtozd szamu
gén elvesztésével jirhatnak, ami a nem rekurrens, atipu-
sos esctben a legkifejezettebb és leginkdbb heterogén.
A rekurrens deletiok altal (1-es, 2-es, 3-as tipus) érintett
géneket a 7. tablazat szemlélteti [20, 27, 30, 44-54].
Az atipusos deletiokban egyéb gének is érintettek lehet-
nek, mint példaul a CPD, GOSR1, ZNF207, PSMD11,
CDK5RI.

Az NFI microdeletio szidmos olyan, tovabbi funkcio-
ndlis gént érinthet, mely feltételezhetSen intolerdns a
funkciévesztésre, ezaltal a normaldézisuk megvaltozasa
hozzajarulhat az eltéré Kklinikai kép kialakulasihoz.
A legtobb esetben a LoF-muticidk kovetkeztében kiala-
kulé haploid clégtelenség hatdsira a fennmarad6 egy
miikodSképes génkdpia ugyanis nem termel elegendd
fehérjét. A funkcidvesztéssel szembeni intolerancia val6-
szinliségének becslése a pLI- (probability of loss-of-
function intolerance) értékkel jellemezhetd. A pLI-érték
alapjan a gének LoF-intolerdns (pLI>0,9) vagy LoF-to-
lerans (pLI<0,1) csoportba sorolhatok. Az NFI micro-
deletiés régidban talilhaté fehérjekddold gének koziil az

| A microdeletiés és a pontmuticiés betegesoport leggyakoribb tiinettani kiilonbségei

Eltérést mutaté jellegzetes tiinetek

Pontmuticiés betegcsoport Microdeletiés betegesoport

Dysmorphiis jellegek Arcdysmorphia Nem fordul el Gyakori

Durva arcvondsok Nem fordul el§ Gyakori

Nagy kezek ¢és labak Nem fordul el Gyakori
Neurofibromidk (cutan, subcutan, plexiform) Kevesebb Tobb, korabban
Macrocephalia Ritkabb Gyakoribb
Magas termet Nem jellemzé Gyakori
Csontrendszert érinté manifeszticiok Ritka Gyakori
Sulyos globalis fejlédési elmaradas Ritka Gyakori
Salyos értelmi akadalyozottsig Ritka Gyakori
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A 17q11.2 NFI microdeletiés régiéban taldlhat6 fehérjek6dolé és miRNS-gének funkeidi és a fenotipusra gyakorolt hatasuk [20, 27, 30, 44-54]

Génelnevezés MIM- pLI- A fenotipusra gyakorolt hatds Génfunkcid Ref.
azonositd  érték
T LRRC37BP - - - - -
T suziz2p - - - - -

CRLF3 614853 0,00  Nem ismert. A sejtciklus-progresszio negativ [30,
reguldtora, esszencidlis szerepe lehet 44,
az agyfejlédésben és az autizmus 45]
kialakuldsiban.

ATADS 609534 1,00  Tumorgenezis. Tumorszuppresszor, genominstabili- [46]
tas-regulator.

TEFM 616422 0,51  Onkogenikus szerepe lehet a hepatocel-  Noveli a mitokondridlis RNS-poli- [47]

lularis carcinomaban. merdz processzivitasat.

ADAP2 608635 0,00  Cardiovascularis manifesztaciokkal A sziv fejlédésében jitszik szerepet.  [48]
hoztik Osszefiiggésbe.

RNFI135 611358 0,00  Tumorgenezis, arcdysmorphia, - [49]
talnovekedés, csokkent kognitiv
képesség.

T MIR4733 - - - Részt vesz a génexpresszid -
poszttranszkripcids szabdlyozdsiban.

NF1 162200 1,00  Tumorgenezis, heterogén tiinettan. Tumorszuppresszor. [20,

27]
3 1 2l OMG 164345 0,97  Ertelmi akadalyozottsig, csokkent A korai agyfejlédésben jatszik [27,
& | & kognitiv képesség. szerepet, illetve hozzdjarul a 50]
& g 4 koézponti idegrendszer myelinisatio-
«© - jéhoz.

EVI2B 158381 0,06 - Sziikséges a granulocytadifferencid-  [51]
l6dashoz és a haematopoeticus
progenitor sejtek miikodéséhez.

EVI2A 158380 0,00  Osteosarcoma kialakuldsiban jitszhat - [52]

szerepet.

RABIIFIP4 611999 0,99  Hozzajarul a hasnyalmirigy-daganat Részt vesz a vesicularis transzport [53]
progresszidjahoz. regulicidjiban.

MIR193A 614733 - Tumorgenezis. Részt vesz a génexpresszio [27]
poszttranszkripcios szabalyozasiban,
tumorszuppresszori funkcié.

MIR365B - - Tumorgenezis. Részt vesz a génexpresszid [27]
poszttranszkripcids szabdlyozdsiban,
tumorszuppresszori funkcié.

MIR4725 - - - Részt vesz a génexpresszid -
poszttranszkripcids szabdlyozdsiban.

COPRS 616477 0,25 A malignus ideghitivelytumorok Szerepet jitszik az izomsejtek [27]
kialakuldsaban jatszik szerepet, tumor- differencidloddsiban.
genezis.

UTP6 - 0,00  Tumorgenezis, hozzdjirulhat a Riboszémaszintézishez sziikséges, [27,
velesziiletett szivelégtelenség gyakoribb  részt vesz az apoptoszomadependens 54 |
cléforduldsihoz. apoptoézisban.

- SUZ12 613675 1,00  Fokozza az ideghiivelytumorok Tumorszuppresszori funkcié. [27]
kialakuldsanak kockdzatat, tumorgenesis.
- — LRRC37B 616558 0,01 Nem ismert. Nem ismert. -

>

A pLI- (probability of loss-of-function intolerance) értékek a GnomAD béngész6bdl (https://gnomad.broadinstitute.org/) szirmaznak, a
GnomAD v2.1.1/GnomAD SVs v2.1 verzi6 alapjan. A funkciévesztés szempontjabol anndl intoleransabbnak tiinik egy adott gén, minél kozelebb
van a pLI értéke az 1-hez. A 0,9 feletti pLI-értékkel rendelkezé gének az elSrejelzések szerint intoleransak a funkciévesztéses varidnsokkal szem-
ben.

A tablizat bal oldalan a fekete vonalak az 1-es, 2-es és 3-as tipust microdeletio méretét és az dltaluk érintett géneket reprezentaljik.

miRNS = mikro-ribonukleinsav
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ATADS, NF1, OMG, RABI11FIP4, SUZI12 gének a LoF-
intolerans kategériaba tartoznak [30] (7. tablizat), ami
arra utal, hogy ezen gének haploinsufficientijja nagy va-
l6szintséggel koros kovetkezményekkel jarhat. Ugyan-
akkor nem zarhat6 ki, hogy a régioban talalhaté LoF-
tolerdns gének heterozigota deletidja is valamilyen
moédon hozzajarulhat a klinikai kép kialakulasahoz. Ko-
rabbi kutatisok alapjin mdr egyre tobb génhez lehet
funkciét, illetve fenotipusra gyakorolt hatdst is tarsitani
[20, 27, 30, 44-54]. Példaul az RNF135 és SUZI2 gé-
nek haploinsufficientiajahoz kapcsolhaté bizonyos dys-
morphids arcvonasok megjelenése, talnovekedés és csok-
kent kognitiv képesség [30, 491, az ADAP2 elvesztését
cardiovascularis manifesztaciokkal hoztak Osszefiiggés-
be, miga COPRS ésa SUZI2 gének az MPNST kialaku-
lisdban jatszhatnak szerepet. Tovibbd szdmos génrdl
(példaul ATADS, RNFI135, NF1, SUZ12) megillapitot-
tak, hogy részt vesznek a daganatok kialakulasiban [27].
Az NFI microdeletiés régiodban talilhaté gének eddig
ismert funkcibit a 7. tablizatban foglaltuk dssze [20, 27,
30, 44-54].

Kovetkeztetés

Az 1-es tipust neurofibromatosis neurocutan rendelle-
nesség, amelynek hatterében a NFI tumorszuppresszor
gén muticiéi dllnak. Mai ismeretiink alapjan két nagyobb
csoport kiilonithetd el: a pontmuticios eltérések okozta
1-es tipusti neurofibromatosis, illetve a microdeletios el-
térések okozta, tn. 17ql1.2 microdeletiés szindroma.
Az utébbi esetében az 1-es tipustt neurofibromatosisra
jellemzd karakterisztikus tiinetek mellett specifikusabb és
gyakran stlyosabb koérlefolyds figyelhetd meg. A micro-
deletiés betegek fenotipusos jegyei, melyek segithetnek a
microdeletio jelenlétének korai felismerésében, a kovet-
kez6k: dysmorphids arcvondsok, macrocephalia, nagy
méret( kezek és labak, magas termet, megkésett kognitiv
fejlédés és/vagy tanuldsi nehézség, a subcutan neurofib-
romak igen gyakori és nagyszamu el6forduldsa. A bete-
gek korében az MPNST ¢és egyéb malignitasok kialakuld-
sinak emelkedett kockizata figyelhet6 meg, emiatt
fontos a microdeletio jelenlétének minél korabbi azono-
sitdsa, melynek meghatarozasihoz gyors és hatékony
eszkoz az MLPA, valamint a betegek szoros nyomon
kovetése, melynek fontos része a teljestest-MRI. A rend-
kiviil variabilis klinikum a microdeletiés betegek multi-
diszciplinaris ellatdsat teszi sziikségessé, magaban foglal-
va a tiinetek meghatarozasit, a klinikai és molekularis
vizsgilatokon alapulé diagnézis feldllitdsit, a malignus
tiinetek micelébbi felismerését és kezelését, a genetikai
tandcsadast és a pszicholdgiai tamogatast. Szamos klini-
kai kutatds folyik hatékony terdpidk kidolgozasira, a be-
tegség gyogyitdsa azonban a mai napig nem megoldott.
Hazankban jelenleg a plexiform neurofibroma kezelé-
sére alkalmas MEK-inhibitor-terapia érheté el szelumeti-
nib és trametinib néven egyedi méltanyossagi kérelem-
mel.

Anyagi tamogatas: A kozlemény megirasa a Pécsi Tudo-
manyegyetem Altalinos Orvostudomdnyi Karanak ti-
mogatasaval valosult meg (KA-2020-27).

Szerzdi munkamegosztas: B. G., T. A., Zs. A., B. J.: Iro-
dalomkutatas, a kézirat megszovegezése. B. G., B. J.:
Az abrak és a tablazatok elkészitése. H. K., B. J.: A kéz-
irat dttekintése. A kozlemény végleges valtozatit az
Osszes szerz6 elolvasta és jovahagyta.

FErdekeltségek: A szerzknek nincsenck érdekeltségeik.

Irodalom

[1] Lammert M, Friedman JM, Kluwe L, et al. Prevalence of neu-
rofibromatosis 1 in German children at elementary school enroll-
ment. Arch Dermatol. 2005; 141: 71-74.

[2] Uusitalo E, Leppivirta J, Koffert A, et al. Incidence and mortal-
ity of neurofibromatosis: a total population study in Finland.
J Invest Dermatol. 2015; 135: 904-906.

[3] DeBella K, Szudek J, Friedman JM. Use of the national institutes
of health criteria for diagnosis of neurofibromatosis 1 in children.
Pediatrics 2000; 105: 608-614.

[4] Zheng H, Chang L, Patel N, et al. Induction of abnormal prolif-
eration by nonmyelinating Schwann cells triggers neurofibroma
formation. Cancer Cell 2008; 13: 117-128.

[5] Uusitalo E, Rantanen M, Kallionpid RA, et al. Distinctive cancer
associations in patients with neurofibromatosis type 1. J Clin On-
col. 2016; 34: 1978-1986.

[6] Jett K, Friedman JM. Clinical and genetic aspects of neurofi-
bromatosis 1. Genet Med. 2010; 12: 1-11.

[7] Gutmann DH, Ferner RE, Listernick RH, et al. Neurofibroma-
tosis type 1. Nat Rev Dis Primers 2017; 3: 17004.

[8] Easton DF, Ponder MA, Huson SM, et al. An analysis of varia-
tion in expression of neurofibromatosis (NF) type 1 (NF1): evi-
dence for moditying genes. Am ] Hum Genet. 1993; 53: 305—
313.

[9] Bergoug M, Doudeau M, Godin F, et al. Neurofibromin struc-
ture, functions and regulation. Cells 2020; 9: 2365.

[10] Marchuk DA, Saulino AM, Tavakkol R, et al. cDNA cloning of
the type 1 neurofibromatosis gene: complete sequence of the
NFI gene product. Genomics 1991; 11: 931-940.

[11] McKeever K, Shepherd CW, Crawford H, et al. An epidemio-
logical, clinical and genetic survey of neurofibromatosis type 1 in
children under sixteen years of age. Ulster Med J. 2008; 77:
160-163.

[12] Stephens K, Kayes L, Riccardi VM, et al. Preferential mutation of
the neurofibromatosis type 1 gene in paternally derived chromo-
somes. Hum Genet. 1992; 88: 279-282.

[13] Trové-Marqui AB, Tajara EH. Neurofibromin: a general out-
look. Clin Genet. 2006; 70: 1-13.

[14] Scheftzek K, Welti S. Neurofibromin: protein domains and func-
tional characteristics. In: Upadhyaya M, Cooper ND (eds.) Neu-
rofibromatosis type 1. Molecular and Cellular biology. Springer,
Berlin, 2012; pp. 305-326.

[15] Gutmann DH, Donahoe J, Brown T, et al. Loss of neurofi-
bromatosis 1 (NF1) gene expression in NF1-associated pilocytic
astrocytomas. Neuropathol Appl Neurobiol. 2000; 26: 361—
367.

[16] Patrakitkomjorn S, Kobayashi D, Morikawa T, et al. Neurofi-
bromatosis type 1 (NF1) tumor suppressor, neurofibromin, reg-
ulates the neuronal differentiation of PC12 cells via its associat-
ing protein, CRMP-2. ] Biol Chem. 2008; 283: 9399-9413.

[17] Rauen KA. The RASopathies. Annu Rev Genomics Hum Genet.
2013; 14: 355-369.

[18] Riccardi VM. Neurofibromatosis: clinical heterogeneity. Curr
Probl Cancer 1982; 7: 1-34.

2022 m 163. évfolyam, 51. szam

ORVOSI HETILAP



OSSZEFOGLALO KOZLEMENY

[19] Legius E, Messiaen L, Wolkenstein P, et al. Revised diagnostic
criteria for neurofibromatosis type 1 and Legius syndrome: an
international consensus recommendation. Genet Med. 2021;
23:1506-1513.

Biki G, Zsigmond A, Czaké M, et al. Genotype-phenotype as-

sociations in patients with type-1, type-2, and atypical NFI mi-

crodeletions. Front Genet. 2021; 12: 673025.

Kehrer-Sawatzki H, Kluwe L, Salamon J, et al. Clinical charac-

terization of children and adolescents with NF1 microdeletions.

Childs Nerv Syst. 2020; 36: 2297-2310.

Zhang J, Tong H, Fu X, et al. Molecular characterization of NF1

and neurofibromatosis type 1 genotype-phenotype correlations

in a Chinese population. Sci Rep. 2015; 5: 11291.

Cnossen MH, van der Est MN, Breuning MH, et al. Deletions

spanning the neurofibromatosis type 1 gene: implications for

genotype-phenotype correlations in neurofibromatosis type 12

Hum Mutat. 1997; 9: 458 464.

[24] Vogt ], Bengesser K, Claes KB, et al. SVA retrotransposon inser-

tion-associated deletion represents a novel mutational mecha-

nism underlying large genomic copy number changes with non-
recurrent breakpoints. Genome Biol. 2014; 15: R80.

Pasmant E, Sabbagh A, Spurlock G, et al. NFI microdeletions in

neurofibromatosis type 1: from genotype to phenotype. Hum

Mutat. 2010; 31: E1506-E1518.

Messiaen L, Vogt J, Bengesser K, et al. Mosaic type-1 NFI mi-

crodeletions as a cause of both generalized and segmental neu-

rofibromatosis type-1 (NF1). Hum Mutat. 2011; 32: 213-219.

[27] Kehrer-Sawatzki H, Mautner VF, Cooper DN. Emerging geno-
type-phenotype relationships in patients with large NFI dele-
tions. Hum Genet. 2017; 136: 349-376.

[28] Pos O, Radvanszky J, Styk J, et al. Copy number variation: meth-
ods and clinical applications. Appl Sci. 2021; 11: 819.

[29] Carter NP. Methods and strategies for analyzing copy number
variation using DNA microarrays. Nat Genet. 2007; 39(Suppl
7): S16-821.

[30] Kehrer-Sawatzki H, Cooper DN. Classification of NFI microde-

letions and its importance for establishing genotype/phenotype

correlations in patients with NFI microdeletions. Hum Genet.

2021; 140: 1635-1649.

Bianchessi D, Morosini S, Saletti V, et al. 126 novel mutations in

Italian patients with neurofibromatosis type 1. Mol Genet

Genomic Med. 2015; 3: 513-525.

[32] Nguyen R, Dombi E, Widemann BC, et al. Growth dynamics of
plexiform neurofibromas: a retrospective cohort study of 201
patients with neurofibromatosis 1. Orphanet J Rare Dis. 2012;
7:75.

[33] Yethindra V, Tagaev T, Mamytova E, et al. A rare case of patient

with neurofibromatosis type 1 in a genotype-phenotype correla-

tion revealing a submicroscopic deletion on the long arm of

chromosome 17. Clin Case Rep. 20215 9: 2397-2399.

Roehl AC, Vogt J, Mussotter T, et al. Intrachromosomal mitotic

nonallelic homologous recombination is the major molecular

mechanism underlying type-2 NFI deletions. Hum Mutat.

2010; 31: 1163-1173.

[35] Vogt J, Mussotter T, Bengesser K, et al. Identification of recur-

rent type-2 NFI microdeletions reveals a mitotic nonallelic ho-

mologous recombination hotspot underlying a human genomic

disorder. Hum Mutat. 2012; 33: 1599-1609.

Bengesser K, Cooper DN, Steinmann K| et al. A novel third type

of recurrent NFI microdeletion mediated by nonallelic homolo-

gous recombination between LRRC37B-containing low-copy

repeats in 17q11.2. Hum Mutat. 2010; 31: 742-751.

[37] Zickler AM, Hampp S, Messiaen L, et al. Characterization of the
nonallelic homologous recombination hotspot PRS3 associated
with type-3 NFI deletions. Hum Mutat. 2012; 33: 372-383.

[38] Kehrer-Sawatzki H, Wahllinder U, Cooper DN, et al. Atypical
NFI microdeletions: challenges and opportunities for genotype /

[20

—

[21

—

[22

—

—
[\9)
w

—

[25

—

[26

—

[31

—

[34

—

[36

—

phenotype correlations in patients with large NFI deletions.
Genes (Basel) 2021; 12: 1639.

[39] Well L, Dobel K, Kluwe L, et al. Genotype-phenotype correla-
tion in neurofibromatosis type-1: NFI whole gene deletions lead
to high tumor-burden and increased tumor-growth. PLOS Gen-
et. 20215 17: €1009517.

[40] Plotkin SR, Bredella MA, Cai W, et al. Quantitative assessment of
whole-body tumor burden in adult patients with neurofibroma-
tosis. PLOS ONE 2012; 7: e35711.

[41] Kehrer-Sawatzki H, Cooper DN. Challenges in the diagnosis of
neurofibromatosis type 1 (NF1) in young children facilitated by
means of revised diagnostic criteria including genetic testing for
pathogenic NFI gene variants. Hum Genet. 2022; 141: 177-
191.

[42] Tucker T, Wolkenstein P, Revuz J, et al. Association between
benign and malignant peripheral nerve sheath tumors in NF1.
Neurology 2005; 65: 205-211.

[43] Ferner RE, Gutmann DH. International consensus statement on
malignant peripheral nerve sheath tumors in neurofibromatosis.
Cancer Res. 2002; 62: 1573-1577.

[44] Hahn N, Biischgens L, Schwedhelm-Domeyer N, et al. The or-
phan cytokine receptor CRLF3 emerged with the origin of the
nervous system and is a neuroprotective erythropoietin receptor
in locusts. Front Mol Neurosci. 2019; 12: 251.

[45] Wegscheid ML, Anastasaki C, Hartigan KA, et al. Patient-de-
rived iPSC-cerebral organoid modeling of the 17q11.2 microde-
letion syndrome establishes CRLF3 as a critical regulator of neu-
rogenesis. Cell Rep. 20215 36: 109315.

[46] Park SH, Kang N, Song E, et al. ATAD5 promotes replication
restart by regulating RAD51 and PCNA in response to replica-
tion stress. Nat Commun. 2019; 10: 5718.

[47] Wan L, Wang Y, Zhang Z, et al. Elevated TEFM expression pro-
motes growth and metastasis through activation of ROS/ERK
signaling in hepatocellular carcinoma. Cell Death Dis. 2021; 12:
325.

[48] Venturin M, Carra S, Gaudenzi G, et al. ADAP2 in heart devel-
opment: a candidate gene for the occurrence of cardiovascular
malformations in NF1 microdeletion syndrome. ] Med Genet.
2014; 51: 436-443.

[49] Douglas J, Cilliers D, Coleman K et al. Mutations in RNFI135,
a gene within the NFI microdeletion region, cause phenotypic
abnormalities including overgrowth. Nat Genet. 2007; 39: 963—
965.

[50] Brussa Reis L, Turchetto-Zolet AC, Fonini M, et al. The role of
co-deleted genes in neurofibromatosis type 1 microdeletions: an
evolutive approach. Genes (Basel) 2019; 10: 839.

[51] Zjablovskaja P, Kardosova M, Danek P, et al. Correction to:
EVI2B is a C/EBPalpha target gene required for granulocytic
differentiation and functionality of hematopoietic progenitors.
Cell Death Differ. 2019; 26: 198. Erratum: Cell Death Differ.
2017;24: 705-716.

[52] Li S, Yang F, Yang YK, et al. Increased expression of ecotropic
viral integration site 2A indicates a poor prognosis and promotes
osteosarcoma evolution through activating MEK /ERK pathway.
J Recept Signal Transduct Res. 2019; 39: 368-372.

[53] Hu F, Deng X, Yang X, et al. Hypoxia upregulates Rab11-family
interacting protein 4 through HIF-lalpha to promote the meta-
stasis of hepatocellular carcinoma. Oncogene 2015; 34: 6007-
6017.

[54] Venturin M, Bentivegna A, Moroni R, et al. Evidence by expres-
sion analysis of candidate genes for congenital heart defects in
the NF1 microdeletion interval. Ann Hum Genet. 2005; 69:
508-516.

(Bene Judit dr.,
Pécs, Szigeti ut 12., 7624
e-mail: bene.judit@pte.hu)

Acikk a Creative Commons Attribution 4.0 International License (https://creativecommons.org/licenses/by/4.0/) feltételei szerint publikélt Open Access kozlemény. (SID_1)

ORVOSI HETILAP

2022 m 163. évfolyam, 51. szam



	Genotype-Phenotype Associations in Patients With Type-1, Type-2, and Atypical NF1 Microdeletions
	Introduction
	Materials and Methods
	Participants
	Sample Preparation and MLPA Analysis
	Whole Genome Array Comparative Genomic Hybridization Analysis
	CNV Interpretation
	Somatic Mosaicism Determination
	Clinical Investigation
	Statistical Analysis

	Results
	Characterization of the NF1 Microdeletions
	Assessment of Somatic Mosaicism
	Clinical Characterization of Our Patients With Different Type of NF1 Microdeletion
	Dysmorphic Features
	Skin Manifestations
	Neurofibromas and Other Tumors
	Skeletal Anomalies
	Ocular Manifestations
	Neuropsychological Manifestations
	Connective Tissue Anomalies and Cardiac Abnormalities
	Other Features

	Discussion
	Conclusion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


