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Familial hypercholesterolemia (FH) is an autosomal dominant lipid metabolism disorder
characterized by severely elevated plasma low-density lipoprotein cholesterol levels. The
disease is caused by mutations in 3 genes (LDLR, APOB and PCSK9) while over 90% of
the mutations are located within the LDLR gene. Thus, genetic analysis of the LDLR gene is
the first step in the genetic diagnosis of FH. However, conventional methods like Sanger
and NextGen sequencing are still costly and time-consuming. In contrast, Oxford
Nanopore technology sequencing is an emerging third-generation sequencing
technology featured by easy operability, low cost, small size and the capability of
parallel sample sequencing. Here, we present an easy Nanopore-sequencing-based
workflow for the rapid genetic testing of FH taking only 3 days and costing less than
$50 per sample without the requirement for deep bioinformatic knowledge. Using our
workflow, we were able to identify the underlying pathogenic variants of 10 FH patients
including one novel, not yet recorded pathogenic variants. Our workflow allows the rapid
evaluation of the pathogenic variants by utilizing detailed variant information from Ensembl.
Additionally, our workflow is not restricted to sequencing the LDLR gene alone but can be
easily adapted to the other FH-causing genes and more importantly, to any desired gene
contributing to any hereditary disease. Therefore, our workflow is an attractive opportunity
for every diagnostic laboratory to offer fast and easy in-house genetic diagnostics.

Keywords: familial hypercholesterolemia, LDL receptor, rapid genetic testing, oxford nanopore sequencing, long
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INTRODUCTION

Familial hypercholesterolemia (FH) is an autosomal dominant disorder of lipid metabolism
characterized by highly elevated plasma levels of low-density lipoprotein cholesterol (LDL-C).
Affected individuals have a high risk for the development of premature atherosclerosis and early
onset coronary artery disease due to impaired clearance and accumulation of low-density lipoprotein
(LDL) particles in the cardiovascular system (Youngblom et al., 1993; Defesche et al., 2017; Alonso
et al., 2018). The estimated prevalence of heterozygous FH in European populations is 1/500 but
recent studies suggest a higher prevalence up to 1/200 (Youngblom et al., 1993; Nordestgaard et al.,
2013; Defesche et al., 2017). Individuals with heterozygous FH have markedly elevated plasma LDL-
C levels and if not adequately treated develop coronary artery disease within the third decade of their
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live. Homozygous FH is a very rare condition with a prevalence of
1/1,000,000 in the general population. Similarly, recent studies
estimate a much higher prevalence of 1/300,000 (Defesche et al.,
2017; Benito-Vicente et al., 2018). Homozygous individuals have
extremely elevated plasma LDL-C levels and develop xanthomas,
carotid artery stenosis and aortic valve stenosis in the first decade
of life. Without intervention in early childhood, these individuals
usually die within the first 2 decades of their lives (Youngblom
et al., 1993). The molecular basis for FH are mutations in one of
three genes: low-density lipoprotein receptor (LDLR),
apolipoprotein B (APOB) and protein convertase subtilisin/
kexin type 9 (PCSK9). The LDLR is responsible for the
receptor-mediated endocytosis of LDL particles which consist
of APOB, lipids and cholesterol whereas PCSK9 controls the
amount of LDLR on the cell surface by increasing LDLR
degradation (Benito-Vicente et al., 2018; Roth and Davidson,
2018). The LDLR is expressed mainly in hepatocytes and
accounts for the clearance of 70% of all plasma circulating
LDL (Brown and Goldstein, 1986). Studies on the prevalence
of mutations within these 3 genes showed that the vast majority
(93% in UK population (Humphries et al., 2006)) of mutations is
located in the LDLR gene. To date, more than 3,000 variants
within the LDLR gene have been identified and reported in
ClinVar (Landrum et al., 2018). According to their position
within the coding sequence, FH-causing LDLR variants can be
categorized into five classes: class 1 (no receptor synthesis), class 2
(impaired intracellular receptor transport), class 3 (defective LDL
binding by the receptor), class 4 (defective receptor
internalization) and class 5 (impaired receptor recycling)
(Hobbs et al., 1990).

Given that the majority of FH cases are associated with
pathogenic variants in the LDLR gene, genetic testing by
sequencing of the entire LDLR gene is the first step in genetic
diagnosis of FH. However, conventional Sanger sequencing of
PCR amplicons still is challenging, costly and time consuming for
many routine diagnostic laboratories, especially in cases when
numerous FH samples need to be sequenced. Oxford Nanopore
technology (ONT) sequencing is a third-generation sequencing
technology that enables long-read sequencing in real time.
Nanopore sequencing measures the change of an ion current
when the DNA is passed through a nanopore by a motor enzyme.
This sequence-dependent change in ion current is then used to
determine the bases of the analyzed sequence which is called
basecalling (Jain et al., 2016; Rang et al., 2018). The ONTMiniON
Mk1C device is an easy to operate, low cost and small size
sequencing device that allows sequencing of multiple samples
in parallel. Due to its low computational system requirements, the
ONT MinION sequencing platform is a cost-effective alternative
for every diagnostic laboratory (Jain et al., 2016; Petersen et al.,
2019).

In this report, we describe a Nanopore sequencing for the
genetic analysis of the LDLR gene with the ONT MinION Mk1C
sequencing device protocol using long-amplicon sequencing with
rapid barcoding. Our protocol is fast, easy and allows sequencing
of multiple FH samples in parallel. Our workflow includes a
simple bioinformatic analysis workflow, which does not require
any programming skills to rapidly identify the LDLR variants.

The results allow fast evaluation of the variants by using
information about clinical significance, variant consequence as
well as SIFT and PolyPhen2 predictions.

MATERIALS AND METHODS

Patients
For validation experiments of this study, 4 patients (3 male and 1
female) aged 2–36 years were included who had a genetically
proven diagnosis of homozygous or heterozygous FH and known
disease-causing LDLR variants verified by Sanger sequencing.
The patient characteristics and ethnicities are stated in Table 1.

For the identification of unknown pathogenic variants, 3
patients from a single family (2 male and 1 female) aged
6–40 years and 3 additional unrelated female patients aged
5–43 years with plasma LDL concentration ranging from 5.8
to 18.7 mmol/L and suspected FH based on characteristic
symptoms including xanthomas and a familial history of
premature coronary artery disease were included. The patient
characteristics and ethnicities are stated in Table 2.

All patients attended the Lipids Competence Center of the
Department of Cardiology at the University Hospital Marburg
and gave written informed consent for genetic analysis. All
procedures were in accordance with the Helsinki Declaration
of 1975, as revised in 1996 and the local ethics committee at the
Philipps-University, Marburg.

Genomic DNA Isolation and PCR
Amplification
Genomic DNA was isolated from whole EDTA blood using the
Quick-DNA HMW MagBead Kit (Zymo Research, Freiburg,
Germany). The LDLR gene was amplified in 5 fragments
spanning the promoter region and all 18 exons of the LDLR
gene (Supplementary Table S1). Touchdown PCR reactions
were performed in 25 µl reactions containing 12.5 µL
LongAmp Taq 2X Master Mix (New England BioLabs,
Frankfurt, Germany), 1 µM of each forward primer and
reverse primer and 160 ng genomic DNA. PCR cycling
conditions were: Initial denaturation for 30 s at 94°C; 20 cycles
of 30 s denaturation at 94°C, 30 s annealing at 63–58°C (-0.5°C/2
cycles), 7 min 30 s extension at 65°C; followed by 30 cycles of
denaturation at 94°C, 30 s annealing at 58°, 7 min 30 s extension at
65°C and 10 min final extension at 65°C. Purity and correct sizes
of the amplicons were verified by DNA agarose gel
electrophoresis.

Oxford Nanopore Sequencing
5 µl of each PCR product were treated with the Exo-CIP Rapid
PCR Cleanup Kit (New England BioLabs, Frankfurt,
Germany). 100 fmol of each fragment were pooled (final
volume 25 µl) and used subsequently for library preparation
with the SQK-RBK110.96 rapid barcoding kit (Oxford
Nanopore Technologies, Oxford, United Kingdom). For
addition of rapid barcodes, 2.5 µL of rapid barcode mix and
2.5 µL of nuclease free water were added to 5 µL of the pooled
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fragment mix. The rapid barcoding reaction mixes were
incubated at 30°C for 2 min followed by 2 min at 80°C.
Subsequent cleanup, priming and loading of the MinION
flow cells (FLO-MIN106D) were performed according to the
manufactures protocol. For sequencing with a Flongle flow cell
(FLO-FLG001), half of the volumes for addition of rapid
barcodes were used. Sequencing runs were performed on a
MinION Mk1C instrument (Oxford Nanopore Technologies,
Oxford, United Kingdom).

Bioinformatic Analysis
Bioinformatic analysis was performed with Geneious Prime
2022.0.1 (https://www.geneious.com). Barcoded raw reads were

mapped against the LDLR reference sequence (NG_009060.1)
using the MiniMap2 plugin (Li, 2018). Variant calling was
performed using the implemented Variations/SNP caller.
Found variants were assigned to recorded variants in Ensembl
by the annotation comparison tool (for the detailed procedure
please refer to the guideline in the Supplementary Material).

RESULTS

Validation of the Workflow
We amplified the LDLR gene in 5 fragments covering the
promoter region and the coding sequences of all 18 exons

TABLE 1 | Characteristic of patients selected for the validation experiments and workflow results.

patient ID 1 2 3 4

patient characteristics
age (years) 36 2 32 23
sex M M M F
ethnicity Turkish Turkish Turkish Turkish
TC (mmol/L) 9.18 10.83 8.90 17.93
LDL-C (mmol/L) 7.94 9.18 5.57 16.26
genetic change c.1729T>C c.761A>C c.761A>C c.1567G>A
exon 12 5 5 10
amino acid change p.(Trp577Arg) p.(Gln254Pro) p.(Gln254Pro) p.(Val523Met)
protein consequence missense variant missense variant missense variant missense variant
zygosity (%) heterozygous (39.3) homozygous (88.8) heterozygous (48.4) homozygous (91.5)
dbSNP reference rs8792550000 rs879254667 rs879254667 rs28942080

variant calling summary
total variants 36 22 26 33
recorded in dbSNP 31 16 20 25
not recorded in dbSNP 5 6 6 8
variants in CDS 5 2 3 5
variants in non-CDS 31 20 23 28

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol; CDS, coding sequence.

TABLE 2 | Identification of unknown variants in patients with suspected FH.

patient ID 5 6 7 8 9 10

age 38 6 40 44 13 6
sex F M M F F F
ethnicity German German German German Turkish Lebanese
TC (mmol/L) 7.62 14.86 7.88 12.67 14.86 20.61
LDL-C (mmol/L) 5.81 13.52 6.46 9.59 13.26 18.69
genetic change c.1916T>A c.1916T>A

c.1844A>G
c.1844A>G c.653del c.1474G>A c.1729T>C

exon 13 13/12 12 4 10 12
amino acid change p.(Val639Asp) p.(Val639Asp) p.(Glu615Gly) p.(Glu615Gly) p.(Gly218ValfsTer47) p.(Asp492Asn) p.(Trp577Arg)
protein consequence missense variant missense variant missense variant frame shift missense variant missense variant
zygosity (%) heterozygous

(46.2)
compound heterozygous

(49.7/46.6)
heterozygous

(46.0)
heterozygous (48.5) homozygous

(95.4)
homozygous

(86.6)
dbSNP reference rs794728584 rs794728584/– — rs137853966 rs373646964 rs879255000
pathogenicity likely pathogenic likely pathogenic/– — pathogenic pathogenic pathogenic
SIFT Sim et al. (2012) deleterious deleterious/deleterious deleterious — deleterious deleterious
polyphen2 Adzhubei et al. (2010) benign benign/probably damaging probably

damaging
— probably

damaging
probably
damaging

PROVEAN protein Choi and Chan
(2015)

deleterious deleterious/deleterious deleterious — deleterious deleterious

mutation-taster Steinhaus et al.
(2021)

disease causing disease causing/
disease causing

disease causing disease causing disease causing disease causing

TC, total cholesterol; LDL-C, low-density lipoprotein cholesterol.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8362313

Soufi et al. Nanopore Sequencing Workflow for FH

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


(Figure 1A). Subsequently, an equimolar pooled fragment
library was sequenced by Oxford Nanopore Sequencing. We
then added all recorded variants in Ensembl (variant source
dbSNP/ClinVar) (Howe et al., 2021) within the 5 fragments to
the LDLR reference sequence [NG_009060.1 (O’Leary et al.,
2016)] and mapped 50,000 randomly selected sequence reads
to this reference sequence using the Minimap2 plugin (Li,
2018). Using the Geneious Variant caller, variants within the 5
fragments were identified and compared to the recorded
variants, thereby differentiating between described variants
with their dbSNP reference number and yet undescribed
variants. The bioinformatic analysis was very fast taking in
average 104 ± 9 s for mapping and 19 ± 3 s for variant calling.

To validate this workflow, a total of 4 patients were selected [2
related (father and son) and 2 unrelated] which had diagnosed
FH with known disease-causing LDLR variants (Table 1;
Figure 1B). For all samples, the coverage of the individual
fragments was equally distributed, and the mean coverage was
always above 900 (Figure 1C). In all cases, the variants were
identified (Table 1). By analyzing the variant frequency, we could
also determine the zygosity of the variants (heterozygous: 39%/
48%, homozygous: 89%/92%). Analysis of the variant frequency
from the two related patients (ID 2 + 3) permitted the clear
distinction between heterozygous and homozygous inheritance
pattern. We additionally discovered synonymous variants (2–5)
in coding regions as well as a high proportion of intron variants

FIGURE 1 | Setup and results of the validation experiments for the Nanopore sequencing workflow of the LDLR gene. (A) The LDLR gene (green arrow) is amplified
in 5 fragments (red arrows) covering the promoter region and the coding sequences (yellow arrows) of all 18 exons (dark grey arrows). Please note, that fragment 5 only
covers the starting sequence of exon 18 because the remaining part contains only untranslated sequences. (B) Sanger sequencing results from the 4 patients with
homo- or heterozygous FH showing the pathogenic variants within Exons 5, 10 and 12 including the change on DNA and protein level. (C) Coverage plot of the
individual fragments showing equal distribution of coverage among all fragments exemplary for patient 4. For all 4 patients, the mean coverage was above 900 with a
maximum mean coverage of 2,347.
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FIGURE 2 | Detection of unknown pathogenic LDLR variants in FH patients with the Nanopore Sequencing workflow. (A) Sanger sequencing results confirming all
identified variants with indicated change on DNA and protein level. (B) Graphical illustration showing the genomic and domain structure of the LDLR and the location of
the identified variants within the LDLR gene. The exons and the corresponding protein domain are indicated by the same color.
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(85–91%) without a reported clinical significance or with benign
clinical significance. The majority of the variants found were
recorded in Ensembl (72–86%). Because the analysis of 100,000
randomly selected reads did not significantly improve the variant
calling results, we conclude that 50,000 reads per patient sample is
sufficient for variant analysis.

All pathogenic variants had a strand bias between 52 and 91%
and a p-value of 0 or close to 0. Because high strand bias values
indicate a low confidence hit, we only included variants with a
strand bias lower than 100% into the analysis excluding variants
with a strand bias of 100% (Guo et al., 2012; Currin et al., 2019).

We noted a high amount of tandem repeat deletions/
insertions among the found variants suspecting that this may
be caused by sequencing errors. To test this hypothesis, we tested
if tandem repeat deletions/insertions are found with a higher
frequency in both a healthy control and a FH sample compared to
all non-tandem-repeat variants. Fisher’s test yielded a p −
value � 0.005044 indicating that tandem repeat deletions/
insertions are caused by errors due to Nanopore sequencing.
Consequently, we excluded all tandem repeat deletions/insertions
from the further analysis.

Identification of Unknown Pathogenic LDLR
Variants
To test our workflow on patient samples with unknown
pathogenic variants, we selected 3 patients from a single
family [father (ID 7), mother (ID 5) and son (ID 6)] aged
6–40 years and 3 additional unrelated female patients (ID
8–10) aged 5–43 years with plasma LDL concentrations
ranging from 5.8 to 18.7 mmol/L and suspected FH based on
characteristic symptoms including xanthomas and a familial
history of premature coronary artery disease.

We detected two heterozygous variants in the family. The
father was carrier of the variant c.1844A > G p.(Glu615Gly) in
exon 12 and the mother was carrier of the variant c.1916T > A p.
(Val639Asp) in exon 13. Both variants were confirmed by Sanger
sequencing. The zygosity agreed with the plasma LDL-C
concentrations (patient 5: 5.81 mmol/L, patient 7: 6.46 mmol/
L) indicating a heterozygous FH in the parents. Consistently with
the high plasma LDL-C concentration of 13.52 mmol/L of the
son, we identified a compound heterozygous inheritance pattern
of both variants in the son (Table 2; Figure 2A). Notably, the
variant c.1844A >G p.(Glu615Gly) of the father was not recorded
in any public genetic database (Ensembl, gnomAD and Varsome)
so far indicating the identification of a novel variant.

In patient 8, we found the heterozygous frameshift variant
c.653del p.(Gly218ValfsTer47) in exon 4 confirmed by Sanger
sequencing. This frameshift leads to a stop codon 47 codons
downstream of the deletion resulting in a truncated protein which
explains the higher plasma LDL-C concentration (9.59 mmol/L)
compared to the two other heterozygous variant carriers
(patient 5,7).

In the patients 9 and 10, we identified the homozygous variant
c.1729T > C p.(Trp577Arg) in exon 12 and c.1474G > A
p.(Asp492Asn) in exon 10. The zygosity of both variants in
the patients was consistent with the high levels of plasma

LDL-C (patient 9: 13.26 mmol/L, patient 10: 18.69 mmol/L))
indicating a homozygous FH.

Due to the prevalence of FH, high sample numbers are not
expected in routine diagnosis. Therefore, the use of a single-use
Flongle flow cell over a reusable flow cell is more rational. We
could also identify the variants of patients 6, 7 and 8, when the
samples were sequenced on a Flongle flow cell. Thus, our
workflow is also attractive for the analysis of low sample numbers.

DISCUSSION

In this study, we describe a fast and easy feasible workflow for the
genetic analysis of the LDLR gene using long-amplicon
sequencing with rapid barcoding. Mutations in this gene
contribute to 90% of all disease-causing variants in familial
hypercholesterolemia (Humphries et al., 2006). Our workflow
consists of the amplification of the promoter region and the
coding sequence of all 18 exons via PCR, followed by sequencing
using Oxford Nanopore sequencing technology and rapid
bioinformatic analysis utilizing the software Geneious Prime.
Nanopore sequencing offers several advantages over
conventional sequencing technologies such as low cost, fast
and easy sample preparation, no need of specialized laboratory
requirements, parallel sample sequencing and analysis of long-
read sequence libraries. Thus, this technique is an attractive
approach for every diagnostic laboratory (Jain et al., 2016;
Petersen et al., 2019).

Amplification of long amplicons enabled us to reduce the
sequencing effort to the relevant regions by keeping the sample
preparation effort to a minimum. Additionally, by mapping the
sequence against the LDLR reference sequence instead of the
chromosome 19 reference sequence or the whole human genome,
we minimized the computing time. The subsequent use of the
bioinformatic software Geneious Prime allows the bioinformatic
analysis of the sequencing data without any programming skills.
By adding all variants recorded in Ensembl within the 5
amplicons, we were able to rapidly match found variants to
the recorded variants, thereby allowing rapid evaluation of the
variants using the recorded information about clinical
significance, variant consequence as well as SIFT and
PolyPhen2 predictions (Adzhubei et al., 2010; Sim et al., 2012).

Mapping of raw read sequences against the LDLR reference
sequence was performed using Minimap2 (Li, 2018). We found
that 50,000 reads as input data yielded sufficient coverage (>900)
identifying all known pathogenic variants. Because increasing the
input data to 100,000 reads did not improve the variant calling,
we conclude that using 50,000 reads per patient sample is
sufficient for accurate genetic analysis. Analysis of the variant
frequency allowed the distinct determination of the variant
zygosity. We found variant frequencies of 39–48% for
heterozygosity and 89–92% for homozygosity agreeing with
another study considering variants with variant frequencies of
30–70% as heterozygous (Ahsan et al., 2021).

Strand bias is an indicator for variant calling quality. For the
pathogenic variants analyzed, strand bias ranged from 52 to 91%.
High strand bias values indicate low confidence calls meaning
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that the variant was found on either the forward or reverse strand
with a much higher frequency. However, strand bias depends on
the peripheral sequence around the variant and can differ
between samples, thus filtering of the variant calls by strand
bias should be performed with caution. To prevent the
unintended exclusion of calls wrongly regarded as false-
positive, we only excluded calls with a strand bias of 100%
(Guo et al., 2012; Currin et al., 2019). There are two main
modes leading to sequencing errors in Oxford Nanopore
sequencing: certain sequences with indistinguishable
conductance signals and irregular motor enzyme stepping
(Noakes et al., 2019). This two modes may be sequence-
specific (Currin et al., 2019) which may lead to differing
sequences obtained from basecalling, and therefore account for
varying strand bias of the variant calls.

Among the found variants, there was a high amount of tandem
repeat deletions/insertions. We suspected this to may be caused
by sequencing errors. Consequently, we tested if tandem repeat
deletions/insertions are found with a higher frequency in both a
healthy control and a FH sample compared to all non-tandem-
repeat variants (Fisher’s test: p − value � 0.005044). This
suggests that tandem repeat deletions/insertions are caused by
errors due to Oxford Nanopore sequencing. Therefore, all
tandem repeat deletions/insertions were excluded from the
further analysis. It is reported by ONT that the determination
of the correct number of bases of homopolymers is an issue with
Nanopore sequencing (Brown, 2016). Consistent with other
studies, we assume that tandem repeats lead to
indistinguishable conductance states due to their inherent
nature of repeating identical bases (Rang et al., 2018; Noakes
et al., 2019). Additionally, these errors may be caused by
sequence-dependent kinetics of the motor enzyme (Craig
et al., 2017) complicating the resolution of tandem repeat
length (Noakes et al., 2019; Whitford et al., 2021).
Consequently, nanopore sequencing is reported to cause an
increased frequency of homopolymer deletions (Cretu Stancu
et al., 2017; Whitford et al., 2021).

Our study identified a novel variant in the LDLR gene which
was not listed in the genetic databases (dbSNP, ClinVar, Ensembl,
gnomAD and Varsome). A paternal missense variant c.1844A >
G p.(Glu615Gly) in exon 12 was detected in a FH family with a
compound heterozygous affected child. This variant is located in
the EGF-like domain of the LDLR contributing to the receptor
dissociation due to the lowered pH in endosomes (Figure 2B).
Although, no clinical significance is reported for the identified
variant, in the same codon, a c.1844A > T p.(Glu615Val) FH-
causing variant has been previously reported and classified as
likely pathogenic in ClinVar (Marduel et al., 2010). The in-silico
mutation prediction tools PolyPhen2, SIFT, PROVEAN and
Mutation Taster classified our novel p.(Glu615Gly) LDLR
variant as pathogenic. Taken together, we conclude that the
identified variant c.1844A > G p.(Glu615Gly) is likely to be
pathogenic. In the same family, a maternal heterozygous
missense variant c.1916T > A p.(Val639Asp) in exon 13 was
identified, also located in the EGF-like domain of the receptor.
The variant is reported with conflicting interpretations regarding
pathogenicity in ClinVar. However, Nauck et al. (2001) report

this variant as pathogenic and also published it in a family
with FH.

We identified a heterozygous frameshift variant c.653del
p.(Gly218ValfsTer47) in exon 4 in a female FH patient with
angiographically proven single-vessel coronary artery disease.
The variant is located in repeat 3 of the ligand-binding
domain of the LDL receptor and leads to production of a
shortened non-functional protein product (Giesel et al., 1995).
Finally, our nanopore sequencing workflow identified the
underlying homozygous variants in two girls (7 and 10 years
old) with clinically proven homozygous familial
hypercholesterolemia. In Patient 9, a missense variant c.1729T
> C p.(Trp577Arg) was identified in exon 12. This variant lays
within the highly conserved YWTD repeats that form the six-
bladed ß-propeller domain of the LDLR and is known to produce
a class 2 transport-defective LDL receptor (Soufi et al., 2009). In
patient 10, a missense variant c.1474G > A p.(Asp492Asn) was
detected in exon 10. This variant is also located within the highly
conserved YWTD repeats of the six-bladed ß-propeller domain.
However, this variant seems to produce a class 5 recycling-
defective receptor (Galicia-Garcia et al., 2020).

Although the clinical relevance of genetic analysis of FH is
being controversially discussed (Carlson, 2010; Aatre and Day,
2011), our results show that the identification of the
underlying variants can have direct impact on the
treatment. For example, the identification of the two
homozygous YWTD repeat variants in patients 9 and 10
results in a class 2 and class 5 defect (class 2: transport
defect and class 5: recycling defect). In our experience,
homozygous carriers of these variants neither respond to
statin nor PCSK9 inhibitor treatment, requiring LDL-
apheresis. For these patients, the direct application of lipid
apheresis would spare the patient by preventing unnecessary
stress by ineffective treatment as statins can have severe side
effects (Bełtowski et al., 2009). In contrast, patients 5–7 with
variants affecting receptor dissociation outside of the YWTD
repeats may benefit from statin medication as statin-mediated
LDLR upregulation may compensate for the reduced receptor
recycling. In case of patient 8 with the heterozygous frameshift
variant and a higher LDL-C concentration compared to the
other heterozygous patients, combination therapy of statin and
PCSK9 inhibitors may be sufficient to reduce the LDL-C
concentrations to the recommended level (Alonso et al.,
2018). The additional inhibition of PCSK9 may increase the
presence of the unmutated LDLR by decreasing the turnover
rate of the receptor (Roth and Davidson, 2018). Additionally,
the psychological effect of a confirming positive result may not
be neglected. Studies reported that a definitive positive gene
result helped the patients to accept the diagnosis potentially
increasing patient’s compliance. Also, identification of the
genetic cause often led to reassurance because by knowing
that the relatives are either unaffected or can be early treated
(Aatre and Day, 2011).

Here, we introduced a fast and easy PCR-based sequencing
workflow for the rapid detection of pathogenic LDLR variants in
the diagnosis of familial hypercholesterolemia. Through the use
of Oxford Nanopore sequencing as a cost-effective method
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without the need for major system requirements and specialized
laboratory equipment, our technique is an attractive easy-to-use
tool for all diagnostic laboratories (Jain et al., 2016; Petersen
et al., 2019). Identification of LDLR variants by traditional
Sanger sequencing can be still challenging, costly and slow,
especially when multiple patient samples need to be analyzed
(Whitford et al., 2021). Also, other NextGen sequencing
technologies for genetic diagnostics still are expensive
(Petersen et al., 2019). For example, genetic analysis of the
LDLR of one patient by Sanger sequencing would cost $1,060
and $890 by NextGen sequencing (PreventionGenetics, 2021).
In contrast, considering the costs of DNA purification, PCR
reagents, the Flongle flow cell and the rapid barcoding kit, the
costs per sample minus labor are $109. Furthermore, the costs
per sample depend on the number of samples sequenced by our
workflow leading to a significant reduction if more than one
sample is analyzed. So, for 3 patients (e.g., a patient and two
family members), the costs per sample analyzed by Sanger
sequencing are $1,060 ($3,180 in total) and $557 ($1,670 in
total) when analyzed by NextGen sequencing
(PreventionGenetics, 2021) while costs per sample analyzed
with our workflow are reduced to $49 ($147 in total).
Therefore, standard analysis of the patient’s family instead of
the patient alone would be rational allowing early preventive
treatment of affected family members.

Additionally, analysis using our workflow is notably faster and
cheaper than analysis by Sanger or NextGen sequencing taking
18 days for standard order or 14 days for STAT order
(PreventionGenetics, 2021). In contrast, upon arrival of the
blood sample analysis of our workflow is completed within
3 days.

Finally, our workflow is not restricted to sequencing the
LDLR gene alone but can be easily adapted to the other genes
related with FH and most importantly, to any desired gene
contributing to any hereditary disease by using our template
documents (Supplementary Templates). We are currently
adapting our workflow to the screening of genes associated
with cardiomyopathy. Thereby, our workflow can be used to
offer genetic diagnostics for a variety of clinically relevant
hereditary diseases. Due to the technique of Nanopore
Sequencing, these different samples can even be sequenced
in the same run, thereby reducing the time and cost for the
analysis. We believe that the workflow presented in this study
is an attractive opportunity for every diagnostic laboratory to
conduct fast and easy genetic diagnostics especially valuable
for clinics to provide fast in-house genetic diagnostics.

DATA AVAILABILITY STATEMENT

The raw data supporting the conclusion of this article will be
made available by the authors, without undue reservation.

ETHICS STATEMENT

The studies involving human participants were reviewed and
approved by the Ethical commitee of the Department of Medicine
of the Philipps University Marburg. Written informed consent to
participate in this study was provided by either the participant or
the participants’ legal guardian/next of kin.

AUTHOR CONTRIBUTIONS

MS developed the study concept. SB developed the bioinformatic
workflow and conducted the bioinformatic analysis. MS and SB
performed the laboratory experiments and wrote the manuscript.
MS, SB, and VR designed the study and performed the Nanopore
Sequencing. BK and JS did the clinical evaluation of the patients
and the data collection. BS and JS supervised the study. BS, JS, and
VR critically reviewed the manuscript. All authors read and
approved the final manuscript.

FUNDING

This work was supported by a research grant from the Verein zur
Förderung der Kardiologie inMarburg e.V (VfdK) toMS and VR.
JS has received life-long research support from the Reinfried Pohl
Foundation.

ACKNOWLEDGMENTS

Wewould like to thank the patients and families who participated
this project.

SUPPLEMENTARY MATERIAL

The SupplementaryMaterial for this article can be found online at:
https://www.frontiersin.org/articles/10.3389/fgene.2022.836231/
full#supplementary-material

REFERENCES

Aatre, R. D., andDay, S.M. (2011). Psychological Issues in Genetic Testing for Inherited
Cardiovascular Diseases. Circ. Cardiovasc. Genet. 4, 81–90. doi:10.1161/
CIRCGENETICS.110.957365

Adzhubei, I. A., Schmidt, S., Peshkin, L., Ramensky, V. E., Gerasimova, A.,
Bork, P., et al. (2010). A Method and Server for Predicting Damaging
Missense Mutations. Nat. Methods 7, 248–249. doi:10.1038/
nmeth0410-248

Ahsan, M. U., Liu, Q., Fang, L., and Wang, K. (2021). NanoCaller for
Accurate Detection of SNPs and Indels in Difficult-To-Map Regions from
Long-Read Sequencing by Haplotype-Aware Deep Neural Networks. Genome
Biol. 22, 261. doi:10.1186/s13059-021-02472-2

Alonso, R., Perez de Isla, L., Muñiz-Grijalvo, O., Diaz-Diaz, J. L., and Mata, P.
(2018). Familial Hypercholesterolaemia Diagnosis and Management. Eur.
Cardiol. Rev. 13, 14. doi:10.15420/ecr.2018:10:2

Beltowski, J., Wójcicka, G., and Jamroz-Wisniewska, A. (2009). Adverse Effects of
Statins - Mechanisms and Consequences. Cds 4, 209–228. doi:10.2174/
157488609789006949

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8362318

Soufi et al. Nanopore Sequencing Workflow for FH

https://www.frontiersin.org/articles/10.3389/fgene.2022.836231/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fgene.2022.836231/full#supplementary-material
https://doi.org/10.1161/CIRCGENETICS.110.957365
https://doi.org/10.1161/CIRCGENETICS.110.957365
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1038/nmeth0410-248
https://doi.org/10.1186/s13059-021-02472-2
https://doi.org/10.15420/ecr.2018:10:2
https://doi.org/10.2174/157488609789006949
https://doi.org/10.2174/157488609789006949
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles


Benito-Vicente, A., Uribe, K., Jebari, S., Galicia-Garcia, U., Ostolaza, H., and Martin,
C. (2018). Familial Hypercholesterolemia: The Most Frequent Cholesterol
Metabolism Disorder Caused Disease. Ijms 19, 3426. doi:10.3390/ijms19113426

Brown, C. (2016). Oxford Nanopore Technologies: Owl Streching with Examples.
Available at: https://www.youtube.com/watch?v=JmncdnQgaIE (Accessed
December 02, 2021).

Brown, M. S., and Goldstein, J. L. (1986). A Receptor-Mediated Pathway for
Cholesterol Homeostasis. Science 232, 34–47. doi:10.1126/science.3513311

Carlson, B. (2010). Familial Hypercholesterolemia Captures Gene Test
Controversies. Biotechnol. Healthc. 7, 8–9.

Choi, Y., and Chan, A. P. (2015). PROVEAN Web Server: a Tool to Predict the
Functional Effect of Amino Acid Substitutions and Indels. Bioinformatics 31,
2745–2747. doi:10.1093/bioinformatics/btv195

Craig, J. M., Laszlo, A. H., Brinkerhoff, H., Derrington, I. M., Noakes, M. T., Nova,
I. C., et al. (2017). Revealing Dynamics of Helicase Translocation on Single-
Stranded DNA Using High-Resolution Nanopore Tweezers. Proc. Natl. Acad.
Sci. USA 114, 11932–11937. doi:10.1073/pnas.1711282114

Cretu Stancu, M., van Roosmalen, M. J., Renkens, I., Nieboer, M. M., Middelkamp,
S., de Ligt, J., et al. (2017). Mapping and Phasing of Structural Variation in
Patient Genomes Using Nanopore Sequencing. Nat. Commun. 8, 1326. doi:10.
1038/s41467-017-01343-4

Currin, A., Swainston, N., Dunstan, M. S., Jervis, A. J., Mulherin, P., Robinson, C. J.,
et al. (2019). Highly Multiplexed, Fast and Accurate Nanopore Sequencing for
Verification of Synthetic DNA Constructs and Sequence Libraries. Synth. Biol.
(Oxf) 4, ysz025. doi:10.1093/synbio/ysz025

Defesche, J. C., Gidding, S. S., Harada-Shiba, M., Hegele, R. A., Santos, R. D., and
Wierzbicki, A. S. (2017). Familial Hypercholesterolaemia.Nat. Rev. Dis. Primers
3, 17093. doi:10.1038/nrdp.2017.93

Galicia-Garcia, U., Benito-Vicente, A., Uribe, K. B., Jebari, S., Larrea-Sebal, A.,
Alonso-Estrada, R., et al. (2020). Mutation Type Classification and
Pathogenicity Assignment of Sixteen Missense Variants Located in the EGF-
Precursor Homology Domain of the LDLR. Sci. Rep. 10, 1727. doi:10.1038/
s41598-020-58734-9

Geisel, J. r., Holzem, G., and Oette, K. (1995). Screening for Mutations in Exon 4 of
the LDL Receptor Gene in a German Population with Severe
Hypercholesterolemia. Hum. Genet. 96, 301–304. doi:10.1007/BF00210411

Guo, Y., Li, J., Li, C.-I., Long, J., Samuels, D. C., and Shyr, Y. (2012). The Effect of
Strand Bias in Illumina Short-Read Sequencing Data. BMC Genomics 13, 666.
doi:10.1186/1471-2164-13-666

Hobbs, H. H., Russell, D. W., Brown, M. S., and Goldstein, J. L. (1990). The LDL
Receptor Locus in Familial Hypercholesterolemia: Mutational Analysis of a
Membrane Protein. Annu. Rev. Genet. 24, 133–170. doi:10.1146/annurev.ge.24.
120190.001025

Howe, K. L., Achuthan, P., Allen, J., Allen, J., Alvarez-Jarreta, J., Amode, M. R., et al.
(2021). Ensembl 2021. Nucleic Acids Res. 49, D884–D891. doi:10.1093/nar/
gkaa942

Humphries, S. E., Whittall, R. A., Hubbart, C. S., Maplebeck, S., Cooper, J. A.,
Soutar, A. K., et al. (2006). Genetic Causes of Familial Hypercholesterolaemia in
Patients in the UK: Relation to Plasma Lipid Levels and Coronary Heart Disease
Risk. J. Med. Genet. 43, 943–949. doi:10.1136/jmg.2006.038356

Jain, M., Olsen, H. E., Paten, B., and Akeson, M. (2016). The Oxford Nanopore
MinION: Delivery of Nanopore Sequencing to the Genomics Community.
Genome Biol. 17, 239. doi:10.1186/s13059-016-1103-0

Landrum, M. J., Lee, J. M., Benson, M., Brown, G. R., Chao, C., Chitipiralla, S., et al.
(2018). ClinVar: Improving Access to Variant Interpretations and Supporting
Evidence. Nucleic Acids Res. 46, D1062–D1067. doi:10.1093/nar/gkx1153

Li, H. (2018). Minimap2: Pairwise Alignment for Nucleotide Sequences.
Bioinformatics 34, 3094–3100. doi:10.1093/bioinformatics/bty191

Marduel, M., Carrié, A., Sassolas, A., Devillers, M., Carreau, V., Di Filippo, M.,
et al. (2010). Molecular Spectrum of Autosomal Dominant
Hypercholesterolemia in France. Hum. Mutat. 31, E1811–E1824. doi:10.
1002/humu.21348

Nauck, M. S., Köster, W., Dörfer, K., Eckes, J., Scharnagl, H., Gierens, H., et al.
(2001). Identification of Recurrent and Novel Mutations in the LDL Receptor

Gene in German Patients with Familial Hypercholesterolemia.Hum.Mutat. 18,
165–166. doi:10.1002/humu.1171

Noakes, M. T., Brinkerhoff, H., Laszlo, A. H., Derrington, I. M., Langford, K. W.,
Mount, J. W., et al. (2019). Increasing the Accuracy of Nanopore DNA
Sequencing Using a Time-Varying Cross Membrane Voltage. Nat.
Biotechnol. 37, 651–656. doi:10.1038/s41587-019-0096-0

Nordestgaard, B. G., Chapman, M. J., Humphries, S. E., Ginsberg, H. N., Masana,
L., Descamps, O. S., et al. (2013). Familial Hypercholesterolaemia Is
Underdiagnosed and Undertreated in the General Population: Guidance for
Clinicians to Prevent Coronary Heart Disease: Consensus Statement of the
European Atherosclerosis Society. Eur. Heart J. 34, 3478–3490. doi:10.1093/
eurheartj/eht273

O’Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D., McVeigh, R.,
et al. (2016). Reference Sequence (RefSeq) Database at NCBI: Current Status,
Taxonomic Expansion, and Functional Annotation. Nucleic Acids Res. 44,
D733–D745. doi:10.1093/nar/gkv1189

Petersen, L. M., Martin, I. W., Moschetti, W. E., Kershaw, C. M., and Tsongalis, G.
J. (2019). Third-Generation Sequencing in the Clinical Laboratory: Exploring
the Advantages and Challenges of Nanopore Sequencing. J. Clin. Microbiol. 58,
1. doi:10.1128/JCM.01315-19

PreventionGenetics (2021). Familial Hypercholesterolemia via the LDLR Gene.
Available at: https://www.preventiongenetics.com/testInfo?val=Familial%
20Hypercholesterolemia%20via%20the%20LDLR%20Gene (Accessed
November 30, 2021).

Rang, F. J., Kloosterman,W. P., and de Ridder, J. (2018). From Squiggle to Basepair:
Computational Approaches for Improving Nanopore Sequencing Read
Accuracy. Genome Biol. 19, 90. doi:10.1186/s13059-018-1462-9

Roth, E. M., and Davidson, M. H. (2018). PCSK9 Inhibitors: Mechanism of Action,
Efficacy, and Safety. Rev. Cardiovasc. Med. 19, S31–S46.

Sim, N.-L., Kumar, P., Hu, J., Henikoff, S., Schneider, G., and Ng, P. C. (2012). SIFT
Web Server: Predicting Effects of Amino Acid Substitutions on Proteins.
Nucleic Acids Res. 40, W452–W457. doi:10.1093/nar/gks539

Soufi, M., Kurt, B., Schweer, H., Sattler, A. M., Klaus, G., Zschocke, J., et al. (2009).
Genetics and Kinetics of Familial Hypercholesterolemia, with the Special Focus
on FH- Marburg p.W556R. Atheroscler. Supplements 10, 5–11. doi:10.1016/
S1567-5688(09)71802-1

Steinhaus, R., Proft, S., Schuelke, M., Cooper, D. N., Schwarz, J. M., and Seelow, D.
(2021). MutationTaster2021. Nucleic Acids Res. 49, W446–W451. doi:10.1093/
nar/gkab266

Whitford, W., Hawkins, V., Moodley, K., Grant, M. J., Lehnert, K., Snell, R. G., et al.
(2021). Optimised Multiplex Amplicon Sequencing for Mutation Identification
Using the MinION Nanopore Sequencer. Auckland, New Zealand: bioRxiv.
doi:10.1101/2021.09.21.461312

Youngblom, E., Pariani, M., and Knowles, J. W. (1993). GeneReviews®: Familial
Hypercholesterolemia. Seattle (WA): National Center for Biotechnology
Information.

Conflict of Interest: The authors declare that the research was conducted in the
absence of any commercial or financial relationships that could be construed as a
potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations, or those of
the publisher, the editors and the reviewers. Any product that may be evaluated in
this article, or claim that may be made by its manufacturer, is not guaranteed or
endorsed by the publisher.

Copyright © 2022 Soufi, Bedenbender, Ruppert, Kurt, Schieffer and Schaefer. This is
an open-access article distributed under the terms of the Creative Commons
Attribution License (CC BY). The use, distribution or reproduction in other
forums is permitted, provided the original author(s) and the copyright owner(s)
are credited and that the original publication in this journal is cited, in accordance
with accepted academic practice. No use, distribution or reproduction is permitted
which does not comply with these terms.

Frontiers in Genetics | www.frontiersin.org February 2022 | Volume 13 | Article 8362319

Soufi et al. Nanopore Sequencing Workflow for FH

https://doi.org/10.3390/ijms19113426
https://www.youtube.com/watch?v=JmncdnQgaIE
https://doi.org/10.1126/science.3513311
https://doi.org/10.1093/bioinformatics/btv195
https://doi.org/10.1073/pnas.1711282114
https://doi.org/10.1038/s41467-017-01343-4
https://doi.org/10.1038/s41467-017-01343-4
https://doi.org/10.1093/synbio/ysz025
https://doi.org/10.1038/nrdp.2017.93
https://doi.org/10.1038/s41598-020-58734-9
https://doi.org/10.1038/s41598-020-58734-9
https://doi.org/10.1007/BF00210411
https://doi.org/10.1186/1471-2164-13-666
https://doi.org/10.1146/annurev.ge.24.120190.001025
https://doi.org/10.1146/annurev.ge.24.120190.001025
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1093/nar/gkaa942
https://doi.org/10.1136/jmg.2006.038356
https://doi.org/10.1186/s13059-016-1103-0
https://doi.org/10.1093/nar/gkx1153
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1002/humu.21348
https://doi.org/10.1002/humu.21348
https://doi.org/10.1002/humu.1171
https://doi.org/10.1038/s41587-019-0096-0
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.1093/eurheartj/eht273
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1128/JCM.01315-19
https://www.preventiongenetics.com/testInfo?val=Familial%20Hypercholesterolemia%20via%20the%20LDLR%20Gene
https://www.preventiongenetics.com/testInfo?val=Familial%20Hypercholesterolemia%20via%20the%20LDLR%20Gene
https://doi.org/10.1186/s13059-018-1462-9
https://doi.org/10.1093/nar/gks539
https://doi.org/10.1016/S1567-5688(09)71802-1
https://doi.org/10.1016/S1567-5688(09)71802-1
https://doi.org/10.1093/nar/gkab266
https://doi.org/10.1093/nar/gkab266
https://doi.org/10.1101/2021.09.21.461312
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/genetics
www.frontiersin.org
https://www.frontiersin.org/journals/genetics#articles

	Fast and Easy Nanopore Sequencing Workflow for Rapid Genetic Testing of Familial Hypercholesterolemia
	Introduction
	Materials and Methods
	Patients
	Genomic DNA Isolation and PCR Amplification
	Oxford Nanopore Sequencing
	Bioinformatic Analysis

	Results
	Validation of the Workflow
	Identification of Unknown Pathogenic LDLR Variants

	Discussion
	Data Availability Statement
	Ethics Statement
	Author Contributions
	Funding
	Acknowledgments
	Supplementary Material
	References


