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1. INTRODUCTION

The Human Genome Project is one of the most famous and
significant international research projects in history. During this
scientific project, an International Human Genome Sequencing
Consortium published the complete sequence of the human genome
and found that human genomes are about 99.9% identical, while the
remaining 0.1% is the reason of difference between people, caused
by different DNA sequence variants, the spectrum of which varies
from point variants in specific genes to changes in the number and
structure of chromosomes [1].

The rapid advancement of molecular technologies, such as
molecular karyotyping via array comparative genome hybridization
(aCGH) and whole exome/genome sequencing (WES/WGS), has
provided the necessary conditions for the identification of disease-
causing variants in the human coding and non-coding DNA
sequence. Previously it was thought that genetic alterations were
functionally important only in protein coding regions; however,
during the ENCODE project it has been found that more than 80% of
untranslated DNA sequence is transcribed and regulates gene
expression [2—4].

According to data from the 1000 Genomes Project, a typical
human genome contains about 20,000-23,000 variants in
synonymous and nonsynonymous regions. Approximately 530—610
of the variants have functional impact by causing in-frame deletions
and insertions, premature stop codons, frameshifts, or by disrupting
splice sites [5, 6]. Nevertheless, the number of identified variants and
CNVs is constantly increasing. Based on ClinVar [7], to date the
human genome contains about 670,416 genetic variants, more than
40,000 of which are associated with intellectual disability (ID) [8].

ID is one of the most common neurodevelopmental disability that
affects 1-3% of the general population and represents one of the
major health care socioeconomic issue. ID encompasses a wide
spectrum of clinical phenotypes, including various congenital
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anomalies (CA). The evaluation of the genetic causes of ID/CA
remains challenging because of their highly heterogeneous nature.
For this reason, the causes and molecular basis of many ID/CA are
still unknown [9-12].

ID/CA is a relevant health care issue in Lithuania as well. Since
2009, more than 400 individuals with syndromic and non-syndromic
ID and/or CA have been investigated during LITGEN, CHERISH,
PROGENET, and UNIGENE projects. These studies revealed novel
DNA sequence variants, CNVs, and candidate genes for ID/CA by
the use of the most advanced techniques.

Although the techniques for detecting variants are now becoming
a routine procedure all over the world, the key question concerns the
function of detected variants. According to ClinVar [7] data, only
12% of DNA sequence variants and CNVs are pathogenic and 17%
are benign. This means that the significance of the remaining genetic
alterations is unknown [8]. Therefore, the challenge of performing a
detailed analysis and determining the function of the altered gene is
still open [13]. In order to describe the pathogenicity of such DNA
sequence variants and CNVs, it is necessary to perform a large-scale
molecular and functional genome analysis that involves different
fields of study: genomics, epigenomics, transcriptomics, proteomics,
and/or interactomics. In this study, DNA sequence variants and
CNVs of unknown significance were examined at the mRNA level
for the assessment of the etiopathogenesis of ID/CA, which was
chosen as a disease model.

Aim of the study

This study aims to evaluate the pathogenicity of splicing variants
and copy number variants that cause intellectual disability and/or
congenital anomalies through extensive clinical, molecular, and
functional characterization.



Main tasks of the study

1. To analyze next-generation sequencing data and select
coding and non-coding DNA sequence variants and CNVs of
uncertain significance and which may be associated with
individuals’ intellectual disability and/or congenital
anomalies.

2. To investigate DNA sequence variants and CNVs at the
mRNA level using qPCR and Sanger sequencing technology.

3. To evaluate the pathogenicity of the DNA sequence variants
and CNVs after the analysis of scientific literature and
databases.

4. To predict the effects of changes in DNA sequence at the
protein level using bioinformatics tools.

5. To confirm the pathogenicity of selected genetic variant
using CRISPR-Cas9 technology in human fibroblast culture.

6. To characterize the relationship between genotype and
phenotype based on clinical, molecular, and functional data.

Relevance and novelty of the study

In this study, previously undescribed novel DNA sequence
variants and CNVs have been selected for a molecular and functional
characterization at the mRNA level. The analysis of cDNA
confirmed the pathogenicity of splice site variants, the unique
consequences of which were revealed at the protein level using a
detailed in silico analysis. The investigation of CNVs provided the
information about the origin, size, and gene content of the
chromosomal alteration, thus allowing to identify a new syndrome,
to narrow the critical regions of known syndromes, or even to
identify the critical genes for syndromes. In order to confirm the
pathogenicity of a genetic variant, for the first time, the novel
CRISPR-Cas9 technology was used for the MED13L gene silencing
experiment in the fibroblasts culture.
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Functional genomic approaches, such as mRNA expression
analysis and genome editing tools, provide an unique possibility to
understand the etiopathogenetic mechanisms of many diseases and
conditions, including ID/CA. The expansion of the scientific
knowledge and molecular diagnostic capability may contribute for
the development of a novel diagnostic and therapeutic strategies in
the future.

Statements to be defended

1. mRNA and/or cDNA assays by qPCR, Sanger sequencing of
cDNA and cell culture genome editing via CRISPR-Cas9 are
effective tools for assessing the pathogenicity of genetic
variants.

2. 5° donor splice site variants tend to cause skipping of the
upstream exon, while 3¢ acceptor splice site variants usually
lead to downstream exon skipping.

3. Pathogenic heterozygous variants of MEDI13L affect the
viability and senescence of fibroblast culture as well as alter
the expression of genes that are involved in the cell cycle
control.

4. A molecular, functional, and clinical characterization of
CNVs is crucial for the assessment of the genetic disease
critical regions and the identification of new syndromes.
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2. MATERIALS AND METHODS

This research was funded by a grant (No. S-MIP-17-19/LSS-
150000-1179) from the Research Council of Lithuania. Ten
individuals (#1-#10) with ID, psychomotor developmental delay,
and/or at least one CA and who were exposed with DNA sequence
variants and CNVs of uncertain significance during previous
research projects (CHERISH, PROGENET, LITGEN, and
UNIGENE) have been selected for this study. Phenotype data of the
individuals were obtained from medical records. The biological
material (blood and skin biopsy) has been collected from the
individuals, after obtaining written informed consent. All procedures
performed in this study were in accordance with the 1964 Helsinki
declaration and its later amendments. The study was approved by the
Vilnius Regional Biomedical Research FEthics Committee of
Lithuania (Permission No 158200-17-962-469). The strategy of the
dissertational work is shown in Figure 1.
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CHERISH, PROGENET, LITGEN, UNIGENE projects

Selection of unknown significance DNA sequence variants and CNVs from previous projects

culture
Genome editing via
Whole vkl i CRISPR-Cas? technology
exome
sequencing

Functional studies of
fibroblast clones:

; ‘ morphology, viability,
cell cycle, senescence,
Data analysis and gene expression
‘analysis

Evaluation of the pathogenicity of coding and non-coding DNA sequence variants and of CNVs as
well as analysis of genotype-phenotype relationship

Figure 1. The strategy of the genetic research

DNA extraction

The gDNA, extracted from peripheral blood of the individuals in
VU MF BMI DHMG following the standard phenol-chloroform
extraction protocol or using the magnetic beads on the automatic
robotic system TECAN Freedom EVO® 200 (Tecan Schweiz AG).
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Cell culture

A primary fibroblast cell line was obtained from individuals (#2
and #10) and control individual skin biopsy. The growing cell line
was cultured in AmnioMAX C-100 Basal Medium (Thermo Fisher
Scientific), which was supplemented with AmnioMAX C-100
Supplement (Thermo Fisher Scientific) and Amphotericin B (Gibco)
according to the standard laboratory procedures for human cell
cultures. The final cell pellets were subsequently used for gene
expression and/or gene editing assay.

RNA extraction and reverse transcription reaction

Total RNA of the individual #8 and #9 was isolated from whole
blood using a PureLink Total RNA Blood Kit (Invitrogen), while
whole blood RNA of the rest individuals (#1-#7, #10) as well as
control individuals was extracted using Tempus™ Blood RNA Tube
and Tempus™ Spin RNA Isolation Kit (Thermo Fisher Scientific)
according to the optimized manufacturers' protocols. Total RNA was
isolated from the fibroblast cell line using RNeasy Mini Kit
(Qiagen). cDNA was synthesized from total RNA using a High-
Capacity RNA-to-cDNA Kit (Thermo Fisher Scientific) following
manufacturer's protocol. Reverse transcription reactions were
performed in a ProFlex PCR system (Thermo Fisher Scientific)
under the recommended conditions.

Gene expression analysis

The gene (TGFBR2, BLM, GPC5, HNRNPD, HNRNPDL,
ENOPH1, RASGEF1B, PRKG2, MED13L, RB1, E2F1, CCNC)
expression assays of the individual #5, #6, #8, #9, #10 and control
individual have been performed by quantitative real-time PCR
(qPCR). The PCR reaction mix was prepared by mixing cDNA with
2x TagMan Gene Expression Master Mix (Applied Biosystems) and
20x TagMan Gene Expression Assays (Applied Biosystems). PCR
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assays were performed using a real-time PCR 7900HT system
(Applied Biosystems) under standard conditions. The data were
analyzed using SDS v.2.3 (Applied Biosystems), ExpressionSuite
v.1.1 (ThermoFisher Scientific), gbase+ (Biogazelle), Microsoft
Excel 2010 (Microsoft Corporation), and R v.3.4.0. Before the
analysis, the Cq values of each sample were averaged over the three
technical replicates. The fold change (FC) in target gene expression
was calculated using the 2724°T method and normalized to the ACTB
(MIM #102630) and/or GAPDH (MIM #102630) housekeeping
gene. For the comparative gene expression analysis, the sample from
the proband was compared to the samples from random unrelated
and self-reported healthy individuals and/or healthy parents, who
were included as the external biological group. During the TGFBR2
and MED13L gene expression analysis the internal control, in which
probes were designed using different sites of target gene, was used.
A more than two-fold change in the gene expression level was
considered up- or down-regulation, respectively.

Sanger sequencing

PCR of gDNA and cDNA sequences were performed using
specific primers designed with Primer Blast tool. PCR products were
fractioned according to standard agarose gel electrophoresis. The
PCR products were sequenced with BigDye® Terminator v3.1 Cycle
Sequencing Kit (Thermo Fisher Scientific) and ABI 3130xL Genetic
Analyser (Thermo Fisher Scientific). The sequences were aligned
with the reference sequence of the ARID1B (NM 020732.3), GLI3
(NM_000168.6), SLCOAG (NM_001042537.1), CHD7
(NM_017780.4), TGFBR2 (NM_001024847.2), BLM
(NM_000057.2), CAPN3 (NM_000070.3), MED13L
(NM_015335.5) gene.
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Whole exome sequencing

The gDNA sample of the individual #8 was sequenced using the
high throughput whole exome sequencing (WES) technique
(Illumina, Inc.), to uncover genetic variants possibly associated with
the phenotype of the proband. DNA libraries generated using TruSeq
Rapid Exome Library Prep kit (8x3plex) (Illumina, Inc.). The
concentration of DNA libraries was measured with Qubit dsDNA BR
Assay kit (Thermo Fisher Scientific) and Qubit fluorimeter (Thermo
Fisher Scientific). Clusters amplified using cBot system (Illumina,
Inc.), TruSeq PE Cluster Kit v3-HS (Illumina, Inc.), and TruSeq
Dual Index Sequencing Primer Box — Paired End (Illumina, Inc.).
WES was performed using TruSeq SBS Kit v3-HS (Illumina, Inc.)
with the HiScanSQ (Illumina, Inc.) Genetic Analyzer.

The sequencing data was aligned against The Human NCBI Build
GRCh37 (hg19/2009) reference genome. The annotation of WES
data was performed with the ANNOVAR v.2018Aprl6 program.
The pathogenicity of variants was assessed using American College
of Medical Genetics and Genomics (ACMGQG) criteria, taking into
account the data provided by the ANNOVAR program, the available
databases, and the scientific literature. The pathogenic and probably
pathogenic sequence variants were checked by analysing individual’s
#8 BAM files using the visualization tool Integrative Genomics
Viewer.

Gene editing via CRISPR-Cas9 technique

CRISPR-Cas9 genome editing technology has been applied to
knock-out the MED13L gene in a culture of fibroblasts of healthy
individual. Gene editing experiment performed using guide RNA
(No CRISPR927871 SGM; TrueGuide™, Invitrogen), Cas9 protein
(TrueCut™, Invitrogen, USA), and specific transfection reagent
(Lipofectamine™, CRISPRMAX™, Invitrogen) according to the
optimized manufacturer protocols. In order to detect the locus
specific cleavage of gDNA, GeneArt™ Genomic Cleavage Detection
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Kit (Invitrogen) has been used following manufacturer protocol.
PCR products were fractioned according to standard agarose gel
electrophoresis. ImageJ v.1.52t gel analysis software was used to
determine the relative proportion of DNA contained in each band.
The following equation was used to calculate the cleavage
efficiency:

Cleavage Efficiency= 1- [(1—fraction cleaved) %]

For further functional analyses, 16 single cell clones have been
cultivated after limiting dilution cloning in ten different 96-well
plates. Due to a force majeure (quarantine due to the SARS-CoV2
virus), the experiment has been interrupted in the safe phase. After
the end of the quarantine, the functional assays of cultured fibroblast
have been performed.

Functional assays of fibroblast cultures

The viability of the cultured fibroblasts was assessed using a
Biirker counting chamber (Heinz-Herenz) according to the
manufacturer’s instructions.

Cell morphology was determined using an inverted phase contrast
microscope Olympus CKX41 (Olympus Life Science). Image
analysis was performed in early (III-IV) and late (X-XV) passages
using JuLI™ (NanoEnTek) analyzer.

Senescence of cultivated fibroblasts was investigated using
Senescence Cells Histochemical Staining Kit (Sigma-Aldrich)
according to the manufacturer’s protocol. At the end of the staining
procedure, ten pictures were taken from random areas of each
culture. The percentage of senescent cells was calculated using the
following formula: (number of cells with intracellular blue deposits/
total number of cells) x 100%.

Cell cycle analysis has been performed using propidium iodide
and RNase (BD Bioscience) staining solution according to standard
instructions as described by Kim and Sederstrom (2015) [14].
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Statistical analysis

Statistical analysis was performed using SDS v.2.3 (Applied
Biosystems), ExpressionSuite v.1.1 (ThermoFisher Scientific),
gbase+ (Biogazelle), Microsoft Excel 2010 (Microsoft Corporation),
and R v.3.4.0 software. The obtained data were displayed as an
arithmetic mean + standard deviation.

In silico analysis

In order to evaluate the pathogenicity of detected variant/CNV
and its impact on the structure and function of the protein, an in
silico analysis was performed using different databases (e.g,
gnomAD, dbSNP, dbVAR, DGV, DECIPHER) and bioinformatics
tools (e.g., Mutation Taster, Human Splicing Finder, ExPASy,
Pfam). In addition, a detailed analysis and review of scientific
literature was performed.

3. RESULTS

In this study, ten individuals/families (#1-#10) with ID,
psychomotor developmental delay, and/or at least one CA and who
were exposed with DNA sequence variants and CNVs of uncertain
significance have been investigated. The pathogenicity of pre-mRNA
splicing variants in the ARID1B, GLI3, SLC9A6, CHD7, TGFBR2,
BLM, and CAPN3 genes has been evaluated in seven different
individuals (#1-#7). The TGFBR2, BLM, GPC5, HNRNPD,
HNRNPDL, ENOPH1, RASGEF1B, PRKG2, MED13L, RB1, E2F1,
and CCNC gene expression was assessed for five different
individuals. The size of intragenic MEDI13L deletion has been
specified in individual #10. Additionally, CRISPR-Cas9 technology
was used for the MED13L gene silencing experiment in the culture
of skin fibroblasts of healthy individual. In order to evaluate the
potential effects of splicing variants and CNVs at the protein level as
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well as to understand the complex relationship between the genotype
and phenotype, a detailed in silico analysis has been performed.

Molecular and functional analysis of splicing variants

In seven individuals (#1-—#7) enrolled in this study, gene panel
next generation sequencing (NGS), whole exome sequencing (WES),
or Sanger sequencing was performed during previous scientific
projects (CHERISH, PROGENET, LITGEN, UNIGENE). Three
variants (ARID1B NM_020732.3:¢.4986+2T>C, GLI3
NM_000168.6:¢.473+3A>T, NM_001042537.1:c.899+1G>A) have
been detected in 5° donor splice site, three variants (CHD7
NM_017780.4:¢.5535-1G>A, TGFBR2 NM 001024847.2:c.1600-
2A>G, BLM NM_000057.2:¢.2308-2A>G) have been detected in 3’
acceptor splice site, while CAPN3 NM_000070:¢.1746-20C>G DNA
sequence variant has been detected 20 nucleotides upstream of the 3’
acceptor site. All these variants were in a heterozygous state. The
variants were confirmed by Sanger sequencing on the probands’
gDNA sample. Moreover, family segregation analysis confirmed the
de novo origin of the ARID1B ¢.4986+2T>C and CHD7 c.5535-
1G>A variant, whereas the GLI3 ¢.473+3A>T, SLC9A6
c.899+1G>A, BLM ¢.2308-2A>G, and CAPN3 c¢.1746-20C>G
variants were inherited from one of the individuals’ parent. The
origin of the TGFBR2 c¢.1600-2A>G variant has not been
determined, because there was no possibility to investigate the
parents’ gDNA sample (Table 1).
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Table 1. Splicing variants detected by NGS or Sanger sequencing technique

I_ndl- Detection Spll_clng Inheritance Gene
vidual method variant
NM 020732.3: ARID1B
#1 WES 408642T>C De novo MIM#614556
# Sancer NM_000168.6: Segregation in 111 GLI3
& cAT3H3AST generations MIM#165240
#3 WES NM_001042537.1: Inherited from SLC9A6
¢.899+1G>A mother MIM#30023 1
NM_017780.4: CHD7
#4 WES  5535.1G>A De novo MIM#608892
Gene M 001024847.2: TGFBR2
#5 panel — NA
¢.1600-2A>G MIM#190182
NGS
46 WES NM_000057.2: Inherited from BLM
¢.2308-2A>G father MIM#210900
o (Len“eel NM_000070: Inherited from CAPN3
1;1 ag  ©174620C>G mother MIM#114240

NA — data is not available

The splicing variants of ARID1B, GLI3, SLC9A6, CHD7, and
TGFBR2 are novel and not recorded in the 1000 Genomes Project,
gnomAD, HGMD, ClinVar or other databases. Although the BLM
c.2308-2A>G and CAPN3 c.1746-20C>G variants are recorded in
scientific databases, both of them are rare (MAF<0,01) and to date
there are conflicting interpretations of their pathogenicity. So far,
none of these splicing variants have been published in scientific
literature.

Computational algorithms were used to predict the effect of
splicing variants on pre-mRNA. Mutation Taster predicted the
variants to be likely pathogenic and disease causing. The alterations
of the splice sites was also predicted by the Human Splicing Finder
database. All these variants were predicted to affect pre-mRNA
splicing.

In order to confirm the pathogenicity of the splicing variants,
molecular and/or functional analysis of individuals’ #1-#7 cDNA
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synthesized from blood RNA were performed using Sanger
sequencing or qPCR techniques.

For the individual #2, primarily, cDNA, synthesized from RNA,
which was extracted from a total blood sample, was analyzed. To
avoid gDNA contamination, the primer pair was designed on the
cDNA sequence to anneal on the junction of exons 3 and 4 (forward
primer) and on exon 5 (reverse primer). The expected amplification
fragment size of this primer pair was 166 nt in length (amplicon #I).
However, agarose gel electrophoresis did not fraction any PCR
product in both individual’s #2 and control sample, thus suggesting
that this may be due to a low GLI3 expression in the whole blood
sample (Fig. 2 A). Further analysis of cDNA synthesized from
individual’s #2 RNA sample, extracted from a fibroblast cell line,
was performed. To get a longer amplicon, another forward primer
annealing on the junction of exons 2 and 3 with the same reverse
primer on exon 5 was used. The expected size of the amplification
fragment of this primer pair was 419 nt (amplicon #II). The results of
gel electrophoresis revealed an amplification product of 166 nt
(amplicon #I), thus the confirming successful amplification of the
patient’s cDNA but not excluding the possibility of only wild type
allele amplification. The forward primer of amplicon #I was
designed to be complementary to the junction of exons 3 and 4 in the
cDNA. For this reason, if exon 4 was skipped, there would be no
possibility for the mutated allele to be amplified. Further analysis of
the longer amplicon #lI, which is 419 nt in length, confirmed this
assumption, because the mutated cDNA produced an additional
amplicon of about 313 nt in length (Fig. 2 B). The additional band
was about 106 nt shorter than the band of the wild type allele, thus
corresponding to the length of exon 4.
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Figure 2. PCR amplifications of individual’s #2 ¢cDNA to verify the GLI3
splice site c¢.473+3A>T wvariant visualized on agarose gel and the
consequences of this variant; A) Lanes 1-2 show the results of the
amplification of amplicon #I of cDNA synthesized from the RNA sample
extracted from individual’s #2 total blood sample. Lanes 3—4 correspond to
the amplification of amplicon #I performed on the blood cDNA of the
healthy control individual without ¢.4734+3A>T variant (control sample).
Lanes 2 and 4 correspond to the PCR reaction products of negative control.
A 100 bp DNA ladder was used as the size marker. B) Lanes 1-4 show the
results of the amplification of cDNA synthesized from the RNA sample that
was extracted from individual’s #2 fibroblast cell line. Lane 1 shows one
band corresponding to a shorter amplicon (#I) of wild type allele of
individual's #2 cDNA sample (166 nt); lane 3 shows the two bands derived
from the amplification of the cDNA of individual’s #2 (313 nt and 419 nt
reflecting normal and mutated alleles [amplicon #I1]); and lanes 2 and 4
correspond to the PCR reaction products of negative control. The green
arrow indicates the amplicon of the wild type allele, while the red one
indicates the amplicon of the mutated allele.

To verify these findings, PCR products were analyzed by Sanger
sequencing. The analysis of the GLI3 coding sequence revealed that
the donor splice site variant led to the skipping of exon 4.

In case of individual #1, #3-#7, gene expression level in blood
samples was sufficient to perform molecular and functional analyses.
The analysis of the ARID1B coding sequence revealed that the donor
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splice site ¢.4986+2T>C variant led to the skipping of exon 19.
Similarly, the skippings of exon 4, 6, 11, 14 were detected in the
GLI3, SLC9A6, BLM, and CAPN3 coding sequence, respectively.
Sanger sequencing of the individual’s #4 cDNA sample revealed that
the ¢.5535-1G>A variant causes the loss of an original acceptor
splice site at position — 1 in the intron 26 of CHD7 and consequently
activates a cryptic splice site only one nucleotide downstream of the
pathogenic variant site.

The ¢.1600-2A>G splicing variant is located next to exon 8,
which is the last exon of the TGFBR2 gene. For this reason, the
effect of this splicing variant on pre-mRNA was investigated by
qPCR using individual ‘s #5 cDNA sample. For the comparative gene
expression analysis, the sample from the proband was compared to
the samples from two random unrelated and self-reported healthy
individuals (biological group, n=2) and the samples of internal
control representing TagMan probes designed on TGFBR2 exons‘ 6—
7 and 7-8 junctions. The relative quantification revealed that the
expression level of TGFBR2 exon 7-8 junction is approximately
two-fold lower than the expression of exon 6-7 junction, thus
providing the evidence that the exon 8 is skipped (Fig. 3). To
confirm the exact sites of the disrupted pre-mRNA splicing process,
the Sanger sequencing was performed using reverse primer designed
on 3’ untranslated region (3’'UTR). The analysis revealed that only a
wild type allele of the TGFBR2 gene was sequenced. Based on these
results, it is predicted that not only the eighth exon but also the
3’UTR is lost due to the c.1600-2A> G variant.
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Figure 3. TGFBR2 gene expression analysis. Histogram represents the FC
values of the individual’s #5 sample compared to the FC of samples of two
random unrelated and self-reported healthy individuals merged into one
biological group.

Although the BLM ¢.2308-2A>G splicing variant leads to exon 11
skipping and is probably pathogenic, only one heterozygous variant
is insufficient to explain the pathogenesis of the suspected Bloom
syndrome (OMIM #210900; ORPHA #125). Therefore, an additional
BLM expression analysis and sister chromatid exchange (SCE) assay
was performed. Compared to the biological group (n=4), the
expression of BLM in individual’s #6 blood cells was found to be
within the normal range (Fig. 4 A). Also any abnormalities were
revealed by SCE assay as the number of all SCEs in the metaphase
was determined at the control level (Fig. 4 B).
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Figure 4. A) BLM gene expression analysis. The histogram represents the
FC values of the individual’s #6 sample compared to the FC of samples of
four random unrelated and self-reported healthy individuals merged into
one biological group; B) Sister chromatid exchange assay of individual’s #6
and two healthy controls’ samples.

A further in silico analysis revealed the consequences of aberrant
splicing at the protein level. The abnormal splicing of the ARID1B,
GLI3, SLC9A6, CHD7, and CAPN3 gene is predicted to cause a
translational frameshift and formation of premature termination
codon, thus most probably resulting in protein truncation. The
truncated ARID1B, GLI3, SLC9A6, CHD7, and CAPN3 proteins are
predicted to lose functional sequences. ARID1B (UniProtKB
#Q8NFDS) truncation likely results in the loss of the BAF250
domain, which is part of the SWI/SNF-like ATP-dependent
chromatin remodeling complex, which regulates gene expression
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[16, 17]. The truncated GLI3 (UniProtKB #P10071) protein lacks
almost all functionally important domains: part of repressor domain,
zinc finger domain, proteolytic cleavage site, transactivation domain
2, and transactivation domain 1 [18]. The truncated SLC9A6
(UniProtKB  #Q9258) protein does not contain several
transmembrane helices and a C-terminal domain, which are crucial
for proper Na'/H" exchange [19, 20]. The premature truncation of the
CHD?7 protein (UniProtKB #Q9P2D1) is predicted to result in the
loss of two BRK domains, which are especially important to higher
eukaryotes and contribute to the regulation of gene expression [21,
22]. The truncated CAPN3 (UniProtKB #P20807) protein lacks a
part of the calpain-type B-sandwich domain, a specific insertion
region 2, and the penta E-F hand domain, which binds four calcium
ions and is hypothesized to contribute to CAPN3 dimerization [25]
(table 2).

The other splicing variants of TGFBR2 and BLM do not result in
a frameshift, but these changes lead to TGFBR2 (UniProtKB #
P37173) haploinsufficiency and to loss of the ATPase domain of
BLM (UniProtKB #P54132), respectively. Therefore, the function of
both TGFBR2 and BLM protein is likely to be affected (table 2).

Table 2. In silico predicted consequences of aberrant splicing at protein level

Indi- G Splicing Consequence at
vidual ene variant protein level
# ARID1B NM 020732.3: NP_065783.3:
MIM#614556 ¢.4986+2T>C p-(Thr1633Valfs*11)
42 GLI3 NM _000168.6: NP _000159.3:
MIM#165240  ¢.473+3A>T p.(His123Argfs*57)
43 SLC9A6 NM 001042537.1: NP 001036002.1:
MIM#300231  ¢.899+1G>A p.(Val264Alafs*3)
44 CHD7 NM_017780.4: NP_060250.2:
MIM#608892  ¢.5535-1G>A p.(Gly1846Glufs*23)
45 TGFBR2 NM 001024847.2: TGFBR2
MIM#190182  ¢.1600-2A>G haploinsufficiency
46 BLM NM_000057.2: NP _000048.1:
MIM#210900 ¢.2308-2A>G p-(11e700 GIn802del)
47 CAPN3 NM_000070: NP_000061.1:
MIM#114240  ¢.1746-20C>G p.(Glu582Aspfs*62)
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Molecular and functional analysis of copy number variants

CNVs of coding and non-coding DNA sequence are one of the
most common causes of IN/CA [26]. During previous projects
(CHERISH, PROGENET, UNIGENE), three CNVs (#8, #9, #10) of
unknown clinical significance have been detected via the molecular
karyotyping technique. The analysis of the individuals’ #8 and #9
gDNA by aCGH revealed an 844 kb duplication of the 13q31.3
cytoband spanning from 91,166,748 to 92,010,901 bp
(GRCh37/hg19) and an 824 kb deletion of the 4q21.22 cytoband
spanning from 83,273,844 to 84,097,897 bp (GRCh36/hgl8),
respectively. A 97.88 kb intragenic deletion in the cytoband
12g24.21 including exon 3 and 4 of the MED13L gene was detected
by SNP-CGH. These novel CNVs were confirmed using the standard
qPCR or fluorescent in situ hybridization (FISH) method. Moreover,
the de novo origin of these deletions and duplication has been
confirmed, as they were absent from individuals’ #8, #9, and #10
parents’ genomes. According to the Database of Genomic Variants,
these deleted/duplicated genomic regions have never been described
as copy number polymorphism and have not been found in the
general population.

The 13g31.3 duplication encompasses the MIR17HG (MIM
#609415) gene encoding miR-17~92 cluster, but not the GPC5 gene.
GPC5 was suggested as playing a role in the phenotype presented by
five individuals of two wunrelated families with overlapping
duplication within the 13q31.3 region (Fig. 5) [27, 28].
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Figure 5. Ideogram of chromosome 13, individual’s #8 aCGH results
arrfGRCh37/hg19] 13q31.3(91,166,748-92,010,901)x3 dn, and schematic
view of gene content are presented in the top portion. OMIM genes are
highlighted in bold letters. Horizontal lines below represent previously
reported overlapping duplications (blue) of 13q31.3

The proximity of MIR17HG and GPC5 (about 40 kb), combined
with the inclusion of at least one GPCS5 regulatory element
(GH13J091346; GeneCards) in the individual’s #8 duplication
region, induced us to assess the possibility that the expression of
GPCS5 would be perturbed in her cells. In this study the expression
level of GPC5 was measured and it was compared to that of two
unrelated controls and both healthy parents (biological group, n=4).
The analysis of qPCR data indicated that GPC5 expression was
highly variable in the population and not altered in the proband (Fig.
6).
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Figure 6. GPC5 gene expression analysis. Boxplot diagram represents the
FC values of the individual’s #8 sample compared to the FC of four control
samples merged into one biological group. The horizontal solid line inside
the box is the mean value of the FC of the biological group (FC=1), while
the dashed line indicates the FC of the individual’s #8 sample (FC=0.83).
The bottoms and tops of the boxes define the 25" and 75" percentile, and
the whiskers below and above the box define the lowest and the highest
values of the FC of the controls’ samples, respectively.
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In order to uncover the genetic variants possibly associated with
the phenotype of the individual #8, WES has been performed on the
probands gDNA sample. The analysis of WES data, including a
special focus on genes associated with a marfanoid phenotype, failed
to reveal any variants that could be associated with features of
individual #8.

Another CNV, which was investigated in this study is 4q21.22
deletion, encompassing HNRNPD (MIM#601324), HNRNPDL
(MIM #607137), ENOPH1, TMEM150C (MIM #617292), SCD5
(MIM #608370), SEC31A (MIM #610257), THAP9 (MIM #612537),
LINC00575, miR575, and a part of the LIN54 (MIM #613367) gene.
Bonnet et al. [29] suggested HNRNPD, HNRNPDL, ENOPH1,
RASGEF1B (MIM #614532), and PRKG2 (MIM#601591) as
candidate genes for 4q21 deletion syndrome (MIM #613509), which
has been suspected to individual #9 (Fig. 7).
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Figure 7. Ideogram of chromosome 4, individual’s #9 aCGH results
arr[GRCh36/hg18] 4q21.22(83 273 844-84 097 897)x1 dn, and schematic
view of gene content. OMIM genes are highlighted in bold letters.
Horizontal lines below represent the overlapping 4q21.22 deletion of
individual #9 and reported by Bonnet et al. (2009).

As CNVs influence transcriptomes by modifying the levels and
timing of expression of genes within and adjacent to them [30-32],
thus having an effect that can extend over the entire length of the
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affected chromosome [33], we assessed the expression level of
HNRNPD, HNRNPDL, and ENOPH1 as well as neighboring
RASGEF1B and PRKG2 in cells of the individual #9. Gene
expression level in individuals’ #9 cells was evaluated comparing to
the control samples of healthy parents merged into one biological
group. Gene expression analysis revealed that the expression level of
the HNRNPD, HNRNPDL, ENOPH1, and PRKG2 is approximately
two-fold lower in the sample of individual #9. However, the fold
change (FC) values of RASGEF1B was within the normal range (0.5
<FC <2; Fig. 8).
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Figure 8. The HNRNPD, HNRNPDL, ENOPH1, RASGEF1B, and PRKG2
gene expression analysis. Histograms represent the FC values of the
individual’s #9 sample compared to the FC of two control samples merged
into one biological group. The whiskers define the standard deviation of the
mean value.

Last but not least, in this study the size of intragenic MED13L
deletion in 12g24.21 cytoband has been specified in individual’s #10
cDNA sample (Fig. 9).
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Figure 9. Ideogram of chromosome 12, individual’s #10 SNP-CGH results
arr[GRCh37/hgl9] 12q24.21(116 523 305-116 621 185)x1 dn, and
schematic view of the MED13L gene. The deleted exons are indicated in the
red rectangle, while not deleted exons — in green rectangles.

Quantitative expression analysis of several MEDI13L exons
disclosed the deletion of exons 3—4 and excluded the deletion of
exons 1-2 and 16-17. This gene expression study indicated that
expression level of exons 3—4 of MED13L is approximately two-fold
lower comparing to samples of three random unrelated healthy
individuals, while the expression level of exons 1-2 as well as exons
16—17 was similar and in normal range (Fig. 10).
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Figure 10. The MED13L gene expression analysis. The results indicate a
mean fold change in target gene expression values of the control group
(n=3) versus individual #10 by three different locations along MED13L,
which span: exons 1-2 (marked as MED13L 1 in blue box), exons 3—4
(MEDI13L 2; orange), and exons 16—17 (MED13L _3; green).

The borders of the deletion in the coding region of the MED13L
gene were narrowed by Sanger sequencing. For this purpose,
different primer sets were designed. In case of wild type allele, the
expected amplification fragment size of the primer pairs spanning
exons: (1) from 2 to 8 was 953 nt in length (amplicon #A); (2) from
2 to 10 was 1262 nt (amplicon #B); (3) from 2 to 15 was 2524 nt
(amplicon #C). The results of gel electrophoresis firstly revealed an
amplification product of approximately 953 nt, thus confirming the
successful amplification of patient’s cDNA and suggesting the
amplification of only wild-type allele. The analysis of the longer
amplicon #B disclosed two bands, which were approximately 1262
nt and 292 nt in length, thus corresponding to wild-type and mutated
alleles, respectively. The agarose gel electrophoresis of amplicon #C
did not fraction any PCR product, thus suggesting that the expected
products of both wild-type as well as mutated alleles were too long
(Fig. 11 A). In order to verify these findings, PCR products of
individual’s #10 cDNA sample were analyzed by standard Sanger
sequencing. The analysis of the MED13L coding sequence revealed
the deletion, which spanned from exon 3 to 9 (Fig. 11 B).

Exon 2

Figure 11. A) The gel electrophoresis of individual’s #10 cDNA
synthesized from the RNA sample. Lanes 1, 3, and 5 show the results
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corresponding to amplicon #A, #B, and #C, respectively. Lanes 2, 4, and 6
correspond to PCR reaction products of negative control. The green arrows
indicate the wild-type alleles, while the red arrow indicates the allele with
intragenic MED13L deletion; B) The chromatogram represents the Sanger
sequencing results of the MED13L coding sequence.

In silico, NG_023366.1(NM_015335.5):c.(310+1_311-
1) (1280+1 1281-1)del was predicted to result in truncated
MEDI3L (UniProtKB #Q71F56) protein, in which Medl3 N
domain is partly altered and medPIWI as well as Med13 _C domains
are lost.

Although the pathogenic variants of MED13L are known to be
causative of the MED13L haploinsufficiency syndrome (also known
as Intellectual disability and distinctive facial features with or
without cardiac defects; MIM #616789; ORPHA #369891), the
detailed mechanism of MEDI13L etiopathogenesis at the human
cellular level have not been fully investigated. For this reason,
CRISPR-Cas9 genome editing technology has been applied to
knock-out the MED13L gene in a culture of skin fibroblasts of the
healthy individual. The cleavage efficiency was approximately 44%.
For further functional analyses, 16 single cell clones have been
cultivated after limiting the dilution cloning procedure. However, the
experiment has been interrupted in the safe phase because of
quarantine due to the SARS-CoV2 virus. After the end of the
quarantine, the functional assays of 11 cultured fibroblasts have been
performed.

In order to identify MED13L variants in fibroblasts of a control
healthy individual, Sanger sequencing of PCR products from
modified fibroblast clones have been performed. Different MED13L
variants have been detected in 6 out of 11 fibroblast clones (#A—#F;
table 3). A heterozygous deletion of the second exon has been
determined in three fibroblast clones (#A—#C), and a heterozygous
deletion of two G nucleotides has been found in one cell culture
(#D). In the other two fibroblast clones (#E, #F), different genetic
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variants were found in both alleles (table 3). All these genetic
variants in silico have been predicted to cause frameshift and
premature termination codon, thus resulting in MEDI3L
haploinsufficiency.

Table 3. MED13L variants detected by Sanger sequencing after genome
editing via CRISPR-Cas9 technology.

Cell MED13L variants caused by In silico predicted

culture  CENOLYPE CRISPR-Cas9 effect at the
protein level
4A Hetero- NG_023366.1(NM_015335.5): NP_056150.1:
Zygous c.(72+1_73-1) (310+1_311-1)del  p.(Ala25Cysfs*13)
45 Hetero- NG_023366.1(NM_015335.5): NP_056150.1:
Zygous c.(72+1_73-1)_(310+1_311-1)del  p.(Ala25Cysfs*13)
4 Hetero- NG _023366.1(NM_015335.5): NP _056150.1:
Zygous c.(72+1_73-1)_(310+1_311-1)del  p.(Ala25Cysfs*13)
Hetero- NP_056150.1:
#D 2ygous NM 015335.5:¢.95 96del p.(Trp32Serfs*1)
Different ~ NG_023366.1(NM_015335.5): NP_056150.1:
4 variants in ~ ¢.(72+1_73-1) (310+1 311-1)del  p.(Ala25Cysfs*13)
both NP _056150.1:

NM_015335.5:¢.95_96del
alleles - 6.7>_7bde p.(Trp32Serfs*1)

Different NP_056150.1:
NM_015335.5:¢.95_96del =
variants in = 6.7o_be p.(Trp32Serfs*1)

both NP_056150.1:
M 01 S:e. i N
alleles NM_015335.5:¢.96 97insG p-(Arg33Alafs*1)

#F

The effect of these genetic variants on expression of genes
involved in cell cycle regulation (RB1 MIM #614041, E2F1 MIM
#189971, CCNC MIM #123838) was investigated. For the
comparative gene expression analysis, the samples were compared to
internal control representing TagMan probes designed on MED13L
exons’ 1-2 junction (MEDI13L 1), as in the previous experiment it
has been found that the expression levels of exons 1-2 are normal in
samples of both individual #10 and three control individuals
(Fig.10). Even though, according to GTEx data, the expression level
of investigated genes (RB1 TPM = 38,1; E2F1 TPM = 9,1; CCNC
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TPM = 29,8) in cultured fibroblasts is similar to expression level of
MEDI13L (TPM = 28,9), in this study qPCR analysis revealed that
expression level of RB1, E2F1, and CCNC is more than seven-fold
lower in fibroblasts of both individual #10 and control individual
(Fig. 12).
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Figure 12. MED13L, RB1, E2F1, and CCNC expression analysis. The
results indicate a mean fold change in target gene expression values of the
modified fibroblast clones (#B, #C, #E, #F) of control individual, versus
individual #10 by two different locations along MED13L. The RNA
concentration of fibroblast clones #A and #D was insufficient for qPCR
analysis.

Cultured fibroblasts of both individual #10 and control individual
were observed microscopically at every passage. Before the gene
editing experiment, adherent long spindle-shaped or flat cells were
detected in both cultures at early passages (P3-P4; Fig.13 A, B).
Later on, the proportion of enlarged cells with an altered morphology
obviously increased also in both unmodified cells of individual #10
as well as the edited fibroblasts of the control individual.
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Figure 13. Early passages (P3-P4) of fibroblast culture of individual #10
(A) and control individual before gene editing experiment (B). Late
passages (P10-P15) of fibroblast culture of individual #10 (C) and control
individual after gene editing experiment (D). Original magnification x4,
scale represent 500 um.

Despite the fact that only single cells were morphologically
changed in the early passage of individual’s #10 fibroblast culture,
cell dyeing for SA-B-gal showed almost three-fold (27.6%) more
aging cells compared to unmodified fibroblasts of control individual
(Fig. 14 A, B). Comparing long-term fibroblast cultures of control
individual after a CRISPR-Cas9 genome editing experiment, it was
found that the fibroblast culture, in which any MED13L variants
have been detected, contained approximately 55.2% aging cells,
while the fibroblast culture, in which the heterozygous MED13L
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variant was found, accounted for 76.8% of aging fibroblasts (Fig. 14

C, D).
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Figure 14. Early passages (P3-P4) of fibroblast culture of control
individual before gene editing experiment (A) and individual #10 (B). Late
passages (P10-P15) of fibroblast culture of control individual after gene
editing experiment: fibroblast culture, in which any MED13L variants have
been detected (C); fibroblast culture, in which the heterozygous MED13L
variant was found (D). Original magnification x40, scale represent 100 pm.

Prior to the genome editing experiment, the viability of control
individual’s and individual’s #10 fibroblast culture was 96% and
89%, respectively. In addition, in modified fibroblast culture with a
heterozygous MED13L variant, approximately two-fold more dead
cells were found comparing to a fibroblast culture without the
MED13L variant. Furthermore, assessing cell cycle changes of
control individual’s and individual’s #10 fibroblast culture, in both
fibroblast cultures the majority of cells (82—85%) were found in G1
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(growth 1) phase. Some cells (3—5%) were in the S (synthesis) phase,
and the remaining cells (12—-15%) were detected in the G2 (growth 2)
phase (Fig. 15 A, B).

Figure 15. Results of cell cycle analysis of: unmodified control individual’s
fibroblast culture at early passage (A); individual’s #10 fibroblast culture at
early passage (B).

4. DISCUSSION

The rapid advancement of high-throughput NGS and molecular
karyotyping techniques has provided the necessary conditions for the
identification of disease-causing variants in the human genome [34].
Previous studies have shown that many genetic diseases have been
caused by coding and non-coding CNVs as well as DNA sequence
variants, which disrupt splice sites. Variants altering pre-mRNA
splicing account for at least 7-10% of genetic alterations causing
different disorders, including ID/CA, while CNVs are known to be
one of the most common causes of neurodegenerative disorders [26,
35, 36].

Even though the technique for detecting variants is now becoming
routine, most of detected variants are of unknown functional and
clinical significance. Therefore, the challenge of performing a
detailed analysis and determining the function of the altered gene is
still open [37]. For this reason the aim of this study was to evaluate
the pathogenicity of splicing variants and CNVs, which cause ID/CA
through  extensive  clinical, molecular, and functional
characterization. In order to achieve this aim, the consequences of
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seven previously unreported splicing variants (of individual #1-#7)
and three novel CNVs (of individual #8—#10) were assessed at the
mRNA level.

Splicing variants usually refer to the point mutation at canonical
splice sites in mRNA and result in the generation of an aberrant
transcript of the mutated gene. The most common consequence of
splicing variants is skipping of one or more exons, but in certain
cases the activation of cryptic 5’ (donor) or 3’ (acceptor) splice site
and partial or full retention of specific introns may occur [38—40]. In
this study the splicing variants in the ARID1B, GLI3, SLC9AG,
TGFBR2, BLM, and CAPN3 gene led to exon skipping. ARID1B
c.5025+2T>C, GLI3 ¢.473+3A>T, and SLCOA6 c¢.899+1G>A
variants at 5° donor splice sites caused skipping of the upstream
exon, while BLM ¢.2308-2A>G splicing variant at 3 acceptor splice
site led to downstream exon skipping. TGFBR2 c¢.1600-2A>G
splicing variant, which is also located at the 3¢ acceptor splice site,
resulted in a loss of downstream exon and 3’UTR. Although deep
intronic variants usually create new splice sites resulting in the
inclusion of cryptic exons [38], in this study, CAPN3 c.1746-20C>G
splicing variant also led to exon skipping.

Unexpectedly, the data obtained on the individual’s #4 cDNA
showed that the CHD7 c¢.5535-1G>A variant does not lead to
adjacent exon skipping; instead, it activates a cryptic 3’ splice site,
only one nucleotide downstream from the pathogenic variant site.
According to reviewed literature and the results of this experiment,
the variant at — 1 position in the acceptor splice site and the first G
nucleotide in the adjacent exon sequence is quite frequent [41, 42].
However, such variants usually disturb the reading frame by exon
skipping [38] instead of the slippage of the splicing mechanism only
1 nt downstream as in our case. There is only one similar study
presented by Eng et al. [43], in which the acceptor splice site ¢.4437-
1G>A variant in the ATM (MIM #607585) gene causes the same
consequences to the cDNA sequence. In both cases, the first
nucleotide of a particular exon is a G. The cryptic 3’ splice site has
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therefore been created using the mutated A of the intron and the G of
the exon. These findings could suggest that if the original 3’ splice
site is mutated the subunits of U2 spliceosomal snRNAs recognises
the next AG site, which is located downstream of the original
acceptor splice site. However, Moon et al. [44] reported two
abnormal transcripts of the HRPT2 (MIM #145001) gene, also
known as the CDC73 gene, resulting from the same c¢.238-1G>A
variant of intron 2. The first transcript eliminated the whole exon 3,
while the another lacked the first 23 nucleotides of exon 3 due to the
use of a cryptic acceptor splice site in exon 3. For this reason, the
exact mechanism for how one cryptic splice site is selected over
another within the genome remains unclear.

Further bioinformatic analysis revealed that ARID1B
c.5025+2T>C, GLI3 ¢.473+3A>T, SLCI9A6 c.899+1G>A, CHD7
¢.5535-1G>A, and CAPN3 ¢.1746-20C>G splicing variant causes a
translational frameshift and formation of premature termination
codon, thus resulting either in protein truncation or mRNA
degradation due to a nonsense-mediated decay. The Nonsense-
mediated mRNA decay (NMD) pathway efficiently degrades
mRNAs harboring a premature termination codon at least 200
nucleotides downstream of the start codon and 50-55 nucleotides
upstream of the last exon—exon junction [45-47]. A premature
termination codon might trigger the NMD pathway with a variable
proportion of the mutated allele. If the NMD affects almost all of the
transcripts, haploinsufficiency is the leading pathomechanism. On
the other hand, the production of a truncated protein due to complete
NMD escape, can impact its function [48]. Premature termination
codon, induced by ARID1B ¢.5025+2T>C splicing variant, reside
less than 50 nucleotides upstream of the last exon—exon junction;
therefore, it is unable to trigger NMD. However, the premature
termination codons induced by the splicing variants of the GLI3,
SLCY9A6, CHD7, and CAPN3 gene conform the conditions for NMD;
therefore, mRNA cleavage mechanisms could be initiated. However,
the presence of both wild type and abnormal transcript resulting from
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these splicing variants indicates that the abnormal transcripts do not
undergo full NMD, but instead result in the production of the
truncated proteins. The other splicing variants of TGFBR2 and BLM
cleavage do not result in a frameshift, but these changes lead to
TGFBR2 haploinsufficiency and the loss of some functionally
important BLM domains, respectively. Therefore, the function of
both TGFBR2 and BLM protein is likely to be affected.

In this study, the ARID1B ¢.5025+2T>C, GLI3 c.473+3A>T,
SLCYA6 ¢.899+1G>A, CHD7 ¢.5535-1G>A, and CAPN3 c.1746-
20C>G splicing variants clearly showed their pathogenicity at both
the RNA and protein levels, affecting the mRNA splicing and
resulting in protein truncation, which is predicted to be the leading
pathomechanism for clinical phenotypes: Coffin-Siris syndrome 1
(MIM  #135900; ORPHA #1465), Greig Cephalopolysyndactyly
(MIM  #175700; ORPHA #380), Christianson type intellectual
disability (MIM #300243; ORPHA #85278), CHARGE syndrome
(MIM  #214800; ORPHA #138), and Limb-girdle muscular
dystrophia type 2A (MIM #253600; ORPHA #267), respectively.
Haploinsufficiency of TGFBR2 caused by splicing variant ¢.1600-
2A>G of this gene leads to Loeys-Dietz syndrome 2 (MIM #610168;
ORPHA #60030) (Table 4).

The BLM ¢.2308-2A> G splicing variant is not sufficient to
explain the pathogenesis of suspected Bloom syndrome (OMIM
#210900; ORPHA #125). The hypothesis of a compound
heterozygous variant leading to Bloom syndrome has not been
confirmed, as an analysis of the BLM gene expression as well as SCE
did not revealed any other genetic alterations. Even though the
c.2308-2A>G splicing variant does not determine the clinical
phenotype of individual #6, this variant might be classified as likely
pathogenic according to its frequency (MAF <0.01) in the general
population and the predicted consequences in the conserved protein
region (Table 4).
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Table 4. Summarized results of molecular and/or functional studies of non-coding DNA sequence splicing variant.

Indi- Splicing variant Gene Consequences at  Predicted consequences Confirmed diagnosis Patho-
vidual P 9 the mRNA level at the protein level 9 genicity
#1 NM_020732.3: Ai/}ileB 19 exon skipping NP_065783.3: (s:;rlfcflilrr(l)-rflglls Pathogenic
4986+2T> . *
¢.4986+2T>C 4614556 p-(Thr1633Valfs*11) (MIM #135900)
GLI3 Greig Cephalo-
NM 000168.6: NP _000159.3:
#2 - MIM 4 exon skipping -, polysyndactyly (MIM  Pathogenic
473+ . *
c.473+3A>T 4165240 p-(His123 Argfs*57) #175700)
LCOA hristi
NM 001042537.1:  S-COA® . NP_001036002.1: _ Christianson type .
#3 .899+1G>A MIM 6 exon skipping (Val264Alafs*3) intellectual disability Pathogenic
' #300231 P: (MIM #300243)
oo NMLO177804: (1:\/':1';[7 C?;;Z?;?Z;f; NP_060250.2: CHARGE syndiome 0
1G> *
.5535-1G>A 4608892 o p.(Gly1846Glufs*23) (MIM #214800)
NM_0010248472: 1OV BR2 Sexonand ~ LOLDR2 Loeys-Dietz ,
#5 c 1600-2A5G MIM 3"UTR skippin (UniProtKB #P37173) syndrome 2 Pathogenic
' #190182 PPIE  aploinsufficiency (MIM #610168)
NM_000057.2: BLM  NP_000048.1: Likely
#6 ¢.2308-2A>G, MIM 11 exon skipping (11e700_GIn802del) - thogeni
11248548542 #210900 pATe A ¢ patiogenic
NM_000070.3: CAPN3 NP 000061.1: Limb-girdle muscular
#7 ¢.1746-20C>G, MIM 14 exon skipping ( Gluss? A.s ) f5%62) dystrophia type 2A Pathogenic
15201892814 #114240 PAIMOBLASP (MIM #253600)

NA — data is not available
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Additionally, a genotype-phenotype relationship analysis was
performed in cases of novel CNVs: 13q31.3 duplication, 4q21.22
deletion, and intragenic deletion in MED13L gene.

Published reports of individuals from two unrelated families with
the duplication of 13q31.3, partly involving GPC5, suggested that
gene expression changes of both GPC5 and MIR17HG could play a
role in the individuals’ abnormal growth and skeletal development
[27, 28]. However, the limited extent of the individuals’
rearrangement to the MIR17HG gene and the corresponding normal
expression level of the neighboring GPC5 contradict this statement
and allow to define a new syndrome characterized by features
mirroring those of Feingold syndrome 2 (OMIM #614326; ORPHA
#3916406).

According to reviewed literature, 4921 deletion syndrome is
caused by deletion of five genes: HNRNPD, HNRNPDL, ENOPH1,
RASGEF1B, and PRKG2 [29]. In this study, one of the smallest
deletion, which encompassed only HNRNPD, HNRNPDL, and
ENOPH1, has been revealed. The following expression analysis of
adjacent two genes showed that the RASGEF1B gene expression was
normal, while the expression level of PRKG2 was reduced.
Therefore, the critical region of 421 deletion syndrome has been
narrowed to four candidate genes: HNRNPD, HNRNPDL, ENOPH1,
and PRKG2.

In this dissertational work, the size of intragenic MED13L
deletion has been specified in individual #10. An in silico analysis
revealed that NG 023366.1(NM_015335.5):c.(310+1_311-
1) (1280+1 1281-1)del results in a translational frameshift and
formation of premature termination codon
(NP_056150.1:p.(Val104Glyfs*5). The premature termination codon
is sufficiently distant from the start codon and the last exon—exon
junction. Therefore, this region could be recognized by the NMD.
However, the presence of both wild type and abnormal transcript
resulting from this genetic alteration could suggest partial or full
NMD avoidance. Although the pathogenicity of intragenic MED13L

43



deletion has been revealed, the fundamental molecular mechanism
underlying the pathogenesis of this CNV was still not fully
understood. In order to confirm these findings at the cellular level,
CRISPR-Cas9 technology was used for the experiment of MED13L
gene silencing in the culture of control individual’s skin fibroblasts.
After the MEDI13L gene editing experiment, reduced viability,
accelerated aging process, and an inhibition of certain gene
expression was assessed due to heterozygous MED13L variants.

In conclusion, despite a growing number of reported splicing
variants and CNVs, the effect on the phenotype persists difficult to
demonstrate, and therefore it remains one of the principal challenges
in human molecular genetics. The results obtained herein enhance
the importance of studying the pathogenicity of the genetic
alterations at the mRNA/cDNA level. Moreover, the clinical,
molecular, and/or functional characterization of genetic variants and
successfully managed genome editing via CRISPR-Cas9 technology
in this study provided a unique possibility to understand the etiology
and pathophysiology of many hereditary diseases and conditions,
including those associated with ID/CA. This fundamental scientific
knowledge, together with the expansion of the capabilities of
molecular diagnostic and functional investigations may contribute to
the development of novel diagnostic and therapeutic strategies in the
future. A straightforward benefit of the obtained results is an
accurate diagnosis, which has been provided to multiple individuals
and their families and gave an opportunity to improve their family
planning, clinical care, and follow-up.

Despite the evidences proving the pathogenicity of detected
splicing variants and CNVs, further proteomic assays and/or
functional experiments of model organisms could be suggested to
clarify and validate the molecular effects caused by these genetic
variants on the protein and/or model organism level.

44



5. CONCLUSIONS

Seven splicing variants in the ARID1B, GLI3, SLC9A6, CHD?7,
TGFBR2, BLM, and CAPN3 gene as well as three CNVs of
13g31.3, 4921.22, and 12q24.21 genetic region were selected
using bioinformatics tools for human genome sequence analysis
to unravel their clinical significance.

In order to assess the pathogenicity of the selected DNA
sequence variants and CNVs at the mRNA level, cDNA samples
of ten unrelated individuals were analyzed.

DNA sequence variants/CNVs of unknown or unconfirmed
clinical significance are classified as pathogenic (9) or likely
pathogenic (1).

In silico, ARID1B ¢.5025+2T>C, GLI3 ¢.473+3A>T, SLC9A6
c.899+1G>A, CHD7 ¢.5535-1G>A, CAPN3 ¢.1746-20C>G and
MED13L NG _023366.1(NM_015335.5):c.(310+1_311-
1) (1280+1_1281-1)del cause a translational frameshift and
formation of premature termination codon, while BLM ¢.2308-
2A>G and TGFBR2 ¢.1600-2A>G splicing variants lead to the
loss of some functionally important protein domains. These
genetic alterations most probably result in the production of the
truncated proteins, which are the leading pathomechanism.
CRISPR-Cas9 technology, which has been used for the MED13L
gene silencing experiment in the culture of skin fibroblasts,
edited the target fragment with 44% efficiency and provided
evidence that heterozygous MEDI3L variants lead to the
reduction of cell viability, the acceleration of the aging process,
and the inhibition of certain genes’ expression.

A molecular, functional, and clinical characterization of splicing
variants (ARID1B, GLI3, SLC9A6, CHD7, TGFBR2, BLM and
CAPN3) and CNVs (13q31.3 duplication, 4q21.22 deletion,
intragenic MED13L deletion) provided an opportunity to unravel
the complex relationship between the genotype and phenotype:
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6.1.

6.2.

6.3.

6.4.

6.5.

Splicing variants at 5° donor splice sites of the ARID1B,
GLI3, and SLCY9A6 gene lead to Coffin-Siris syndrome 1,
Greig Cephalopolysyndactyly, Christianson type intellectual
disability, respectively, while splicing variants at 3°
acceptor splice sites of the CHD7 and TGFBR2 causes
CHARGE syndrome and Loeys-Dietz syndrome 2,
respectively. CAPN3 ¢.1746-20C>G splicing variant results
in Limb-girdle muscular dystrophia type 2A;

BLM ¢.2308-2A> G splicing variant at 3 acceptor splice
site is insufficient to explain the pathogenesis of autosomal
recessive Bloom syndrome;

The duplication of 13q31.3, encompassing only MIR17HG,
results in a new syndrome characterized by features
mirroring those of Feingold syndrome 2;

The normal RASGEF1B expression level and reduced
expression level of PRKG2 allow to narrow the critical
region of 4g21 deletion syndrome to four candidate genes:
HNRNPD, HNRNPDL, ENOPH1, and PRKG2;

Intragenic MED13L deletion results in MEDI13L
haploinsufficiency syndrome.
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