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Complement factor H (CFH) is long known for its essential
role in regulation of the alternative pathway of the com-
plement system. The CFH protein family includes the
complement regulator CFH and CFH-like protein 1, a
shorter alternative splicing product of CFH, as well as the
five CFH-related proteins, CFHR1, CFHR2, CFHR3,
CFHR4, and CFHRS5."” Together, they form the CFH gene

Complement factor H (CFH) and its related proteins have an essential role in regulating the alternative
pathway of the complement system. Mutations and structural variants (SVs) of the CFH gene cluster,
consisting of CFH and its five related genes (CFHR1-5), have been reported in renal pathologies as well as in
complex immune diseases like age-related macular degeneration and systemic lupus erythematosus. SV
analysis of this cluster is challenging because of its high degree of sequence homology. Following first-line
next-generation sequencing gene panel sequencing, we applied Genomic Vision’s Molecular Combing
Technology to detect and visualize SVs within the CFH gene cluster and resolve its structural haplotypes
completely. This approach was tested in three patients with atypical hemolytic uremic syndrome and
known SVs and 18 patients with atypical hemolytic uremic syndrome or complement factor 3 glomerul-
opathy with unknown CFH gene cluster haplotypes. Three SVs, a CFH/CFHR1 hybrid gene in two patients and
a rare heterozygous CFHR4/CFHR1 deletion in trans with the common CFHR3/CFHR1 deletion in a third
patient, were newly identified. For the latter, the breakpoints were determined using a targeted enrich-
ment approach for long DNA fragments (Samplix Xdrop) in combination with Oxford Nanopore sequencing.
Molecular combing in addition to next-generation sequencing was able to improve the molecular genetic
yield in this pilot study. This (cost-)effective approach warrants validation in larger cohorts with CFH/
CFHR-associated disease. (J Mol Diagn 2022, 24: 619—631; https://doi.org/10.1016/
j.jmoldx.2022.02.006)
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cluster spanning over approximately 360 kb.” Because of
successive large genomic duplication events during human
evolution, CFH and its five related genes (CFHRI to
CFHRY5) show high sequence and structural homologies and
lie in a head-to-tail arrangement within the regulators of the
complement activation gene cluster on chromosome
1g32."° These genomic structural variants are most prob-
ably caused by nonallelic homologous recombination’* and
interlocus gene conversion” or a mechanism called
microhomology-mediated end joining, reported by Challis
et al” and Francis et al,'’ respectively. The circulating
plasma protein CFH is primarily produced in the liver and is
composed of individual folding domains called short
consensus repeats. CFH’s C-terminal region has a surface
recognition function, whereas the N-terminal region medi-
ates cofactor and decay-acceleration activity.'' Zipfel et al'*
reviewed the composition and functionality of CFH and its
related proteins in more detail. Mutations and structural
variants (SVs) have been reported for atypical hemolytic
uremic syndrome (aHUS), glomerulonephritis, immune
complex membranoproliferative glomerulonephritis and
complement factor 3 glomerulopathy (C3G),'*'* dense-
deposit disease,'”” and systemic lupus erythematosus
(SLE)."® A missense variant in CFH (Y402H) has been
proposed to be a major risk variant in age-related macular
degeneration pathology.'’ In contrast, the common CFHR3/
CFHRI deletion has been confirmed to protect against age-
related macular degeneration as CFHR3/CFHRI deletion is
less frequent in individuals with age-related macular
degeneration pathology than in controls.'® " In aHUS, the
CFHR3/CFHRI deletion is associated as risk factor for the
development of anti-CFH autoantibodies, resulting in a
disease called deficiency of CFHR plasma proteins and
autoantibody-positive form of hemolytic uremic syndrome
(DEAP-HUS).”""*? In addition, the CFHR3/CFHRI deletion
is proposed to lower the risk of IgA nephropathy.”” There
were also conflicting results published regarding CFH (eg,
the possible role of variant Y402H for susceptibility and
severity of schizophrenia).”**> Noteworthy, just recently,
Tang et al”® showed that there is evidence of increased CFH
protein levels in patients with anhedonia in drug-naive
major depression disorder, expanding the spectrum of CFH
involvement in a great variety of pathologies.

Atypical Hemolytic Uremic Syndrome

Hemolytic uremic syndrome (HUS; Online Mendelian In-
heritance in Man number 235400) is a rare but severe and
genetically heterogeneous disease that belongs to the group
of thrombotic microangiopathies and arises from an initial
endothelial cell injury.”’ aHUS is mainly caused by dereg-
ulation of the alternative pathway of the complement system
and follows an acute episodic clinical course.”® The immu-
nohistologic finding of glomerular C3 deposition is termed
C3 glomerulopathy (C3G) and represents a separate disease
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entity. Thrombotic microangiopathy is not observed, and the
disease course is often chronic-progressive. However, the
pathomechanistic cause of C3G also lies in an inadequately
increased activity of the alternative pathway of the comple-
ment system.”’ Research into the genetic basis of both aHUS
and C3G has identified pathogenic variants, including
structural variants in several different complement-
associated genes. Genomic aberrations or structural variants
affecting the complement factor H (CFH) gene cluster were
reported in approximately 4.5% of patients, in a cohort of 154
individuals with aHUS analyzed by multiplex ligation-
dependent probe amplification (MLPA),” and are often
caused by nonallelic homologous recombination events. '
Incomplete penetrance is frequently observed in families
with autosomal dominant aHUS, where unaffected family
members carry the causative aberration as well.”>’" These
variants either decrease the activity of the complement-
regulating proteins or increase the activity of complement
activator proteins, leading to a decreased threshold for
inappropriate pathologic complement activation.

The current routine molecular diagnostics for aHUS pa-
tients consist of next-generation sequencing (NGS) or
Sanger sequencing, augmented by deletion and duplication
testing using MLPA.””**

CFH/CFHR hybrid gene identification can be performed
using either chromosomal microarray’~” or PCR-based ap-
proaches, the latter of which may also allow for breakpoint
detection.””* CFH autoantibodies are associated with the
frequent homozygous CFHR3/CFHRI deletions and are
often tested with enzyme-linked immunosorbent assay.””**
In a research setting, Cantsilieris et al’ performed high-
quality sequencing, including six primate lineages and
multiple human haplotypes, to analyze the evolutionary
development of the highly homologous CFH gene cluster
using bacterial artificial chromosomes, fosmids, and long-
read sequencing approaches. The synthesis of hybrid tran-
scripts and secretion of hybrid proteins can be analyzed by
Western blot analysis.”’

This study aimed to increase the molecular genetic diag-
nostic yield of patients presenting with unresolved aHUS and
C3G disease by combining NGS with molecular combing
and breakpoint identification in the CFH gene cluster.

Materials and Methods
Patient Cohort

A total of 21 patients with a clinical diagnosis of aHUS
m = 15 or C3G (n = 6) were included in
this study (Supplemental Table S1). Infection- and
medication-associated causes of hemolytic uremic syn-
drome were excluded in all patients. Three patients with a
known structural aberration (F15, F19, and F20) in the CFH
gene cluster were used as positive controls. DNA of the
remaining 18 unresolved patients (the discovery cohort),
including two sisters from family 10 with homozygous CFH
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Figure 1

Reference complement factor H (CFH) gene cluster on chromosome 1q32. CFH/CFHR1-5 gene-cluster identification on a hybridized Combicoverslip

of a patient with no structural aberrations detected using the FiberStudio software version 2.0.2. All molecular combing images were taken at FiberStudio’s
zoom level (—7) with a x40 magnification. Validated signal with labeled genes from left ro right: red, KCNT2 (1); cyan/green, CFH (2); blue, CFHR3 (3); green,
CFHR1 (4); blue, intronic region (5); yellow/blue, CFHR4 (6); green/red, CFHR2 (7); magenta, CFHR5 (8); green, F13B + ASPM (9). CFH is labeled in cyan with a
short region at the C-terminus labeled in green. CFHR3 labeled in blue, followed by CFHRI labeled in green. An intronic region between CFHR1 and CFHR4 is
labeled in alternating red and blue with a remarkable cyan end. CFHR4 is labeled in yellow with a short C-terminal region labeled in blue. CFHR2 is equally
labeled in green (N-terminus) and red (C-terminus). CFHR5 is labeled in magenta. Flanking the CFH/CFHR gene cluster, the control gene KCNTZ (5') is labeled in
red and control gene F13B + ASPM (3') is labeled in green. In 10 of the 21 patients, the wild-type CFH/CFHR gene cluster appears in its head-to-tail

arrangement, as previously described by Heinen et al.? Scale bar = 20 pum.

mutations and discordant clinical coulrse,35 were analyzed at
the Institute of Human Genetics of the University Hospital
of Cologne for complement-associated nephropathies. In-
clusion criteria were a clinical diagnosis of aHUS/renal
thrombotic microangiopathy/C3G, no causative variant in
the genes associated with aHUS using NGS panel analysis
(except F10, this family was screened for the presence of
genetic disease modifiers), and availability of a high-
molecular-weight DNA sample.

This study was approved by the ethics committee of the
Medical Faculty of the University of Cologne (identifier 15-
215). All patients gave written informed consent for their
participation in this study.

Molecular Combing

Venous blood samples were obtained from each patient for
high-molecular-weight DNA isolation and extraction. High-
molecular-weight DNA was extracted using the Genomic
Vision DNA extraction kit (EXTR-001; Genomic Vision,
Bagneux, France), according to the manufacturer’s specifi-
cations. In short, leukocytes were isolated and embedded
into agarose gel plugs. The agarose plugs were treated with
proteinase K overnight at 50°C, melted at 68°C, and
digested with P agarase at 42°C overnight. High-molecular-
weight DNA was released into DNA reservoirs (RES-001)
containing 1.2 pL. Combing buffer (included in DNA
extraction kit; Genomic Vision). Engraved vinyl-silane
coated coverslips (COV-002-RUO; Genomic Vision) were
embedded into the high-molecular-weight DNA solution.
DNA was stretched onto coverslips by pulling the coverslip
out of the DNA solution with a constant speed of 300 pwm/
second using the Fibercomb system (MCS-001; Genomic
Vision) and permanently immobilized at 60°C for at least 2
hours. FiberProbes (FB-OD) DNA fluorescent in sifu hy-
bridization probes were custom designed in cooperation
with Genomic Vision. Combed DNA fibers were hybridized
with the FiberProbes CFH using a hybridizer (Dako/Agilent,
Santa Clara, CA) and corresponding antibodies. Hybridized
coverslips were scanned using the FiberVision automated
scanner, and the image analysis and signal measurement
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were done using the FiberStudio software version 2.0.2
(Genomic Vision). Each CFH gene cluster signal was
manually marked, and fragment lengths were measured by
the FiberStudio software. Genomic Vision molecular
combing technology allowed hybridization of the full
approximately 360-kb complement factor H gene cluster
and its flanking control genes KCNT2 and FI3B/ASPM
(total approximately 600 kb). Of the 21 samples, 19 gave
satisfactory results, enabling a good overview of both alleles
(except F7 and F16). Molecular combing results were
determined satisfactory if the full CFH/CFHR gene cluster
plus flanking genes were clearly visible and the gene lengths
were measurable using the FiberStudio software. Hybridi-
zation signals of all patients were summarized in
Supplemental Figure S1. CFH and each of the CFH-related
genes of the CFH gene cluster were specifically labeled in a
distinctive color and pattern to unequivocally differentiate
between each gene (Figure 1).

Samplix Xdrop Target Enrichment and Oxford Nanopore
Long-Read Sequencing

To identify the breakpoints of the CFHR3/CFHRI and
CFHR4/CFHRI deletion, Xdrop indirect sequence capture
(Samplix, Birkergd, Denmark) was performed in Patient F18.
In short, high-molecular-weight DNA is encapsulated with a
PCR mix. A short fluorescence-labeled amplicon located in
close proximity to the estimated breakpoints is used to mark
our region of interest. The primer pairs used to generate two
different amplicons were designed to specifically bind to a
region in CFHR3 to capture the DNA fragments containing
the CFHR4/CFHRI deletion and a region in CFHR4 to cap-
ture the DNA fragments containing the CFHR3/CFHRI
deletion (Figure 2). With this approach, two libraries were
generated (one for each allele) per patient. Droplets contain-
ing our genomic region of interest were enriched using a
FACS Aria IlIu (BD Biosciences, Franklin Lakes, NJ) by
using the 100-um nozzle at 20 psi pressure, gating based on
forward scatter pulse height, side scatter pulse height, and
droplet fluorescence pulse height. Droplets were sorted using
the Yield precision mode for best possible recovery of
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Figure 2  Schematic view of the Samplix Xdrop custom sequence cap-
ture design. (Allele 1) Detection and evaluation sequence design in CFHR4
to identify the common CFHR3/CFHR1 deletion. Proposed breakpoint in the
intronic region between CFH and CFHR3. (Allele 2) Detection and evaluation
sequence design in CFHR3 to identify the CFHR4/CFHR1 deletion. Proposed
breakpoint in the intronic region between CFHR3 and CFHR2. Primers used
for the detection and evaluation sequence are listed in Table 2.

droplets of interest. The sorting of droplets is described in
more detail by Madsen et al.’® DNA is released from the
isolated droplets and encapsulated again containing a multi-
ple displacement amplification mix for target enrichment
followed by long-read sequencing using a Gridlon
sequencing device from Oxford Nanopore (Oxford Nanopore
Technologies, Oxford, UK). Sequencing reads were then
aligned using the minimap2 software’’ version 2.17 (https://
github.com/lh3/minimap2) with the prespecified map-ont
parameter. The resulting alignment files were then sorted
and indexed using samtools™ version 1.7 (https://github.
com/samtools) and finally visualized in the Integrative
Genomics Viewer software’ version 2.10.2 (https://soft
ware.broadinstitute.org/software/igv).

NGS Sequencing

For 18 patients with aHUS or C3G, custom-designed
Agilent SureSelect gene panel enrichment, followed by
NGS on an Illumina NextSeq500 or Illumina HiSeq
4000 platform (Illumina, San Diego, CA) of the aHUS-

622

and C3G-associated genes ADAMTS13, C3, CD46, CFB,
CFH, CFHRI, CFHR2, CFHR3, CFHR4, CFHRS, CFlI,
DGKE, and MMACHC was performed. Data were
analyzed and NGS-based copy number variation (CNV)
detected using the Cologne Center for Genomics Var-
bank2 application version 3.3 (Cologne Center for Ge-
nomics, Cologne, Germany) and the QIAGEN CLC
Biomedical Genomics Workbench version 5.0.1 (Qiagen,
Hilden, Germany), respectively. In particular, the
approach filtered for high-quality (coverage >15-fold;
phred-scaled quality >25), rare (minor allele frequency
<0.01), and enabled CNV analysis. To exclude pipeline-
related artifacts (minor allele frequency <0.01), the
approach filtered against variants from in-house whole
exome sequencing data sets. Using a comparative CNV
analysis of NGS data, deviation from average coverage
suggested underlying SVs in the Patients F15, F20, F18,
and F3 (Figures 3A, 4A, 5A, and 6A). The annotation of
CFH exons 1 to 23 is based on the most commonly used
nomenclature to ensure compatibility.*’*'

PCR and Sanger Sequencing

To define the breakpoints of the CFH/CFHRI hybrid gene,
specific primers were designed that exclusively amplify a
749-bp region covering the breakpoints, as reported by
Venables et al."’ Additional primers were designed to
amplify an alternative breakpoint (1017 bp) for the CFH/
CFHRI hybrid gene found in family F15 (Table I).
Breakpoint PCR was performed for all patients, showing
the CFHR3/CFHRI deletion in the molecular combing
fluorescent in situ hybridization analysis because the
common CFHR3/CFHRI deletion and the rare CFH/
CFHRI hybrid gene could not be differentiated based on
the molecular combing approach alone (data not shown).
To further map the breakpoints, additional Sanger
sequencing was performed for the Patients F3 and F15
(Figures 3C and 6C). Breakpoint mapping using
sequencing was also performed addressing the CFH/
CFHR3 hybrid gene, the CFHR4/CFHR] deletion, and the
common CFHR3/CFHRI deletion.

PCR was performed with 6 ng genomic DNA and 0.2
pmol/L of primers (Table 1) using the DNA-Taq polymer-
ase and 10x PCR-Buffer, including 1.5 mmol/L. Mg*"
(Analytic Jena, Jena, Germany). PCR products were visu-
alized by gel electrophoresis using a 2% agarose gel (232-
731-8; Roth, Karlsruhe, Germany) and ethidium bromide
(214-984-6; Sigma-Aldrich, St. Louis, MO). PCR products
were purified using the ExoSap purification kit
(78200.200.UL; Thermo Fisher Scientific, Waltham, MA),
according to the manufacturer’s specifications. The
sequence reaction was performed using the BigDye 1.1
Terminator mix (4337451; Thermo Fisher Scientific) and
sequenced on the ABI Prism 3730 DNA-Analyzer platform
(Applied Biosystems/Thermo Fisher Scientific).

jmdjournal.org m The Journal of Molecular Diagnostics
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Figure 3  Patient F15. A: Copy number variation (CNV) visualization in Varbank2 based on CNV calling from XHMM and CONIFER. Gene coverage of single
exons is shown. Patient is indicated in blue, and five controls are indicated in gray. Reduced gene coverage for exons 22 and 23 of CFH, normal gene coverage
for CFHR3, and elevated gene coverage for exons 5 and 6 of CFHR1. B: Molecular combing showing the mutated allele. Wild-type allele is not shown. Fluorescent
images were taken at x40 magnification level. Validated signal with labeled genes from left ro right: red, KCNT2 (1); cyan/green, CFH (2); blue, CFHR3 (3);
green, CFHR1 (4); blue, intronic region (5); yellow/blue, CFHR4 (6); green/red, CFHR2 (7); magenta, CFHR5 (8); green, F13B + ASPM (9). C: Breakpoint
identification using PCR and Sanger sequencing (Table 1). Red arrows and light blue highlighted nucleotides, last nucleotides that identify the CFH sequence;
yellow arrows and light blue highlighted nucleotides, first nucleotides that identify the CFHRI sequence. D: Schematic view of the breakpoint region. CFH
sequence of the breakpoint region (yellow). CFHR1 sequence of the breakpoint region (green). (Red) nucleotides that differ between the CFH and CFHR1
sequence. Breakpoints occur within the homologous region (gray). E: Schematic visualization of the heterozygous CFH/CFHR1 hybrid gene. Exons are numbered
and indicated by vertical bars. CFH (red), CFHR3 (blue), CFHR1 (yellow), and CFHR4 (green). Scale bar = 20 um (B).
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Figure 4

Patient F20. A: Copy number variation (CNV) visualization in Varbank2 based on CNV calling from XHMM and CONIFER. Gene coverage of single

exons is shown. Patient is indicated in blue, and five controls are indicated in gray. Reduced coverage for exon 23 of CFH, and normal gene coverage of CFHR3.
B: Molecular combing showing the CFH/CFHR3 hybrid gene. Wild-type allele is not shown. Fluorescent images were taken at x40 magnification level. Validated
signal with labeled genes from left to right: red, KCNT2 (1); cyan/green, CFH (2); blue, CFHR3 (3); green, CFHR1 (4); blue, intronic region (5); yellow/blue,
CFHR4 (6); green/red, CFHR2 (7); magenta, CFHR5 (8); green, F13B + ASPM (9). C: Breakpoint identification using PCR and Sanger sequencing (Table 1). Red
arrow and light blue highlighted nucleotides, nucleotides that are different in the CFH/CFHR3 hybrid gene sequence. D: Schematic view of the breakpoint
region. CFH sequence of the breakpoint region (yellow). CFHR3 sequence of the breakpoint region (green). (Red) nucleotides that differ between the CFH and
CFHR3 sequence. Sequence of the hybrid gene AG (gray) as previously described by Francis et al."’ Scale bar = 20 um (B).

Results

CFH Gene Cluster Analysis in the Screening Cohort

In total, 21 patients from 20 families were analyzed by
molecular combing and sequencing (Supplemental
Figure S1 and Supplemental Table S1).

The SVs previously identified in three patients (F15 and
17'20,IO detailed workup shown below) with aHUS were
recovered by our combined analysis approach.

In Patient F15, a CFH/CFHRI hybrid gene was rei-
dentified using Sanger sequencing (Figure 3C). Primers are
listed in Table 1. Patient F19 showed a CFH/CFHRI hybrid
gene as well (data not shown), in frans with the common
CFHR3/CFHRI deletion. The CFHR3/CFHRI deletion
could be re-identified using molecular combing.
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In Patient F20, molecular combing was able to visualize
the previously described CFH/CFHR3 hybrid gene that was
later confirmed by Sanger sequencing (Figure 4C).

After having identified the SVs in the screening cohort,
18 additional patients with aHUS and C3G pathology were
analyzed. In Patient F18, a rare CFHR4/CFHRI deletion
was identified in trans with the common CFHR3/CFHRI
deletion (Figure 5). In addition, a second rare high-
penetrance CFH/CFHRI hybrid gene was identified in Pa-
tient F3 (Figure 6) in addition to F15. The common
approximately 84-kb CHFR3/CFHRI deletion was found in
eight patients (38.1%). Two patients were homozygous for
the CFHR3/CFHRI deletion (F11 and F13). These two
patients also showed CFH autoantibodies (DEAP-HUS). Of
the 21 patients, 10 (47.6%) analyzed patients showed no
structural aberrations in the CFH gene cluster.

jmdjournal.org m The Journal of Molecular Diagnostics
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Detailed Workup of Patients with Remarkable SV
Findings

Patient F15: CFH/CFHR1 Hybrid Gene

This patient presented at age 1 year and was initially treated
with plasma exchange as eculizumab was not in clinical
practice at that time. At age 6 years, he presented again with
aHUS and was treated with eculizumab. The patient remains
off dialysis 9 years later and on eculizumab treatment. Mo-
lecular combing showed no abnormalities in the structural
arrangement of the CFH gene cluster because the C-terminal
region of CFH and CFHRI both are labeled in green and
CFHR3 is still present in this variant of a CFH/CFHRI
hybrid gene (Figure 3B). However, NGS-based CNV detec-
tion indicated the heterozygous loss of exons 22 and 23 of
CFH and an additional copy of exons 4 and 5 of CFHRI
(Figure 3, A and C). Presence of the CFH/CFHRI hybrid
gene was confirmed by PCR and Sanger sequencing
(Figure 3, C and D). Breakpoint PCR primers, which were
used to identify the hybrid gene in Patient F3 (Table 1), failed
to identify the hybrid gene variant in Patient F15, suggesting
a different breakpoint in this patient. Identification of the
CFH/CFHRI hybrid gene in Patient F15 required the design
of additional primers (Table 1). The resulting heterozygous
CFH/CFHRI hybrid gene is visualized in Figure 3E.

Patient F20: CFH/CFHR3 Hybrid Gene

This male patient, aged 65 years, is an unaffected carrier of the
mutation. He has a history of prostate cancer treated with
brachytherapy in 2013, and otherwise had no other medical
condition. The patient was previously described by Francis
et al'’ using MLPA and Sanger sequencing approaches. The
patient was included in this study to reidentify the CFH/
CFHR3 hybrid gene using the molecular combing method.
NGS-based CNV detection showed the heterozygous deletion
of exon 23 of CFH (Figure 4A). Molecular combing identified
the presence of the rare heterozygous CFH/CFHR3 hybrid
gene (Figure 4B) that was confirmed by PCR and Sanger
sequencing, as reported by Francis et al'’ (Figure 4, C and D).

Patient F18: Compound-Heterozygous CFHR4/CFHR1 and
CFHR3/CFHR1 Deletion

This female patient initially developed nephrotic syndrome
during pregnancy in 2013 at the age of 34 years (initial
proteinuria, 8 g/day; later up to 28 g/day). The pregnancy was
terminated after 22 weeks because of nephrotic syndrome
and high blood pressure. A kidney biopsy was performed,
which showed cellular variant focal-segmental glomerulo-
sclerosis with a moderate degree of acute tubular lesion. The
patient showed no response to immunosuppressive treatment
with corticosteroids, cyclosporine, rituximab, and plasma-
pheresis and developed end-stage kidney disease 3 years after
initial presentation; hemodialysis was started in 2016. In
March 2017, the patient presented with severe neurologic
symptoms (headache, nausea, and grand-mal seizures), hy-
pertensive episode, and nephritic syndrome (vomiting,
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hematuria, and proteinuria). Because of an initial progression
of neurologic symptoms, the patient required mechanical
ventilation. Brain magnetic resonance imaging at this time
showed encephalopathy with a suspicion of posterior
reversible encephalopathy syndrome or acute disseminated
encephalomyelitis. Cerebrospinal fluid cytology showed 88
lymphocytes/pL. Cerebrospinal fluid protein levels were
elevated at 0.62 g/L (normal, <0.45 g/L), and glucose was
normal. Serum creatinine was elevated at 1146 pmol/L
(normal, 49 to 90 pmol/L), but serum electrolytes were
within the normal range. The serologic testing for viral and
bacterial causes was negative. Under a combinatorial therapy
with pulsed glucocorticoids, plasmapheresis, and fresh
frozen plasma infusions, the patient’s neurologic symptoms
improved and she could be extubated. At this time, her C3
and C4 levels were both decreased at 0.56 g/L. (normal, 0.9 to
1.8 g/L) and 0.07 g/L (normal, 0.1 to 0.4 g/L), respectively.
Her antinuclear antibody and antineutrophil cytoplasmic
antibody titers were normal. DNA of Patient F18 was sub-
mitted for genetic testing with the clinical suspicion of a
monogenic form of aHUS with central nervous system
manifestations. The NGS-based CNV analysis of the CFH
gene cluster showed evidence of a heterozygous deletion of
CFHR3 and CFHR4 as well as the complete loss of CFHRI
(Figure 5A). This structural aberration was confirmed by
molecular combing, resolving a compound heterozygous
deletion of CFHR3/CFHRI in trans with a heterozygous
CFHR4/CFHRI deletion (Figure 5B). Breakpoint mapping
was done using Oxford Nanopore long-read sequencing after
long-fragment target enrichment covering the breakpoint
region of the CFHR4/1 and CFHR3/I deletion, respectively
(Figure 5, C and D). CFHR3/CFHRI deletion breakpoints
were refined to a 40-bp region of chromosome
1:196,733,321-196,733,362; chromosome 1:196,817,998-
196,818,039 (GRCh37/hgl9). CFHR4/CFHRI deletion
breakpoints were located in a region of 385 bp between
chromosome 1:196,783,258-196,783,644; chromosome
1:196,905,155-196,905,541 (GRCh37/hg19).

Patient F3: CFH/CFHR1 Hybrid Gene

Patient F3 presented at age 16 years with diarrhea-negative
hemolytic anemia and thrombocytopenia in chronic kidney
disease stage 4 with focal seizures and quickly progressed to
end-stage renal failure. For suspected thrombotic micro-
angiopathy, plasma exchange was performed, but could not
prevent manifestation of end-stage renal failure. Genetic
testing and eculizumab were not clinical practice at that
time. The patient remained on chronic hemodialysis treat-
ment for 9 years and received a first cadaveric renal trans-
plant at the age of 23 years. He quickly lost the renal graft 6
months later and returned to chronic hemodialysis treat-
ment. He received a second renal graft in August 2019
under eculizumab and retained a stable graft function with
creatinine levels of 120 to 130 pmol/L. A standard gene
panel analysis for aHUS yielded unremarkable results, but
exome-based reanalysis with bioinformatic CNV analysis
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Allele 1 3-CFHR1 TTGGTTTAABTACTCCCTCCATI...ITTTGGTTTGGRTTTCCTTTCTGC
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Allele 2 5-CFHR1 CAAGTTTGCTACATAGGTATAAATGTGCCI...JGAATAGTGCCARGATAAACAT
3-CFHR4 CAAGTTTGCTACEBTAGGTATAAATGTGCCI...IGAATAGTGCCABGATAAACAT
CFHR4_CFHR1del CAAGTTTGCTACHTAGGTATAAATGTGCC...]JGAATAGTGCCABGATAAACAT

Figure 5  Patient F18. A: Copy number variation (CNV) visualization in Varbank2 based on CNV calling from XHMM and CONIFER. Gene coverage of single
exons is shown. Patient is indicated in blue, and 10 controls are indicated in gray. (Heterozygous CFHR3/CFHR1 deletion polymorphism in controls.) Reduced
gene coverage for CFHR3 and CFHR4, full loss of CFHR1. B: Molecular combing showing both alleles. Fluorescent images were taken at x40 magnification level.
Validated signal with labeled genes from left to right: red, KCNT2 (1); cyan/green, CFH (2); blue, CFHR3 (3); blue, intronic region (5); yellow/blue, CFHR4 (6);
green/red, CFHR2 (7); magenta, CFHR5 (8); green, F13B + ASPM (9). (Allele 1) CFHR3/CFHR1 deletion. (Allele 2) CFHR4/CFHR1 deletion. C: Breakpoint
identification using Oxford Nanopore long-read sequencing after Xdrop sample preparation. (Allele 1) Nucleotide A (green) resembles the last nucleotide that
identifies the 5'-CFHR3 sequence before the breakpoint. Nucleotide T (red) resembles the first nucleotide that identifies the 3’-CFHRI sequence after the
breakpoint. The breakpoint lies within the homologous region between the nucleotides A and T. (Allele 2) Nucleotide A (green) resembles the last nucleotide
that identifies the 5’-CFHR1 sequence before the breakpoint. Nucleotide C (blue) resembles the first nucleotide that identifies the 3'-CFHR4 sequence after the
breakpoint. The breakpoint lies within the homologous region between the nucleotides A and C. Long-read sequence of allele 2 showing the CFHR4/CFHR1
deletion was cut to accommodate for the 385-bp homologous gap between the distinguishable nucleotide’s A and C (gray vertical bar). D: Schematic view of
the breakpoints. Single nucleotides (red) distinguish between the CFHR4/CFHR1 and CFHR3/CFHR1 sequences. Breakpoints occur within the homologous region
of 40 bp (allele 1, CFHR3/CFHR1 deletion) and 385 bp (allele 2, CFHR4/CFHR1 deletion), indicated in gray. Homologous breakpoint region (gray) was shortened
for visualization purposes. Scale bar = 20 um (B).
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CFH/CFHR1 hybrid gene TARRATGABTGATGGTGCTTAAAATTCAATTCTTCCTGTGAACAGAACACAAGTAATAGGGTBTATTATTTTTGAGAAAGATTC

Figure 6  Patient F3. A: Copy number variation (CNV) visualization in Varbank2 based on CNV calling from XHMM and CONIFER. Gene coverage of single
exons is shown. Patient is indicated in blue, and 10 controls are indicated in gray. Reduced gene coverage for exons 22 and 23 of CFH, the whole gene CFHR3,
and exons 1 to 4 of CFHR1. Gene coverage of the first exon of CFHR1 is most likely an artifact due to the high sequence homology between CFH and CFHRI. B:
Molecular combing showing the mutated allele. Wild-type allele is not shown. Fluorescent images were taken at x40 magnification level. Validated signal with
labeled genes from left to right: red, KCNT2 (1); cyan/green, CFH (2); blue, intronic region (5); yellow/blue, CFHR4 (6); green/red, CFHR2 (7); magenta, CFHR5
(8); green, F13B + ASPM (9). C: Breakpoint identification using PCR and Sanger sequencing (primer: Table 1). Red arrow, last nucleotide that identifies the
CFH sequence; yellow arrows, first nucleotides that identify the CFHR1 sequence. Breakpoint region (gray boxed area). D: Schematic view of the breakpoint
region. CFH sequence of the breakpoint region (green). CFHR1 sequence of the breakpoint region (yellow). Breakpoints occur within the homologous region

(gray). Scale bar = 20 um (B).

detection indicated a heterozygous loss of exons 22 and 23
of CFH, of CFHR3, and of the first four exons of CFHRI
(Figure 6A). Using molecular combing, the presence of a
structural aberration could be confirmed in the patient,
which resembled either a CFH/CFHRI hybrid gene or the
common CFHR3/CFHRI deletion (Figure 6B). Breakpoint
mapping using Sanger sequencing revealed the presence of
the rare CFH/CFHRI hybrid gene and confirmed the
breakpoints to be in a homologous region of 53 bp between
CFH and CFHRI, identical to the hybrid gene reported by
Venables et al™ (Figure 6, C and D).

Discussion

Molecular diagnostics of patients with abnormalities in the
CFH gene cluster can be challenging. The disease spectrum
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is genetically heterogeneous and characterized by a broad
range of clinical manifestations, spanning from early to late
onset of disease. Reduced penetrance is frequently noted in
autosomal dominant forms. There are also large differences
in the reported diagnostic yield, ranging from 60% to
70%"*** to in our experience much lower numbers in
even purely pediatric cohorts despite comprehensive testing.

One particular disadvantage is that the routinely used
methods for SV detection [ie, bioinformatic CNV detection
(based on short-read NGS data) and CNV detection by
MLPA] are incomplete and do not give precise structural
information. Although MLPA has potential advantages
compared with bioinformatic CNV analysis to uncover
smaller deletions/duplications (encompassing single exons),
the commercially available MLPA kit for the CFH gene
cluster is incomplete (missing probes for all genes of the

627


http://jmdjournal.org

Tschernoster et al

Table 1

CFH Gene Cluster and Structural Aberration PCR Primer Pairs

Structural aberration Forward primer

Reverse primer PCR product, bp

CFH/CFHR1 hybrid gene

CFH/CFHR3 hybrid gene  5'-CAATGGTCAGAACCACCAAAAT-3'

5'-CGGGCGGTATATTGTAACTGTTATC-3’
CFH/CFHR1 hybrid gene* 5'-CGGGCGGTATATTGTAACTGTTATC-3’

5'-CTGGTTTCCCTTACTCCATCTCTATT-3’ 749
5'-CCTCTGTCATTTATTTGTTTCTGTCTG-3" 1017
5'-GAAACCCACAAGGTCAGAATGAC-3’ 975

*Different primer design for Patient F15.

cluster) and rearrangements without copy number changes
will not be identified by either method.

For the aHUS spectrum, the exact genetic diagnosis is
of utmost importance to determine the therapeutic strat-
egy. Cost of (permanent) complement inhibition and
substantial risk involved with this treatment require
careful consideration of who will benefit from the
expensive therapy and who will not. Genetic rearrange-
ments in the CFH/CFHR gene cluster are highly corre-
lated to post-transplant recurrence of aHUS.*'**"
Eculizumab, a monoclonal antibody that inhibits the
cleavage of C5 into C5a and C5b and thereby blocks the
formation of the membrane attack complex, has been
reported to prevent the recurrence of aHUS™"" and has
been proven beneficial in patients with aHUS caused by
CFHR3/CFHRI deletion (DEAP-HUS),"® CFH/CFHRI
hybrid gene,”” CFHRI/CFH hybrid gene,”** and CFH/
CFHR3 hybrid gene.” Eculizumab as treatment in patients
with the CFHR4/CFHRI deletion and/or CFHR4/CFHRI
deletion in trans with the CFHR3/CFHRI deletion has
not been reported yet. An overview of SVs identified in
aHUS, SLE, C3G, and dense-deposit disease and avail-
able information on the use of eculizumab/complement
inhibition have been summarized in Supplemental Table
g 7:9.13-15,22,32.44.46—55

In this study, we performed full-length structural anal-
ysis of the CFH/CFHR gene cluster using a multistep
analysis starting with NGS, including bioinformatic CNV
analysis followed by single DNA strand visualization using
the molecular combing fluorescent in situ hybridization
technique and (if applicable) finalized the in-depth
screening by breakpoint identification of the CFHR3/
CFHRI and CFHR4/CFHRI deletion by cost-efficient
target enrichment for long read using the Xdrop targeted
sequence capture instead of expensive whole-genome long-
read sequencing, and succeeded in identifying new

breakpoint regions, thus contributing to the growing
number of deletions in the complex CFH gene cluster.

The most common structural aberration of the CFH gene
cluster is the CFHR3/CFHRI deletion. In Patient F18,
breakpoints of the common CFHR3/CFHRI deletion differ
from the previously published breakpoints, suggesting that
these vary between the individuals.*'®'"*" Cantsilieris
et al* refine the breakpoints of the common CFHR3/
CFHRI deletion to a region of 489 bp of long interspersed
nuclear element repeats. The breakpoints described in this
study are located approximately 6 kb upstream from the
breakpoints found in our aHUS patient and approximately
10 kb upstream from the 1618-bp breakpoint region
described by Hughes et al.'” Zhao et al'® describe the
CFHR3/CFHRI deletion within the SLE-associated block
of approximately 146 kb starting from intron 9 of CFH and
ending  downstream  of  CFHRI (chromosome
1:196,686,918-196,824,773; GRCh37/hgl9) incorporating
the CFHR3/CFHRI deletion, identified in this study as
well. They presented evidence that strongly suggests the
CFHR3/CFHRI deletion to cause an increase of SLE risk
in a dosage-dependent manner by showing that homozy-
gous individuals have a higher risk of SLE than hetero-
zygous ones.'®

The CFHR4/CFHRI deletion breakpoints (chromosome
1:196,783,258-196,905,541; GRCh37/hg19), identified in
F18 and resulting in an approximately 122-kb deletion,
differ from the three CFHR4/CFHRI deletions described by
Cantsilieris et al.” The compound-heterozygous CFHR3/
CFHRI and CFHR4/CFHRI deletion has previously been
described in three patients by Moore et al,”> who also
developed factor H autoantibodies (DEAP-HUS). Antibody
testing in Patient F18 yielded no pathologic findings.

Other rarely found SVs involving the CFH-related pro-
teins have been associated with dense-deposit disease and
C3G."*'*7* Most of these are fusion proteins that are not

Table 2 Samplx Xdrop Sequence Capture PCR Primer and Enrichment Validation gPCR Primer for the CFHR3/CFHR1 and CFHR4/CFHR1
Deletion
Structural aberration Assay Forward primer Reverse primer

CFHR3/CFHR1 deletion Droplet PCR

5'-ATTCTCTTGCGTCGCATCCA-3’

5'-GTCCTTCACCCGAACAGAGG-3’

gPCR 5'-CACGGACTCCAAAAGCCACT-3' 5'-AGCTAGGAATTGTGATGCCCAA-3’
CFHR4/CFHR1 deletion Droplet PCR 5'-ACTCCTCAAGGACTGCCAGA-3’ 5'-ATCCGTGTTCTTAAAGGAAACCAC-3’
gPCR 5'-GCTGCTTGTATTGCATTCCGT-3' 5'-GGTCTGATTCTCCTGACGCT-3'

Designed using the primer designing tool provided by Samplix (Birkergd, Denmark).

qPCR, real-time quantitative PCR.
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described yet in the other pathologies, like age-related
macular degeneration, SLE, or aHUS (except the CFH/
CFHRI hybrid gene). In theory, the described SVs would
have been detectable with the first-line NGS gene panel and
CNV analysis and validated using the molecular combing
screening approach.

In Patient F3, a CFH/CFHRI hybrid gene was found with
the same breakpoint region to the previously reported CFH/
CFHRI hybrid gene.”’ Maga et al® described a CFH/
CFHRI hybrid gene with a different breakpoint region that
resulted in an identical fusion protein. In addition, we pre-
sent a third breakpoint region (in between the known
breakpoint regions) resulting in yet another identical CFH/
CFHRI fusion protein found in Patient F15. This hybrid
gene is presumably generated by nonallelic or interlocus
gene conversion in which exons 22 and 23 of CFH serve as
the acceptor sequence, which is replaced by a copy of the
exons 5 and 6 of CFHRI (donor sequence). The donor
sequence, including the gene CFHR3, which is located be-
tween CFH and CFHRI, remains fully intact (Figure 3E).
This mechanism is described in more detail by Chen et al.”®
All recombination events occur in a highly homologous
region in intron 21 (ENST00000367429.9: intron 20) of
CFH and result in the same fusion protein, suggesting a
hotspot for structural recombination events. MLPA results
from Patient F19 (data not shown) suggest that the break-
points are located in intron 21 (ENST00000367429.9: intron
20) of CFH, similar to the other CFH/CFHRI hybrid genes
found in this study.

Although there is no proof of clinically relevant mosaicism
in aHUS at the moment, we see the technical advantage to
uncover somatic structural aberrations that would remain
beyond the means of detection for most currently used
diagnostic methods, such as MLPA or Southern blot analysis.
The principle feature of mosaicism detection has already
been proven in other disease (eg, the clinical diagnostics of
facio-scapulo-humeral dystrophy).”’ In addition, molecular
combing allows the direct visual localization of structural
variants within the gene cluster (even without loss or gain of
DNA material), whereas MLPA and Southern blot analysis
are limited to identify that a deletion/insertion has occurred
but lacking information about the genomic localization.

This study shows that combined NGS and SV detection by
molecular combing is able to enhance the detection of
structural variants and can provide a more precise resolution
of SVs in the genomic context, which might become
important for genotype/phenotype correlations of diseases
associated with the gene cluster. A cost estimation of the
authors for molecular combing compared with other diag-
nostic methods is given in Supplemental Table S3.

Current probe design of molecular combing fails to
distinguish between the frequent CFHR3/CFHRI deletion
(which is rarely of clinical relevance) and the rare, high-
penetrance CFH/CFHRI hybrid gene. This limitation is
due to the fact that the C-terminal regions of CFH and
CFHRI both are highly homologous to allow differential

The Journal of Molecular Diagnostics m jmdjournal.org

fluorescent labeling (Figure 1, both regions labeled in
green), and can easily be resolved by a simple PCR with
Sanger sequencing of the amplicon. Apart from this gap,
molecular combing allows comprehensive haplotype views
of the gene cluster. Visualization of single DNA molecules
may help detect a wider range of structural variants for both
alleles of the CFH gene cluster.
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