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Abstract

Background Large deletions and duplications within the low-density lipoprotein receptor (LDLR) gene make

up approximately 10% of LDLR pathogenic variants found in Czech patients with familial hypercholesterolemia. The
goal of this study was to test the hypothesis that all probands with each rearrangement share identical breakpoints
inherited from a common ancestor and to determine the role of Alu repetitive elements in the generation of these
rearrangements.

Methods The breakpoint sequence was determined by PCR amplification and Sanger sequencing. To confirm
the breakpoint position, an NGS analysis was performed. Haplotype analysis of common LDLR variants was performed
using PCR and Sanger sequencing.

Results The breakpoints of 8 rearrangements within the LDLR gene were analysed, including the four most com-
mon LDLR rearrangements in the Czech population (number of probands ranging from 8 to 28), and four less com-
mon rearrangements (1-4 probands). Probands with a specific rearrangement shared identical breakpoint positions
and haplotypes associated with the rearrangement, suggesting a shared origin from a common ancestor. All break-
points except for one were located inside an Alu element. In 6 out of 8 breakpoints, there was high homology (> 70%)
between the two Alu repeats in which the break occurred.

Conclusions The most common rearrangements of the LDLR gene in the Czech population likely arose
from one mutational event. Alu elements likely played a role in the generation of the majority of rearrangements
inside the LDLR gene.
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Background

Familial hypercholesterolemia (FH) is one of the most
common autosomal dominant disorders. The worldwide
prevalence of FH in the general population is around
1:300 for heterozygous FH and around 1:400,000 for
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FH-associated genes, with homozygous FH having a
more severe phenotype [6]. The three genes most com-
monly associated with FH are the LDL receptor (LDLR),
apolipoprotein B (APOB) or proprotein convertase sub-
tilisin/kexin type 9 (PCSK9) (reviewed in [7]). During
genetic testing of Czech patients with a clinical diagno-
sis of FH, a pathogenic variant in the LDLR gene was
found in 22% of patients, while 11% of patients car-
ried an APOB variant, and the rest remained without a
known causal variant [8].

The LDLR gene was the first gene associated with
FH, and its variants remain the most common cause of
FH [8-10]. The LDLR gene is located on chromosome
19, spans 45 kbps and contains 18 exons. It encodes
a protein that is 860 amino acids long, with the first
21 amino acids making up the signal sequence that is
cleaved off during processing, giving rise to a mature
protein of 839 amino acids [11]. The LDLR gene con-
tains 98 Alu repeats, out of which 3 are located in the
3’'UTR, while the rest reside inside introns [12].

Large rearrangements of the LDLR gene are a rela-
tively common cause of FH [8], possibly due to Alu-
mediated rearrangements caused by the high density of
Alu elements inside LDLR introns.

Alu elements are the most common sequence ele-
ments in the human genome, numbering over one mil-
lion copies and making up 11% of the human genome
[13]. Alu elements are transposable elements belong-
ing to the class of short interspersed nuclear elements
(SINE). The name Alu is based on the presence of an
Alul restriction site within these elements [14]. The ele-
ments were originally derived from 7SL RNA [15].

The typical structure of an Alu element is shown in
Fig. 1. Alu elements can be divided into three major
subfamilies: the oldest AluJ, younger AluS and the
youngest AluY. The subfamilies can be distinguished
based on the presence of diagnostic variants. Indi-
vidual Alu elements may differ from each other both
by subfamily-specific variants (which are shared by all
Alu elements belonging to a specific subfamily due to
common origin from the same ancestral Alu) and by
random variants, which are specific to the individual
element (since these variants started accumulating
after the individual Alu element had integrated into
the genome). Youngest Alus have the largest number of
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subfamily-specific variants and the lowest number of
random variants (reviewed in [16]).

Alu elements have been implicated in the generation
of genomic rearrangements [11, 17, 18]. Recombination
between two Alus can generate a new chimeric Alu ele-
ment, with the breakpoint located within a microhomol-
ogy region common to both Alus. In this publication,
the word ,breakpoint “ is used to describe the region of
microhomology in which the break occurred because the
exact location of the break within this microhomology
region cannot be determined. Alu-mediated rearrange-
ments were previously thought to arise mainly through
non-allelic homologous recombination (NAHR) or non-
homologous end joining (NHE]) [19]. Recently, other
mechanisms have been suggested for the generation of
Alu-mediated rearrangements, such as microhomology-
mediated end joining (MME]), fork stalling and template
switching/microhomology-mediated break-induced rep-
lication (FoSTeS/MMBIR), single-strand annealing (SSA),
and others [20-22].

In the present study, we characterized the breakpoints
of eight rearrangements of the LDLR gene found in the
Czech population, in some cases correcting the break-
points published in a previous study [23]. Additionally,
we characterized the breakpoints of all probands carry-
ing the same rearrangement (duplication or deletion of
the same exons as characterized by multiplex ligation-
dependent probe amplification (MLPA)) to explore the
hypothesis that all Czech probands with each rearrange-
ment share the same breakpoint inherited from a com-
mon ancestor.

Methods

Patients

Patients have been identified through the Czech MedPed
project (Make Early Diagnosis to Prevent Early Deaths),
which aims to identify and treat patients with FH in the
Czech Republic [24]. As of 4th March 2022, there have
been 8,918 patients with FH (6,753 unrelated families) in
the Czech MedPed datase.

Patients included in this study carried a large rear-
rangement in the LDLR gene, which had been previ-
ously determined by multiplex ligation-dependent probe
amplification (MLPA) analysis as part of their diagnosis
[8, 23, 25]. Large deletions and duplications make up
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Fig. 1 The structure of an Alu element. One Alu element is about 300 bps long and consists of two monomers separated by a short A-rich
sequence. The left monomer contains a bipartite RNA polymerase Il promoter, composed of an A and a B box. The right monomer contains
an insertion, rendering it 31 bps longer than the left monomer, and ends with a poly-A tail [16]
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approximately 10% of LDLR pathogenic variants found in
Czech patients [8]. Some of these large rearrangements
number among the most common pathogenic variants
found in Czech FH patients, such as deletion of exons
9-14 or duplication of exons 2—6, which have been found
in 28 and 26 independent families, respectively, making
them the 6th and 7th most common pathogenic variants
in Czech FH patients.

For each studied rearrangement, all known Czech
families carrying a specific rearrangement were analysed,
apart from one proband with duplication of exons 2-6,
whose DNA was not available for analysis. The numbers
of analysed families can be found in Table 1. Promoter_
exon2del and exon3_12del were not included in the com-
mon ancestry analysis because these rearrangements
have only one known proband.

Breakpoint analysis

Breakpoint junction sequences were determined by
PCR or nested PCR and subsequent Sanger sequenc-
ing. Nested PCR was used in cases where simple PCR
did not yield a specific product and it was not possible
to design new primers in close proximity of the pre-
sumed breakpoint due to the high density of repeats
inside LDLR introns. Sequences were amplified by Taq
polymerase (Thermo Fisher Scientific) using prim-
ers indicated in Supplementary Table S1 within Addi-
tional file 1, and sequenced using Big Dye Terminator
v1.1 Cycle Sequencing Kit (Thermo Fisher Scientific)
followed by analysis on 3130x] Genetic Analyzer
(Applied Biosystems). To determine the breakpoint
location, sequences obtained by Sanger sequencing of

Table 1 Number of analysed probands and frequencies of
studied rearrangements in the Czech population

Rearrangement Number of Number of Frequency (%) ?
known families analysed
inCR families
promoter_exon- 1 1 0.09
2del
exon2_6dup 26 25 241
exon3_12del 1 1 0.09
exon4_8dup 2 2 0.19
exon5_10del 4 4 037
exon9_14del 28 28 259
exon9_15del 11 11 1.02
exon16_18dup 8 8 0.74

CR - the Czech Republic,

2 Frequency of the rearrangement among other potentially causal LDLR variants
(pathogenic or variants of unknown significance) found in the Czech population.
Frequency was determined as the percentage of probands carrying the specific
rearrangement out of all probands with a pathogenic or VUS LDLR variant
recorded in the Czech MedPed database as of 4th March 2022
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the breakpoint region were compared to the reference
sequence NG_009060.1 or analysed using the Basic
Local Alignment Search Tool (BLAST) of the NCBI
[26]. The description of variants is based on the refer-
ence sequence NG_009060.1(NM_000527.4). Variants
are described in accordance with the recommendations
of the Human Genome Variation Society (v20.05).

Primers were designed so that only the allele with a
deletion or duplication and not the WT allele gave a
product. The specificity of primers was confirmed by
including negative control DNA — DNA from patients
that had no rearrangements of the LDLR gene accord-
ing to a previous MLPA analysis [8, 23, 25]. Agarose gel
electrophoresis of the control PCR products gave no
product while the DNA of patients with the duplica-
tion gave one specific band on the gel. Primers were ini-
tially designed to flank the breakpoints published in a
previous study [23]. In some cases, primers identical to
those published in a previous study were used [23]. In
the case of exon3_12del, the primer design was based
on the approximate location of the breakpoint as deter-
mined by CNV analysis of NGS data.

Haplotype analysis

To determine if the rearrangements were inherited
from a common ancestor, we aimed to determine the
haplotype associated with a specific rearrangement in
different families carrying the same rearrangement.
Two strategies were used to obtain a haplotype. First,
the sequences obtained during sequence analysis of
the breakpoints were searched for sequence variants
in close proximity of the breakpoint in all families
(see Breakpoint analysis). Because the primers were
designed to only amplify the allele carrying the rear-
rangement, all observed variants are in cis with the
rearrangement.

Secondly, common variants found in the LDLR gene
were genotyped in probands and their relatives (if
available). Sanger sequencing was used to genotype
polymorphisms commonly found within or near LDLR
exons. Variants for genotyping were chosen based on
their frequency in the European non-Finnish popu-
lation according to gnomAD v4.0.0. The population
frequency of chosen variants was between 0.063 and
0.75. A list of chosen variants and their population
frequencies can be found in Table 2. Primers used for
the amplification of genotyped regions can be found in
Supplementary Table S2 within Additional file 1.

Together, the variants found in close proximity of
breakpoints and common variants further away in the
LDLR gene were used to create a haplotype.
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Table 2 Frequent variants used for haplotyping

Variant? Protein change Frequency Location
(gnomAD)®

c81CT p.Cys27Cys 0.1232 exon 2
¢.190+56G>A 0.06341 intron 2
€.1706-55A>C 0.5890 intron 11
c1725C>T p.Leu575Leu 0.1309 exon 12
c1773C>T p.AsN59TAsn 04461 exon 12
€2232A>G p.Arg744Arg 0.7534 exon 15
C.2548-42A>G 04876 intron 17

A list of all variants used in haplotype analysis. Not all variants were used for
haplotyping all rearrangements

@ Description of variants is based on the reference sequence
NG_009060.1(NM_000527.4)

b population frequency of the variant in the European non-Finnish population
according to the gnomAD database v4.0.0

Analysis of repeats

Repetitive sequences were identified using RepeatMasker
version open-4.0.9 [27]. To determine the sequence iden-
tity of Alu elements present at both sides of the break-
point junctions, Emboss NEEDLE was used for pairwise
global alignment of the two repeats surrounding the
breakpoints [28].

NGS

To narrow down the breakpoint position, copy number
variation (CNV) analysis of next-generation sequencing
(NGS) data was performed. The sequencing library was
prepared using the method of Hybridization Capture-
Based Target Enrichment for NGS (Roche), following
KAPA HyperCap Workflow v3.0. Genomic DNA was
enzymatically fragmented using the KAPA HyperPlus kit
(Roche), ligated to KAPA Universal Adapters (Roche).
The sample library was amplified by PCR using KAPA
UDI Primer Mixes (Roche) and KAPA Hifi HotStart
Ready Mix (Roche), purified using KAPA HyperCapture
Bead kit (Roche), and hybridized to KAPA Hyper Choice
MAX 3 Mb probes (Roche), PCR amplified and purified
using KAPA HyperCapture Bead kit (Roche). Enriched
samples were sequenced on the NextSeq sequencer
(Illumina).

Data analysis was performed in QIAGEN CLC Genom-
ics Workbench v.21.0.5. CNV regions within NGS data
were identified by applying a threshold to adjusted fold-
change. The threshold used was<-1.38 fold-change
(adjusted) for a deletion and > 1.29 fold-change (adjusted)
for a duplication. These in-house thresholds have previ-
ously been determined by analysis of control samples by
the same method. The control samples were DNA sam-
ples in which a deletion or duplication had previously
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been identified by MLPA analysis. Thresholds were set as
the minimum/maximum fold-change (adjusted) identi-
fied in a region that has been determined to be deleted/
duplicated (respectively) by MLPA.

Analysis in QIAGEN CLC Genomics Workbench only
allowed for approximate determination of the breakpoint
region. Next, we attempted to identify the exact location
of the breakpoint by visually examining the data in Inte-
grative Genomics Viewer (IGV) v.2.5.0 [29].

Results

Breakpoints of LDLR rearrangements in Czech FH
patients have already been published in 2010 by Gold-
mann et al. [23]. The goal of this study was to analyse
the breakpoints in all known families with these rear-
rangements available 10 years later in order to determine
whether all Czech families share the same breakpoint. A
secondary goal was to analyse the breakpoint region for
the presence of Alu repeats to determine the role of these
repetitive elements in the generation of rearrangements
within the LDLR gene.

Breakpoint characterization

To determine the breakpoint position of selected rear-
rangements of the LDLR gene, PCR or nested PCR and
Sanger sequencing were used.

The studied rearrangements included 5 deletions and
3 duplications within the LDLR gene. Among these were
the four most common LDLR rearrangements in the
Czech population (number of probands ranging from
8 to 28), and four less common rearrangements (1-4
probands) (Table 1). The size of analysed rearrangements
ranged between 6 and 17 kbps. All of the breakpoints
occurred within the introns of the LDLR gene, except for
duplication of exons 16—18, which involved the 3’'UTR.
The breakpoint position and size of the rearrangement
determined in this study is shown in Table 3, while the
sequence is shown in Additional file 2. For each of the
analysed rearrangements, all Czech probands with a
specific rearrangement shared identical breakpoint posi-
tions. The breakpoint of an Alu-Alu rearrangement is
typically found inside a microhomology region — a region
with identical sequence in both Alus surrounding the
breakpoint. The exact position of a breakpoint within this
microhomology region cannot be determined.

Haplotype analysis

To determine if each rearrangement was inherited from
a common ancestor in all patients with a specific rear-
rangement in the Czech population, the haplotypes asso-
ciated with specific rearrangements were analysed in
different families carrying the same rearrangement.
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Table 3 Position of breakpoints, and their comparison with a previous study
Rearrangement Breakpoint determinedin  Breakpoint accordingtoa Difference between the breakpoints  Duplication/
the current study ? previous study [23]° determined in each study (bps) © deletion size
(bps) @
promoter_exon2del €.-1823_190+566del = 13,186
exon2_6dup €.6743545_940+917dup €. 67+3968_940+296dup 1,044 15,272
exon3_12del €.191-481_1846-1096del €.190+984_1846-1160del 790 16,814
exon4_8dup €.314-443_1187-385dup €.314-446_1187-386dup 2 8117
exon5_10del €.695-67_1586+371del = 7,636
exon9_14del €.1186+700_2141-545del = 10,291
exon9_15del ¢.1187-169_2312-790del = 14,110
exon16_18dup €.2312-2067_*1216dup €2311+1941_*1216dup 656 6,592

Breakpoints of these rearrangements in the Czech population have already been determined in 2010 by Goldmann et al. [23], presumably using the same patients.
Surprisingly, the position of some of these breakpoints was determined to be different in the current study (see Additional file 3 for more details)

2 Description of variants is based on the reference sequence NG_009060.1(NM_000527.4)

b"—" denotes that the breakpoint was the same in both studies

“The difference was computed as the difference between the size of the deletion/duplication as determined in each study

9 size of the rearrangement (either duplication or deletion) based on the breakpoints determined in the current study

First, the sequences obtained during Sanger sequenc-
ing analysis of the breakpoints were searched for
sequence variants within a few hundred bps away of the
breakpoint. Two rearrangements were found in only
one proband, and thus were excluded from the haplo-
type analysis. Six rearrangements were found in more
than one family. In 5 out of these 6 rearrangements,
Sanger sequencing revealed at least one sequence vari-
ant in close proximity of the breakpoint (Table 4; Addi-
tional file 2). Two of these variants were unique and
specific to a certain rearrangement, while the others
were common in the population. For each of these 5

Table 4 List of variants found in close proximity of the breakpoint

rearrangements, the variants were identical in all ana-
lysed families carrying the same rearrangement.
Notably, all 28 probands with exon9_1l4del carried a
novel, previously unreported variant NG_009060.1(NM
_000527.4):c.1186+684A>C, which was situated 11 bps
away from the breakpoint (11 bps from the 5’ end of the
microhomology region). All probands with exon9_15del
carried a rare variant ¢.1187-269_1187-266TG[4],
which has not been reported in gnomAD v4.0.0, but it
has been reported as a rare variant in 14KJPN, 8.3KJPN
and KorealK databases in Japanese and Korean popu-
lation, respectively (see rs1555805065). In four rear-
rangements (exon2_6dup, exon5_10del, exon9_15del,

Rearrangement Variant?® Frequency (gnomAD) ® Distance from the breakpoint Length of
(bps) © sequenced
region (bps)

exon2_6dup €.9404793_940+795dup 0.5962 100 401

exon4_8dup none found - - 256

exon5_10del €.694+285A>C 04519 609 759
€.6944+341G>A 0.5075 553

exon9_14del €.1186+684A>C NR¢ M 277

exon9_15del €2312-759_2312-754del 0.04835 20 446
€.1187-269_1187-266TG[4] NR¢ 64

exon16_18dup c*¥1216dup 0.7005 1 579

These variants were identical in all families with each breakpoint. Only those rearrangements that were found in more than one family are listed. In both families with

duplication of exons 4-8, no variants were found in the sequenced region of 256 bp

2 Description of variants is based on the reference sequence NG_009060.1(NM_000527.4)

b population frequency of the variant in the European non-Finnish population according to the gnomAD database v4.0.0

¢ Distance of the variant from one end of the microhomology region surrounding the breakpoint

9 NR - not reported in gnomAD v4.0.0 - signifies a unique variant associated with a specific rearrangement
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exonl6_18dup), all probands carried one or two identi-
cal variants, that were common in European non-Finnish
population according to the gnomAD database. In both
families with exon4._8dup, no variant was found in the
256 bps long analysed region around the breakpoint.

In addition to variants that were found in close proxim-
ity of breakpoints, common LDLR variants situated fur-
ther away from the breakpoints were haplotyped. A list
of common variants used for haplotyping can be found
in Table 2.

The resulting haplotype is a combination of variants
found in close proximity of the breakpoint, and fre-
quent variants in or near LDLR exons. The haplotype was
obtained in 20 out of 26 families with exon2_6dup, 2 out
of 2 families with exon4_8dup, 4 out of 4 families with
exon5_10del, 16 out of 28 families with exon9_14del,
8 out of 11 families with exon9 15del, and 5 out of 8
families with exonl6_18dup. All the analysed families
with a specific rearrangement had the same haplotype
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associated with the rearrangement. The obtained haplo-
types are shown in Table 5.

Analysis of Alu repeats

To assess the role of Alu repeats in the generation of the
rearrangements, the position of repeats within the LDLR
gene was annotated using RepeatMasker. If the break had
occurred in an Alu repeat on both sides of the break-
point, the sequence identity of the two repeats in which
the break occurred was determined using the global
alignment tool Emboss Needle.

The characteristics of repeats present at the break-
points are shown in Table 6 and Fig. 2.

All breakpoints were located inside an Alu element
except for one. The duplication of exons 4-8 joined
together an Alu element with Mer83, which is an LTR
retrotransposon without sequence homology to Alu
repeats. In 3 out of 8 rearrangements, the recombination

Table 5 Haplotypes associated with specific LDLR rearrangements in the Czech population

Rearrangement Haplotype associated with the rearrangement

Exon2_6dup exon2_6dup (c.67+3545_940+917dup) — ¢.940+793_940+795dup — ¢.1706-55C - c.1725C - c.1773T
Exon4_8dup c.81C — exon4_8dup (c.314-443_1187-385dup) - c.1773C

Exon5_10del €.694+285C - c.694+341A — exon5_10del (c.695-67_1586+371del) - c.1706-55C - ¢.1725C — c.1773T
Exon9_14del c81C - .1186+684C — exon9_14del (c.1186+700_2141-545del) - c.2232G - c.2548-42G
Exon9_15del c81C-c.190+56G — ¢.1187-269_1187-266T1G[4] — exon9_15del (c.1187-169_2312-790del) - c.2312-

759_2312-754del - c.2548-42G

Exon16_18dup

€.1706-55C - ¢.1725C = c.1773T — exon16_18dup (c.2312-2067_*1216dup) — c*¥1216dup

Haplotypes were obtained in the majority of families with each rearrangement. All analysed families with a specific rearrangement shared the same haplotype as

denoted in the table

Table 6 Characteristics of repeats present at the breakpoint

Rearrangement  Classification and Classification and Repeats in Chimeric Alu Homology Lengthof Length of
orientation of orientation of the same formation® between thetwo alignment microhomology
repeat 1° repeat 2? orientation repeats (%) © region (bps)

promoter_exon- <AluY <AluY yes yes 89 306 42

2del

exon2_6dup <AluSx <AluSx yes yes 77 305 23

exon3_12del > AluY > AluY yes yes 91 304 49

exon4_8dup < AluSx non-Alu (MER83)  no homology no 35 99 2

exon5_10del <Alulb > AluSx no no 35 395

exon9_14del <AluJb <AluY yes yes 87 280

exon9_15del <AluJb <AluSx yes yes 70 142 32

exon16_18dup > AluY > AluSx yes yes 84 291 0

2">" denotes that the Alu element aligns to the consensus Alu sequence in a 5'=>3’ orientation. " <" denotes reverse complementary orientation. Classification of
repeats is based on an analysis with RepeatMasker, version open-4.0.9, cross_match mode

b Chimeric Alu formation — A chimeric Alu was formed if the break occurred at the same location in both repeats flanking the breakpoint (+-a few bps)

¢ Global homology between the two repeats flanking the breakpoint was determined using the EMBOSS Needle tool [28]. (If the polyA tail was longer in one repeat
than the other, the extra As were excluded for the sake of calculating the percent homology.)

9 Length of the alignment that was used to compute percent homology between two repeats
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Exon 1 2 3 456 78 910 1112 1314 15 16 17 18+3‘UTR
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Fig. 2 Schematic representation of rearrangements and repetitive elements present at breakpoints. The figure shows the sizes of studied
duplications (top part) and deletions (bottom part), along with the character of repeats on each side of the breakpoint. The rearrangements

are shown relative to the whole LDLR gene, which is shown at the top of the figure. In the LDLR schematic, exons are denoted by a vertical line,
while the horizontal line represents introns. The orientation of coloured triangles denotes the orientation of Alu repeats at breakpoints, while their

colour denotes an Alu repeat subfamily (as determined by RepeatMasker)

was mediated by a pair of Alu elements belonging to the
same subfamily.

In 6 out of 8 rearrangements (2 duplications and 4 dele-
tions), there was high homology (>70%) between the two
Alu repeats in which the break occurred. In these cases,
the two repeats were in the same orientation and the
break occurred in a microhomology region at the same
position within the two repeats, creating a new chimeric
Alu element. The average percent identity between these
6 pairs of Alu repeats was 83%, ranging from 70 to 91%
(Table 6).

In 2 remaining rearrangements (1 duplication and 1
deletion) there was low homology (35%) between repeats
surrounding the breakpoint. In the case of exon4_8dup,
the recombination occurred between an Alu element
and a non-Alu repetitive element Mer83. In the case of
exon5_10del, the two Alu repeats flanking the breakpoint
were in opposite orientations.

In the case of deletion of exons 9-15, it was hard
to compute the percent homology as the breakpoint
in intron 8 is inside a partial Alu repeat that has had
another Alu repeat inserted inside of it. Taking only
the partial Alu surrounding the breakpoint in intron
8 and aligning it with half of the Alu surrounding the
breakpoint in intron 15, the homology of these two par-
tial Alus was 70% in a region of 142 bps. The region of
(imperfect) homology was shorter than for most other
rearrangements reported in this work, but the micro-
homology (region of perfect homology) was longer.

For all the rearrangements analysed in this publica-
tion, the length of the microhomology region present
at the breakpoint junction ranged from 0 to 49 bps
(Table 6), mean 19.6 bps. The longest microhomology
was in the case of exon3_12del (49 bp). The breakpoint
of exon16_18dup contained no microhomology.

Table 7 The position of the rearrangement determined by NGS analysis

Rearrangement CNV position determined by NGS analysis Genome assembly
promoter_exon2del NC_000019.10:9.(1064802_11089989)_(11099765_11101419)del GRCh38/hg38
exon2_6dup NC_000019.9:9.(11202240_11211067)_(11217915_11221511)dup GRCh37/hg19
exon3_12del NC_000019.10:g.(11101200_11113952)_(11118252_11119410)del GRCh38/hg38
exon4_8dup NC_000019.10:9.11104775_(11112575_11113852)dup GRCh38/hg38
exon5_10del NC_000019.10:g.11106498_11114129del GRCh38/hg38
exon9_14del NC_000019.9:9.(11221955_11224202)_(11232040_11233837)del GRCh37/hg19
exon9_15del NC_000019.10:9.(11112476_11113952)_(11126051_11128869)del GRCh38/hg38
exon16_18dup NC_000019.9:9.(11236220_11237023)_(11241550_11244171)dup GRCh37/hg19

In cases where the breakpoint was inside a sequenced region, it was sometimes possible to determine the exact location of the breakpoint when viewing the
genomic data in IGV. In other cases, only the approximate location of the breakpoint could be determined after analysing the data in QIAGEN CLC Genomics

Workbench v.21.0.5
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NGS CNV analysis

To narrow down the breakpoint position or to confirm a
breakpoint determined by Sanger sequencing, CNV anal-
ysis of NGS data was performed (Table 7).

In most cases, NGS CNV analysis did not allow for
accurate determination of breakpoint position, due to the
method’s inability to reliably sequence repetitive regions,
such as Alu repeats, which are plentiful inside the introns
of the LDLR gene. Thus, the NGS analysis was mostly
used to narrow down the breakpoint position within
the bounds of a few Alu repeats, sometimes only within
a certain intron. In a few cases, the exact location of the
breakpoint could be determined by visually examining
the data in IGV.

For exon5_10del, it was possible to determine the exact
position of the breakpoint using solely NGS analysis. The
deleted region determined by NGS was identical to the
deleted region determined by Sanger sequencing with
the exception that the deletion according to NGS did
not include the microhomology region surrounding the
breakpoint.

All breakpoints determined by Sanger sequencing in
this study fell within the borders determined by the NGS
CNYV analysis.

Discussion

Common ancestry

In the present study, the breakpoints of eight large rear-
rangements within the LDLR gene were characterized
in the Czech population. The main goal of this work
was to determine whether all Czech families with the
same rearrangement carry identical breakpoints inher-
ited from a common ancestor. Sequence analysis of
all Czech families carrying exon2_6dup, exon4_8dup,
exon5_10del, exon9_14del, exon9_15del, exonl6_18dup
was performed (with the exception of one proband of
exon2_6dup, whose DNA was not available for analysis).
(The remaining two rearrangements whose breakpoint
was analysed in this publication, namely exon3_12del and
promoter_exon2del, were found only in one proband,
and thus excluded from this analysis.) For each of these
6 rearrangements, all Czech families with a specific rear-
rangement shared identical breakpoint positions and
sequences.

There are two possible reasons why the breakpoint was
identical in all families with the same rearrangement.
This could be the result of either a founder mutation
in the Czech population or a recurrent rearrangement
mediated by the same microhomology region within the
same pair of Alu repeats in each family. However, the
possibility of a recurrent rearrangement seems less likely.
Even though recurrent rearrangements mediated by the
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same pair of Alu repeats have been reported by Vocke
et al. [30], the breakpoint was not the same in all families
with the recurrent Alu-mediated rearrangement. Vocke
et al. [30] described several recurrent rearrangements
occurring in the same pairs of Alu repeats in the VHL
gene. Firstly, they described a “hotspot” Alu repeat-based
deletion of exon 3 of the VHL gene. Among 12 families
with recombination occurring between the same pair
of Alu-repeats, there were 4 distinct (distinguishable)
breakpoints. In addition, they described four families
with a deletion of exon 2, in which case all four families
had a deletion occurring between the same pair of Alu
repeats, but different breakpoint positions within these
repeats. Three other VHL deletions were each found in
two families, with the rearrangement occurring in the
same pair of Alu repeats in both families, but with a dif-
ferent breakpoint.

In contrast, among our patients, there were relatively
large sets of families with the same breakpoint. Whereas
12 families described in Vocke et al. [30] had four dif-
ferent breakpoints within the same pair of Alu repeats,
the current study included as many as 28 families with
exon9_l4dup and 26 families with exon2_6dup that
shared exactly the same breakpoint. If this was a case of
a recurrent rearrangement, it seems likely that at least
some of these families would have a different breakpoint.

To obtain further evidence for the common origin of
these rearrangements in the Czech population, haplo-
types associated with the rearrangements in multiple
families carrying the same rearrangement were deter-
mined, and the results showed that families with the
same rearrangement shared the same haplotype.

Based on these findings, it is likely that in all Czech
families with duplication of exons 2-6, exons 4—8 and
exons 16-18, and the deletion of exons 5-10, 9-14
and 9-15, the rearrangement comes from a common
ancestor.

There is also a concerning possibility that a PCR arte-
fact could have arisen during our analysis. This could
potentially explain why the resulting breakpoint was the
same in all probands with the same rearrangement. How-
ever, the fact that all analysed families also had the same
haplotype associated with the rearrangement makes this
option less likely.

The role of Alu repeats in the generation

of rearrangements

For 7 out of 8 breakpoints, the rearrangement occurred
between two Alu repeats. To determine the role of Alu
repeats in the generation of these rearrangements,
the percent identity of the two Alu repeats was taken
into account, as well as the fact whether the break has
occurred in the same position in the two repeats or not.
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In 6 out of 8 rearrangements (2 duplications and 4
deletions), there was high homology (>70%) between
the two Alu repeats in which the break occurred. In
these cases, the two repeats were in the same orienta-
tion and the break occurred in a microhomology region
at the same position within the two repeats, creating
a new chimeric Alu element. Based on these obser-
vations, Alu elements likely played a role in the gen-
eration of these 6 rearrangements. In 3 out of these 6
rearrangements, the recombination was mediated by a
pair of Alu elements belonging to the same subfamily.

In the remaining 2 out of 8 rearrangements, there was
low homology (35%) between repeats surrounding the
breakpoint. The role of Alu repeats in the generation of
these rearrangements is uncertain.

Only in one out of 8 rearrangements, the break did
not occur in two Alu repeats. In the case of exon4_8dup,
one break occurred within an AluSx repeat inside
intron 3, and the other one occurred within a short
fragment of Mer83 inside intron 8. Mer83 belongs to
the class of LTR retrotransposons without sequence
homology to Alu repeats. This Mer83 fragment was
located between an AluSx repeat and a Tigger4a repeti-
tive element, as identified by RepeatMasker version
open-4.0.9. Although the sequence homology of the
two repeats in which the break occurred (AluSx and
Mer83) was quite low (35%), there was another AluSx
element 53 bp upstream of the breakpoint, which was
75.3% identical to the breakpoint Alu in intron 3. There
is a possibility that these two Alus could have aligned,
contributing to the generation of the rearrangement.
The rearrangement could have been initiated by the
pairing of two Alu repeats, even if the resulting break
occurred elsewhere [22]. Alternatively, the break could
have been generated in an Alu-independent manner,
and the position of one of the breaks within an Alu ele-
ment could have been a coincidence due to the high
density of Alu repeats within the introns of the LDLR
gene.

In the case of exon5_10del, the break occurred at
the 3’ end of two Alu repeats, which were oriented in
opposite directions. The homology of the two repeats
in this orientation was only 35%. If one of the repeats
is reverse-complemented, the homology is 62%, which
is still lower than other Alu pairs in this study. Directly
upstream of the breakpoint-Alu in intron 4 is another
Alu repeat, which could potentially pair with the
breakpoint-Alu in intron 11. However, the homology
between these two repeats is only 33%. In conclusion,
there does not seem to be any significant homology in
the close vicinity of this breakpoint. This deletion prob-
ably occurred independently of Alu repeats.
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In conclusion, Alu elements likely played a role in the
generation of the majority of rearrangements within the
LDLR gene, but not necessarily all of them.

Correction of a previous study

The breakpoints of these rearrangements have already
been analysed on a smaller number of Czech probands by
Goldmann et al. [23]. In the current study, we analysed
the breakpoints of these rearrangements with a larger
number of probands from the Czech population. We have
also made the breakpoints characterised in Goldmann
et al. [23] more accurate (Table 3). In 3 cases, the position
of the breakpoint differed from that published by Gold-
mann et al. by several hundred bps (656, 790 and 1044
bps in exonl6_18dup, exon3_12del and exon2_6dup,
respectively). In one case, the breakpoint position deter-
mined in this study differed from the previous study by
only a few bps (exon4_8 dup). For exonl6_18 dup, the
new breakpoint position determined in the current study
was also supported by our CNV analysis of NGS data.
NGS analysis could narrow down the breakpoint posi-
tion to a region of 465 bps. This region included the new
breakpoint position, but not the previous one. The pos-
sible causes of the discrepancies between this study and
the previous study are discussed in Additional file 3.

Strengths and limitations

The strength of this study lies in having access to DNA
samples from all the Czech FH patients thanks to the
MedPed project. This allowed us to analyse each rear-
rangement in all the known probands in the Czech popu-
lation in order to gain new insights into the spread and
maintenance of aberrant alleles in the population.

The main limitation of the breakpoint characteriza-
tion was the inability to explain why the breakpoint
of exon2_6dup was different from the previous study
[23]. Although other differences in breakpoint place-
ment between these two studies could be explained (see
Additional file 3), the source of the discrepancy in the
breakpoint placement for exon2_6dup remains elusive.
We hypothesised that this discrepancy could have been
caused by a PCR artefact but we were unfortunately una-
ble to provide experimental evidence of this artefact.

The haplotype analysis had several limitations. For
some rearrangements, the haplotype analysis could not
be completed in all families because some probands had
no relatives available for analysis. However, a partial hap-
lotype was obtained for families without a full haplotype,
and the partial haplotype was consistent with the hap-
lotype determined in other families with the same rear-
rangement. Table 4 shows a list of variants that were
found in cis in close proximity of the breakpoint, and
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those variants were identical in all probands with the
same rearrangement.

Another limitation is the fact that the haplotype analy-
sis included a relatively low number of variants, some
of which had low allele frequency in the European non-
Finnish population, notably c.190+56G>A with a fre-
quency of 0.06341 (Table 2). The conclusions of the study
could be strengthened by including more variants in the
haplotype analysis.

Conclusions

The goal of the present study was to analyse the break-
points of several large rearrangements inside the LDLR
gene. Sequencing the breakpoints in all Czech probands
with each rearrangement has shown that the breakpoint
of each rearrangement was the same in all Czech fami-
lies. In addition, families with a certain rearrangement
also had the same haplotype associated with the rear-
rangement. This result points to the likelihood that these
rearrangements originate from a common ancestor, giv-
ing us a deeper insight into the genetics of FH in the
Czech population.

The finding that Czech patients with a specific LDLR
rearrangement typically have a specific breakpoint
could streamline cascade testing in families of Czech
FH patients. Nowadays, the primary method used for
detecting large rearrangements in the LDLR gene is an
NGS analysis or MLPA. However, the use of such cost-
intensive methods may not be necessary to confirm the
presence of the rearrangement in relatives of patients
carrying a known rearrangement. This study opens up
an opportunity to use PCR amplification and Sanger
sequencing of breakpoints as a time- and cost-effective
alternative to NGS or MLPA for confirmation of a spe-
cific rearrangement in the Czech population. Primers
supplemented in this study can be readily used for this
purpose.

Additionally, the breakpoint sequences were analysed
for the presence of Alu repeats, revealing that most rear-
rangements had homologous Alu repeats flanking the
breakpoint. In conclusion, Alu repeats could have had a
role in the generation of most of these rearrangements.
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