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Abstract 

Rare diseases (RD), generally defined by an incidence of less than 1:2000, affect about 3-6% 

of the population. To date, over 600 different genetic kidney diseases have been identified. 

Most of them with the exception of autosomal dominant polycystic kidney disease (ADPKD) 

are rare to ultrarare disorders. Due to their rarity and often genetic heterogeneity, analysis is 

difficult and diagnosis is frequently delayed. Clinically, (rare) kidney diseases (RKD) are mainly 

divided into the following categories: Congenital or developmental kidney and urogenital tract 

malformations, electrolytes or metabolic disorder, glomerular disease, secondary renal, 

hereditary renal cancer syndromes, or tubulointerstitial kidney disease. Steroid-resistant 

nephrotic syndrome (SRNS) and focal segmental glomerulosclerosis (FSGS), are leading causes 

of end-stage renal disease (ESRD) in children, adolescents, and adults. Although several SRNS 

genes could be identified mostly in younger children, the genetic basis of SRNS/FSGS in 

adolescents and adults is far from being completely understood. Reliable discrimination of 

genetic versus non-genetic forms is an imperative as the identification of monogenic rare 

kidney disease has numerous implications in a precision medicine setting. Currently, the 

predominant application of short-read based sequencing techniques results in preferential 

detection of point mutations and small-sized deletions/insertions while larger structural 

aberrations (large deletions/insertions), gene rearrangements, and mutations in homologous 

or repetitive regions frequently escape detection. This project combines short-read based high 

throughput next-generation sequencing (GPS/WES/WGS) with unparalleled structural variant 

analyses to overcome previous limitations in genetic analyses. Clinically relevant examples, 

that such structural variants (SV) are important in rare kidney diseases, are complement 

activation gene cluster (RCA; chromosome1q32) in atypical haemolytic uremic syndrome 

(aHUS) as well as the deletion of the chloride channel ClC-Kb associated with Bartter syndrome 

type 3. The major goal of this project is to unravel the genetic basis of genetic forms of RKD 

like SRNS/FSGS, aHUS, and tubulopathies and to define a pipeline for the molecular genetic 

analyses of rare kidney diseases as a best-practice clinical routine at the University Hospital of 

Cologne. Specifically, my aim was to perform profound genome analyses using biosamples 

from a cohort of paediatric and adult SRNS/FSGS patients, that have been collected over the 

last years and integrate this with already existing genetic data. By a comprehensive genomic 

approach, we aim to improve the diagnostics of chronic kidney disease, enhance our 
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understanding of the underlying pathomechanisms, and contribute to practice-changing 

discoveries by precision diagnostics, that allow individualized therapies. 

Zusammenfassung 

Seltene Erkrankungen, definiert durch eine Inzidenz von weniger als 1:2000, betreffen etwa 

3-6 % der Bevölkerung. Bis heute wurden bereits über 600 verschiedene genetische 

Nierenerkrankungen identifiziert. Die meisten von ihnen, mit Ausnahme der autosomal 

dominanten polyzystischen Nierenerkrankung (ADPKD), sind seltene bis sehr seltene 

Erkrankungen. Aufgrund ihrer Seltenheit und oft genetischen Heterogenität ist die Analyse 

schwierig und die Diagnose wird häufig verzögert. Klinisch werden (seltene) 

Nierenkrankheiten hauptsächlich in die folgenden Krankheitskategorien eingeteilt: 

Angeborene oder entwicklungsbedingte Fehlbildungen der Nieren und des Urogenitaltrakts, 

Elektrolyt- oder Stoffwechselstörungen, glomeruläre Erkrankungen, sekundäre 

Nierenerkrankungen, erbliche Nierenkrebssyndrome oder tubulointerstitielle 

Nierenerkrankungen. Das steroidresistente nephrotische Syndrom (SRNS) und sein 

histomorphologisches Hauptkorrelat die fokal-segmentale Glomerulosklerose (FSGS) stellen 

eine bedeutende Ursache für die terminale Niereninsuffzienz im Kindesalter, als auch bei 

erwachsenen Patienten dar. Trotz Identifikation vieler monogenetischer Veränderungen, ist 

die genetische Grundlage des SRSN/FSGS-Komplex für die Mehrheit der älteren Kinder, 

Jugendlichen und Erwachsenen bisher nicht gut verstanden. Die eindeutige Abgrenzung 

genetischer Ursachen für seltene Nierenerkrankungen ist unerlässlich, da sich bereits heute 

hieraus eine Vielzahl an klinischen Implikationen ergeben. Die Identifikation unbekannter 

Erkrankungsallele oder Erkrankungsgene kann Erkenntnisse bringen, die ein gänzlich neues 

Verständnis der Pathomechanismen ermöglichen. Durch systematische repetitive Analyse 

einer ausreichend großen Patientenkohorte ist eine hypothesenfreie genetische Testung 

möglich, die auch die methodischen Schwächen der bislang von „short-reads“ dominierten 

Sequenziertechnologien kompensieren kann. Wir haben in unserer Studie Whole-

Exome/Genome Sequenzierungs-Verfahren (WES/WGS) mit Methoden kombiniert, die eine 

Erfassung von Strukturvarianten (SV) (große heterozygote Deletionen/Insertionen, 

balancierte Translokationen, Gen-Rearrangements, etc.) erlauben. Eindrückliche Beispiele, 

dass solche SV auch bei seltenen Nierenerkrankungen von Bedeutung sind, zeigen Befunde 

zum Komplement-Aktivierungs Gencluster (RCA; Chromosom1q32) bei atypischem 
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Hämolytisch Urämischem Syndrom (aHUS) sowie die vollständige Deletion des Chloridkanals 

ClC-Kb ursächlich für Bartter Syndrom Typ 3. Konkret ist es mein Ziel, tiefgreifende 

Genomanalysen anhand von Bioproben aus einer Kohorte pädiatrischer und erwachsener 

Patienten mit genetisch bedingten Formen der seltenen Nierenerkrankungen wie SRNS/FSGS, 

aHUS und Tubulopathien durchführen, die in den letzten Jahren gesammelt wurden und diese 

in bereits vorhandene genetische Daten integrieren. Durch eine umfassende genomischen 

Analyse wollen wir die Diagnostik von chronischen Nierenerkrankungen verbessern, unser 

Verständnis der zugrunde liegenden Pathomechanismen erweitern und zu 

praxisverändernden Entdeckungen durch Präzisionsdiagnostik beitragen, die letztendlich 

individuelle und gezielte Therapiemöglichkeiten ermöglichen soll. 

 



 
 

1 
 

Introduction 
 

Interesting titbits to tantalize your mind 

In the average healthy human body, approximately 1.2 litre blood are pumped through the 

kidneys every minute. This equals 20-25 % of the whole human body’s cardiac output (CO). 

The CO is defined by the volume of blood pumped through the heart over a time-span of one 

minute and is calculated by the heart rate and the stroke volume. At rest, the CO of a healthy 

individual is about 5 L/min (Field et al. 2010). About 10 % of the blood that flows through both 

kidneys, namely 180 litres are filtered in the kidneys every day (~125 ml per minute). That is 

the equivalent of the water that fits into a normal-sized bathtub. Every day! Considering a 

normal urine excretion volume of between 1-2 litre per day, 99 % of the filtrate is reabsorbed 

by the kidney and resupplied into the blood (Wallace 1998). In relation, the proportion of the 

hearts’ cardiac output to the brain has been reported to be between 15-20 % (Williams and 

Leggett 1989; Xing et al. 2017), emphasising, that the kidneys are very important and 

fascinating organs that should be of more interest in the society. 

Rare kidney disease 

The term “rare disease” (interchangeably used “orphan disease”) does not succumb to 

standardized regulations and is subjectively defined differently from country to country. In the 

US a disease is considered rare if there are less than 200.000 individuals affected (Thomas and 

Caplan 2019). In Europe its fewer than 1:2000 (Nguengang Wakap et al. 2020), and in Japan 

fewer than 1.2500 (Hayashi and Umeda 2008). Globally, between 3.5-5.9 % of the population 

(estimated prevalence of rare diseases between ~3482–5910 per 100.000 individuals) is 

affected by a rare disease at any time of which approximately 72 % are of genetic origin 

(Nguengang Wakap et al. 2020).  

Many of the rare kidney diseases show variable expressivity even intrafamilial. Subtle 

metabolic and biochemical clues can be obscured by the broad metabolic changes seen in 

progressive kidney disease. Non-standardized molecular genetic diagnostic protocols, 

extremely small numbers of patients, and scarcity of clinical consensus guidelines make 

comprehensive clinical care still difficult for many entities (Watson et al. 2008). However,  

genomic research into RKD has already been demonstrated to be one of the main drivers of 
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knowledge into renal development and physiology and the underlying molecular basis of 

kidney disease (Soliman 2012).  

In 1990, the genetic basis of X-linked Alport syndrome (AS), the most common type of AS was 

unravelled by identification of causative mutations in the COL4A5 gene (Barker et al. 1990). 

During the next 10 years, for growing number kidney diseases the genetic basis was 

discovered, including many classic rare kidney disorders like nephrogenic diabetes insipidus 

(Rosenthal et al. 1992), autosomal dominant polycystic kidney disease type 1 (Harris et al. 

1995 Oct), pseudoaldosteronism (Liddle’s syndrome) (Shimkets et al. 1994), nephrolithiasis 

associated to Dent’s disease (Lloyd et al. 1996), salt-wasting in Bartter and Gitelman syndrome 

(Simon et al. 1996a; Simon et al. 1996c), nephropathic cystinosis (Town et al. 1998), and 

steroid-resistant nephrotic syndrome (Olsen et al. 1996; Boute et al. 2000). In terms of kidney 

diseases, over 600  mendelian kidney diseases have been reported until know, most of which 

have been considered rare in Europe and the USA, with a combined prevalence of 60-80 cases 

per 100.000 citizens (Rasouly et al. 2019). These more than 600 genetic diseases can be 

assigned to the following main types: Congenital or developmental kidney and urogenital tract 

malformations (341), electrolytes or metabolic disorders (150), glomerular disease (83), 

secondary renal (28), renal cancer syndromes (17), and tubulointerstitial disease (6) (Rasouly 

et al. 2019).  

The use of NGS technologies dramatically improved genetic testing and expanded the 

spectrum of nephrotic diseases especially when clinical phenotyping remained inconclusive 

(Stokman et al. 2016). The presentation of phenotypic variations may be due to genetic 

heterogeneity. A precise genetic diagnosis may already have direct therapeutic implications. 

For example, the effectiveness of plasmapheresis and outcome of kidney transplantation in 

haemolytic uremic disorder is strongly associated to the affected disease-causing gene. 

Patients with mutations in genes encoding fluid phase circulating proteins like CFH and CFI 

accompany a more severe clinical outcome compared to those carrying mutations in MCP 

(CD46) that encodes a cell-associated protein (Caprioli et al. 2006). However, the underlying 

monogenetic cause can only be identified in ~ 20-30 % (and one study with 73 %) of cases with 

SRNS (Trautmann et al. 2018; Cheong 2020; Najafi et al. 2022), congenital tubulopathy (30-50 

%) (Devuyst et al. 2014; Hureaux et al. 2019), or aHUS (50-60 %) (Noris and Remuzzi 2009; 

Nester et al. 2015). 
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While we performed molecular diagnostics of the more than 300 RKD patients, individual 

groups of patients emerged. I focused my work on three entities: FAT1-associated 

nephropathy, CFH-associated aHUS, and CLCNKB deletion-associated BS 3. Detailed 

investigations were carried out using up-to-date molecular genetic methods, which could be 

introduced as standard in the analysis of the respective diseases in the future. The work-up of 

these rare diseases produced clinically relevant insights, represented in the three publications 

of this thesis. 

Nephrotic Syndrome 

Nephrotic syndrome (NS), with an estimated incidence of 1-2:100.000, is the most common 

glomerular disease in paediatrics, accounting for ~10 % of all early-onset chronic kidney 

diseases (CKD) (Wong 2007; Filler et al. 2003; Smith et al. 2007). Approximately 80-90 % of 

these patients clinically respond to treatment with glucocorticoids and are classified as 

steroid-sensitive NS (SSNS), whereas the remaining 10-20 % are steroid-resistant (Koskimies 

et al. 1982; Tarshish et al. 1997; Carter et al. 2020; Wong 2007). 

In contrast to steroid-sensitive nephrotic syndrome (SSNS) which usually presents as a benign 

disease, steroid-resistant nephrotic syndrome SRNS/FSGS has long been recognized as a major 

cause of paediatric and adolescent end-stage renal disease (ESRD) (Trautmann et al. 2017; 

Harambat et al. 2013). 15 % of all ESRD cases with an onset of disease before the age of 25 

are caused by NS (Smith et al. 2007). Much of our understanding of podocyte biology and how 

the podocyte function impacts the function and integrity of the glomerular filter is derived 

from genetic studies on familial/genetic forms of FSGS. Histologically, SRNS is mainly 

characterized by focal segmental glomerular sclerosis (FSGS) the segmental solidification 

(scarring) of scattered areas of the glomerular tufts (focal). The glomerular scarring (sclerosis) 

is characterized by the collapse of the capillaries and an increase of the extracellular matrix 

but only affects portions of the glomerular (segmental) (Ichikawa and Fogo 1996). Other 

frequent manifestations are membranous nephropathy characterized by the thickening of the 

glomerular capillary walls due to immune complex accumulation (Couser 2017), and minimal 

change disease characterized by increased renal membrane permeability and proteinuria due 

to glomerular filtration barrier damage (Vivarelli et al. 2017; Go et al. 2021). 
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Anatomy of the renal system and the slit diaphragm 

Macroscopically, the kidney consists of four major sections: (1) the cortex, which contains the 

renal corpuscles, consisting of the glomeruli and Bowman capsules. (2) The medulla, which 

can be further divided into a narrower outer medulla and a thicker inner medulla, organized 

as cones containing the medullary pyramids. The tips of the kidney pyramids form papillae (3) 

through which the urine coming from the collecting ducts is collected and passed into cup-

shaped calyces (renal pelvis (4)) before flowing through the ureters into the bladder and 

through the urethra out of the body (Figure 1A) (Radi 2019; Akilesh 2014). 

 

Figure 1: Anatomy of the Kidney, Glomerulus, Capillary, and Filtration barrier. Adapted from Tryggvason et al. 2003 and 
modified by Nikolai Tschernoster. 

Urine production is the interplay of three major processes: glomerular filtration, tubular 

reabsorption, and secretion (Chen et al. 2017). Functionally, the urine-producing unit is called 

the Nephron with parts being located in both the cortex and the medulla. In total, each of the 

kidneys contains approximately 1-1.3 million nephron units (Wallace 1998; Murray and Paolini 

2022). The nephron consists of multiple specialized compartments, each with its own 

important function. 

The glomerulus contains a capillary tuft of afferent arterioles through which blood is 

transported into the glomeruli and efferent arterioles through which exit the glomeruli (Figure 

1B). The specialized large porous surface of the capillaries is optimized for filtration (Murray 

and Paolini 2022). The actual filtration unit (glomerular filtration barrier) encases the 

capillaries and is composed of three layers. The fenestrated endothelium as the inner layer, 

the 300-350 nm thick glomerular basement membrane (GBM), and the podocytes as the outer 
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endothelial layer (Figure 1C, D) (Tryggvason and Pettersson 2003). As the final layer, podocytes 

are functional of utmost importance in the prevention of proteins larger than 90 kDa, like 

albumin and immunoglobulins, from leaking into the primary urine, while allowing smaller 

molecules such as water, ions, creatine and glucose, and small proteins to pass through 

(Murray and Paolini 2022). Functionally, branching foot processes of adjacent podocytes form 

a sieve-like complex, separated by an ultrathin gab, called slit diaphragm surrounding the 

glomerular capillaries within the Bowman capsules (Tryggvason and Pettersson 2003; Rice et 

al. 2013). The slit diaphragm is a very specialized junction containing proteins belonging to the 

adherents junction such as P-cadherin, ß-catenin (Reiser et al. 2000), and FAT (Inoue et al. 

2001), as well as proteins belonging to the tight junction family such as ZO-1, JAM-A occludin 

and cingulin (Fukasawa et al. 2009).  Together with FAT and P-cadherin, the transmembrane 

proteins Nephrin, (Ruotsalainen et al. 1999; Tryggvason 1999) Podocin, (Schwarz et al. 2001; 

Roselli et al. 2002) NEPH1, (Donoviel et al. 2001) Neurexin-1 (Saito et al. 2011) and Ephrin-B1 

(Hashimoto et al. 2007) form the molecular sieve of the slit diaphragm (Figure 1D). Over the 

progressive stages of kidney disease, the glomerular filter starts to fail, altering podocyte and 

slit diaphragm morphology and permeability, thus larger and more proteins, ions, and 

minerals are excreted through the urine (Butt et al. 2020). Clinically, kidney damage can be 

identified by measuring serum creatinine levels, the of loss of protein in the urine by analysing 

the urinary albumin-creatinine ratio or the estimated glomerular filtration rate (eGFR) by 

taking blood creatinine levels, the age, body size, and gender into the equation (Wang et al. 

2019; Devarajan et al. 2022). GFR measurements of less than 60 ml/min/1.73m², albuminuria 

of >300 mg within 24 hours, or an urine albumin-to-creatinine ratio of >30 mg/g persisting 

over a period of three months is classified as clinically relevant CKD (Stevens and Levin 2013). 

Glomerular disease 

The first SRNS/FSGS genes discovered encoded proteins localized to the slit diaphragm (Somlo 

and Mundel 2000; Tryggvason et al. 2006). Today the spectrum of genes, and mutations that 

affect podocyte’s homeostasis and survival and cause FSGS is far more diverse and complex 

including genes encoding for additional slit diaphragm components (NPHS1 (nephrin), NPHS2 

(podocin), CD2AP, CRB2), actin-binding proteins (ACNT4, INF2, MYH9, MYO1E), actin 

regulators (ARHGDIA, KANK1,2,4), focal adhesion proteins (ITGA3, LAMB2), and proteins 

controlling transcriptional processes (WT1, LMX1B, WDR73, SMARCAL1, NUP93, NUP107, 
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NUP205). 84.4 % of all SRNS cases, with congenital onset of disease within the first 3 months 

of life, are caused by mutations in one of only four genes: NPHS1, NPHS2, LAMB2, and WT1. If 

the onset of the disease lies within the first year of life, those four genes still account for 66.3 

% of cases (Hinkes et al. 2007). Considering their functional relevance as the glomerular 

filtration layer, it is not surprising that dysfunctional proteins cause a broad variety of 

glomerular diseases.  

FAT1 

The FAT atypical cadherin (FAT) ortholog Ft was first discovered in Drosophila (Evang 1925). 

Four human FAT orthologs are identified today with conserved structure and function (Down 

et al. 2005; Tanoue and Takeichi 2005). Of all four FAT proteins, FAT1 is characterized the most 

due to its involvement in multiple different disease entities (Valletta et al. 2014; Mariot et al. 

2015; Lahrouchi et al. 2019) and is linked to the Wnt/β-catenin (Morris et al. 2013), the Hippo 

(Ahmed et al. 2015) and the MAPK/ERK signaling pathways (Hu et al. 2017). In the kidney, 

FAT1 is located in the podocytes and part of the slit diaphragm, and FAT1 deficiency is 

associated with decreased cell adhesion and podocyte malformations (Yaoita et al. 2005; 

Lahrouchi et al. 2019).  

Hippo Signaling 

The Hippo pathway and its first pathway core components NDR family protein kinase Warts 

(Wts) (Xu et al. 1995), WW domain-containing protein Salvador (Sav) (Tapon et al. 2002), 

Ste20-like protein kinase Hippo (Hpo) (Wu et al. 2003), and the tumour suppressor Mob (Mats) 

(Lai et al. 2005) were first discovered in Drosophila melanogaster. When active, the 

mammalian Hpo core kinases MST1/2 form heterodimers with the Sav ortholog SAV1 to 

phosphorylate SAV1 (Park and Lee 2011), the Mats ortholog MOB1 (Praskova et al. 2008), and 

the Wts ortholog kinases LATS1/2 (Chan et al. 2005). LATS1/2 phosphorylate yes-associated 

protein (YAP) and WW domain-containing transcription regulator protein 1 (TAZ) preventing 

their translocation into the nucleus (Zhao et al. 2007). When inactive, dephosphorylated YAP 

and TAZ translocate into the nucleus and act as co-regulators together with TEAD transcription 

factors to induce cell proliferation, cell-cell survival, and migration (Zhao et al. 2008; Zhang et 

al. 2009). Dysregulation of the Hippo pathway components has been frequently reported in 

multiple cancer types, including glioma (Masliantsev et al. 2021), colorectal cancer (Cheung et 

al. 2020; Sun et al. 2020), pancreatic cancer (Ansari et al. 2019), breast cancer (Yousefi et al. 
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2022), and endometrial cancer (Moon et al. 2022). Furthermore, the Hippo Pathway plays 

essential roles in immunity (Wang et al. 2017; Du et al. 2018), embryogenesis (Wu and Guan 

2021), angiogenesis (Boopathy and Hong 2019), cardiovascular diseases (Leach et al. 2017), 

fibrotic diseases (Mia and Singh 2022), and kidney diseases (Müller and Schermer 2020; Sun 

et al. 2022; Zhang et al. 2022). Focusing on kidney disease, it has been shown, that the Hippo 

pathway is involved in kidney cancer (Rybarczyk et al. 2017; White et al. 2019), ADPKD-

associated cystic kidney disease (Cai et al. 2018; Kunnen et al. 2018), CKD (Patel et al. 2019), 

and FAT1-associated kidney disease (Gee et al. 2016; Sethi et al. 2022). Recessive FAT1 

mutations have been reported in patients with SRNS, nephropathy, syndactyly, and 

neurological and ocular features (Gee et al. 2016; Lahrouchi et al. 2019).   

Disease spectrum 

Unfortunately, the SRNS/FSGS spectrum becomes genetically much more heterogeneous with 

age (Hinkes et al. 2007; Büscher et al. 2016; Sadowski et al. 2015). To date over 40 monogenic 

forms of SRNS/FSGS have been identified making this group one of the most genetically 

heterogeneous rare kidney diseases. In general, monogenetic causes of kidney disease are 

present in ~10 % of adult cases and 20 % of children (Vivante and Skorecki 2019; Groopman 

et al. 2019). Recent studies report that genetic testing with WES or gene panel sequencing 

result in a diagnostic rate of 30 % in paediatric and 5-30 % in adult patients with CKD 

(Connaughton and Hildebrandt 2020). In specialized disease groups, diagnostic yields can 

reach up to ~80 % (Morinière et al. 2014).  
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Additionally, the FSGS spectrum shows 

substantial clinical and histological overlap 

with other clinically significant disease entities 

like Alport syndrome (Gast et al. 2016), the 

spectrum of renal thrombotic 

microangiopathies/atypical haemolytic uremic 

syndrome (rTMA/aHUS), which may result in 

nephrotic range proteinuria (Costero et al. 

2010; Manenti et al. 2013), specific metabolic 

disease e.g. DGKE associated aHUS/SRNS 

(Lemaire et al. 2013), or MMACHC associated 

cobalamin C deficiency (Beck et al. 2017), and 

other rare kidney diseases like Bartter 

Syndrome (Figure 2) (Su et al. 2000; Lee et al. 2011). Mutations in complement regulators (e.g. 

CFH, CFI) have also been reported as the cause of SRNS/FSGS (Sethi et al. 2012; Manenti et al. 

2013). 

The complement system 

The name “complement”, derives from the heat-sensitive lytic components exhibiting non-

specific antimicrobial properties, complementing heat-stable serum proteins like antibodies, 

found in blood by Jules Bordet and therefore was termed “complement” by Paul Ehrlich in the 

year 1899 (Ling and Murali 2019; Chaplin, JR 2005). Today the complement system is known 

for its essential role in our innate immune system in the defence against microbial pathogens 

including bacteria, fungi and viruses, for removing apoptotic cells and debris from circulation 

and damaged tissue and in the inflammatory response (Mevorach et al. 1998; Schifferli et al. 

1986).  

The complement system consists of a broad range of over 50 circulating fluid phase- and cell-

surface-associated proteins that are mostly produced in the liver (Gadjeva 2014). Activation 

of the classical and the lectin pathways are initiated by binding to immune complexes or 

pathogens (Merle et al. 2015a). The alternative pathway however, does not require initial 

activation and remains constitutively active at a low level, ready to be enhanced to “tick over” 

Figure 2: Overlapping phenotype correlation between 
FSGS/SRNS, aHUS, Alport syndrome and other diseases. 
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to full activity if a certain level of stimulus is reached (Merle et al. 2015b). Each of the three 

pathways leads to the cleavage and activation of the central complement component C3 

which activates C5 convertase that initiates the agglomeration of multiple complement 

components (C5b-C9n) that form the lytic membrane attack complex that punctures the 

target cell and destroys it (Müller-Eberhard 1986; Schröder-Braunstein and Kirschfink 2019). 

To regulate the alternative pathway and differentiate between “self” and “non-self” cells 

there exist multiple regulating proteins that act both circulating in fluid phase like complement 

factor H (CFH) and complement factor I (CFI) as well as on cell surfaces like membrane cofactor 

protein (CD46) (Merle et al. 2015a). Dysfunction of any of the many complement cascade 

components or regulating proteins may cause complement deficiency and subsequently 

follow-up diseases like thrombotic microangiopathy (TMA), C3 glomerulopathy (C3G) (Smith 

et al. 2019), glomerulonephritis (GN) (Kaartinen et al. 2019), systemic lupus erythematosus 

(SLE) (Weinstein et al. 2021), and age-related macular degeneration (AMD) (Armento et al. 

2021). TMAs can be further divided into primary TMAs like ADAMTS13-associated thrombotic 

thrombocytopenic purpura (TTP) (Zheng et al. 2002), and HUS/aHUS (Jokiranta 2017), or 

secondary HUS, caused by complement activation through other disease processes like 

infection (Kavanagh et al. 2013), autoimmune disease (Babar and Cohen 2018), drugs (Hunt 

et al. 2017), pregnancy-associated TMA (Cody et al. 2022), and malignant hypertension-

associated TMA (Cavero et al. 2022). 

Atypical haemolytic uremic syndrome 

rTMAs/HUS/aHUS are commonly characterized by thrombocytopenia, mechanical haemolytic 

anaemia, intravascular haemolysis, and acute renal injury (Loirat and Frémeaux-Bacchi 2011). 

While HUS usually manifests after clinical gastroenteritis caused by the Shiga toxin-producing 

Escherichia coli (STEC; STEC-HUS) (Riley et al. 1983), aHUS constitutes a genetic, or acquired 

disease caused by mutations in the complement components CFH (Warwicker et al. 1998), C3 

(Frémeaux-Bacchi et al. 2008), CD46 (Richards et al. 2003),  CFI (Kavanagh et al. 2005), and 

complement factor B (CFB) (Goicoechea de Jorge et al. 2007).  Additionally, some patients with 

aHUS have been reported to carry mutations in genes that are not directly associated with the 

complement system (Lemaire et al. 2013; Bu et al. 2014; Delvaeye et al. 2009). Here, we 

focused on CFH-associated aHUS. CFH is one of the key components of the alternative 

pathway of the complement system, regulating the complement pathway activation by 



 
 

10 
 

competing against CFB in the binding of C3b (Conrad et al. 1978). Factor H (formally known as 

beta 1 H globulin) acts as a cofactor for plasma serine protease CFI-mediated C3b degradation 

and C3b inactivator accelerator, both in the fluid phase and on cell surfaces (Whaley and 

Ruddy 1976; Pangburn et al. 1977). The N-terminal area is responsible for the decay-

acceleration and the co-factor activity, while the C-terminal end of CFH is correlated with cell 

surface recognition (Gordon et al. 1995; Józsi et al. 2007). The CFH protein family includes the 

complement regulator CFH and the five CFH-related proteins CFHR1-CFHR5. Because of 

successive large genomic duplication events, CFH and its five related proteins show high 

sequence and structural homology which predispose to structural recombination (Zipfel et al. 

1999). Until today, multiple different SVs have been found in the large CFH/CFHR gene cluster, 

mainly caused by non-allelic homologous recombination (NAHR) (Heinen et al. 2006; Venables 

et al. 2006; Moore et al. 2010; Maga et al. 2011; Francis et al. 2012; Eyler et al. 2013). 
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The renal tubular system 

The glomerulus opens into the renal tubules consisting of the proximal convoluted tubule (A), 

the loop of Henle (B), the distal convoluted tubule (C), and the collecting duct (D).  

 

The Bowman’s capsule gives rise to the first portion 

of the renal tubular system, the proximal 

convoluted tubule. Plastered with microvilli to 

enlarge their luminal surface area, the proximal 

convoluted tubule epithelial cells are capable to 

reabsorb between 60-80 % of the glomerular 

filtrate, nearly all of the glucose, 90 % of calcium 50 

% of the urea, most of the bicarbonate, phosphate, 

citrate and amino acids, vitamins, sulphate, much of 

the chloride and 65 % sodium and potassium (Figure 

3A) (Brown, JR 1966; Radi 2019). 

The proximal convoluted tubule turns into the 

descending limb of the loop of Henle. Here, up to 15 

% of water is passively reabsorbed through 

permanent aquaporin channels and sodium 

chloride is actively absorbed by ATPase pumps. 

Urea passively diffuses into the lumen (Kokko 

1970; J. Gordon Betts et al. 2013 // 2013-). In the 

following ascending limb of the loop of Henle however, aquaporin channels are completely 

absent and no water is reabsorbed. Here, approximately 30 % sodium, chloride, and potassium 

are actively reabsorbed from the lumen through the epithelial cells into the blood by co-

transporting channels (ATPase pumps) (Figure 3B). Mutations in these channels cause 

different types of “salt-losing tubulopathies” that have been merged under the general term 

of Bartter Syndrome (BS type 1-5) (Ares et al. 2011; Simon et al. 1996b; Simon et al. 1996a; 

Simon et al. 1997; BARTTER et al. 1962; Schlingmann et al. 2004; Laghmani et al. 2016; 

Seyberth et al. 1985). In BS, mutations in SLC12A1 or KCNJ1 are linked to a severe neonatal 

onset, while mutations in CLCNKB usually cause a milder course and later onset of symptoms. 

Figure 3: Anatomy of the nephron. Adapted from 
"Anatomy and Physiology by J. Gordon Betts (2013)" 
and modified by Nikolai Tschernoster. 
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BS 3 results from mutations in, or the whole deletion of, the CLCNKB gene encoding the ClC-

Kb chloride channel (Simon et al. 1997). Whole gene deletion of CLCNKB is considered the 

most frequent mutation among BS 3 (Simon et al. 1997; Konrad et al. 2000; Han et al. 2017; 

Han et al. 2020; Seys et al. 2017; Najafi et al. 2019). BS 3 is classified as classical BS with variable 

onset of the disease ranging from the antenatal to the adult stage (Seys et al. 2017). 

Overlapping phenotypes to antenatal/neonatal BS and Gitelman Syndrome have also been 

described (Brochard et al. 2009b; Jeck et al. 2000; Konrad et al. 2000; Matsunoshita et al. 

2016; Seys et al. 2017). Patients with mutations in CLCNKB are prone to develop CKD (25 %) 

which can progress to end-stage renal disease in ~8 % of cases (Seys et al. 2017; Matsunoshita 

et al. 2016). Central clinical feature of BS 3 is severe hypochloraemia and the most frequent 

symptoms are hypokalaemia, polyuria, polydipsia, vomiting, constipation, dehydration, 

hypotonia, and failure to thrive (Brochard et al. 2009b; Han et al. 2017; García Castaño et al. 

2017). CKD has frequently been reported in several BS subtypes (exception BS 5) (Kiran et al. 

2014; Brochard et al. 2009b; Palazzo et al. 2022; Yamazaki et al. 2009), characterized by 

proteinuria, low GFR, and FSGS (Bettinelli et al. 2007; Akil et al. 2010).  

In the distal convoluted tubule, another 10-15 % of water and 7-10 % of calcium are 

reabsorbed. Contrary, hydrogen ions, and creatinine are actively secreted (J. Gordon Betts et 

al. 2013 // 2013-; Radi 2019). An additional 10 % of magnesium is reabsorbed by the Mg2+ 

Influx channel, encoded by the TRPM6 gene (Hierholzer and Wiederholt 1976; Voets et al. 

2004), and 5-10 % of sodium is transported out of the lumen by the NaCl cotransporter (NCC) 

(Figure 3C) (Subramanya and Ellison 2014). The disease resulting from mutations in the 

SLC12A3 gene, encoding the NCC channel is named Gitelman syndrome (GS). GS is also 

included in the various types of “salt-losing tubulopathies” and clinically closely related to the 

classical BS 3 symptoms, with overlapping clinical manifestations like polydipsia, polyuria, 

hypokalaemia, and less frequent a short statue (Gitelman et al. 1966; Fujimura et al. 2019). In 

patients, lacking distinctive GS features like hypercalciuria or hypomagnesemia, a definitive 

diagnosis can only be made by genetic testing (Simon et al. 1996c; Matsunoshita et al. 2016; 

Seys et al. 2017). Since BS 3 and GS are often difficult to distinguish and only genetic testing 

can reliably discriminate these two pathologies, proposals have been made to combine BS 3 

and GS into the single disease entity of “hereditary salt-losing tubulopathies” (SLTs) (Seyberth 

2008; Seyberth and Schlingmann 2011). In the collecting ducts, two distinct cell types regulate 
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the water and electrolyte homeostasis (Roy et al. 2015). Principal cell, expressed sodium 

channels (ENaC) and Aquaporin2 water channels regulate the final sodium and water 

reabsorption, respectively, whereas intercalated cell expressed vacuolar-type ATPases (V-

ATPase) and carbonic anhydrase II regulate the secretion of protons and reabsorption of 

bicarbonates, respectively (Figure 3D) (Roy et al. 2015). After final manipulation, the “tubular 

fluid” exits the collecting ducts through the papillae into the renal pelvis, and accumulates in 

the bladder before excretion (Chen et al. 2017).  

Evolution of DNA Sequencing 

Since the discovery of the DNA structure in 1953 (WATSON and CRICK 1953), the race has 

begun to unravel the “human blueprint”. The first method of DNA sequencing was published 

24 years later by Sanger et al. (Sanger et al. 1977). Known as Sanger sequencing, the technique 

involves the use of a DNA polymerase enzyme and the chain-termination method to 

synthesize a single-stranded copy of a DNA molecule, followed by the use of a labelled 

nucleotide to terminate the strand at specific nucleotide positions. The labelled strands are 

then separated by size on a polyacrylamide gel and visualized using autoradiography (after 

1986 fluorescence labelling (Smith et al. 1986)). Sanger sequencing evolved with the use of 

capillary electrophoresis and was the gold standard of sequencing for decades and is still 

broadly available today. This “first” generation of sequencing was time and cost-effective but 

was highly limited in throughput. In the 1990s the “International Human Genome Sequencing 

Consortium” containing research groups from 6 countries, the first human genome was 

sequenced using the Sanger sequencing method. This effort took 13 years and ~ 3 billion 

dollars to complete and in 2001 the first human genome was published in Nature and Science 

(Lander et al. 2001; Venter et al. 2001). Between 2004 and 2006, new technologies known as 

“next-generation sequencing (NGS)” were developed to expand our sequencing abilities. 

These advancements in nanotechnology principles and innovations allowed for the massive 

parallel sequencing of single DNA molecules, resulting in a dramatic increase in sequencing 

data output and a massive reduction of sequencing costs. Since 2005 new technologies were 

released capable of generating more and more reads per run (Margulies et al. 2005; Shendure 

et al. 2005). NGS technologies use massive parallel sequencing to sequence large amounts of 

DNA rapidly and cost-effectively. The sequencing process involves the fragmentation of the 

DNA into small fragments followed by sequencing each fragment in parallel in a high-
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throughput manner. During sequencing, the DNA is denatured and then read in a sequencing-

by-synthesis process. Here, a fluorescently labelled nucleotide is added to the DNA template 

and the fluorescence is detected and recorded, allowing the sequence to be determined. The 

fragments are then either aligned to a reference or assembled into a continuous sequence 

without reference (Mardis 2013). These NGS technologies however are based on relatively 

short read lengths of up to 300 bp, which do not allow the coverage of >70 % of human 

genome structural variations of over 50 bp in size as well as the analysis of larger repetitive 

regions and the 5 % of our genome containing large segmental duplications (Bailey et al. 2001; 

Chaisson et al. 2019). This analytical gap has led to the emergence of new technologies, called 

third-generation long-read Sequencing (LRS) that can generate longer continuous fragments 

of several kilobases to up to mega-base pairs (Mbp) (Oxford Nanopore Technology) instead of 

base pairs, which can be used to reliably detect larger repetitive regions of the genome or 

complex SVs (Clarke et al. 2009; Rhoads and Au 2015). For example, PacBio’s HiFi library 

preparation system is based on circular DNA molecules, which contain a double-stranded DNA 

insert with single-stranded hairpin adapters at either end. This insert has a length ranging from 

1 kb to over 100 kb, allowing for the production of long sequencing reads. During the process, 

a polymerase moves along the template, incorporating fluorescently labelled dNTPs into the 

growing strand. Each time a nucleotide is added, a laser is used to activate the fluorophore, 

and the emission is recorded by a camera. Following this, the fluorophore is cut away from 

the nucleotide, and the cycle is repeated to uncover the identity and sequence of each base 

of the long DNA fragment (Eid et al. 2009). 

For the analysis of the different genomic loci in FAT1 nephropathy, Bartter syndrome, and 

aHUS we utilized the combination of Sanger sequencing, NGS, and LRS, together with non-

sequence-based molecular genetic methods to elucidate the genomic background in our 

patients.  
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Non-sequence-based analysis: Molecular combing 

The challenge of NGS short-read sequencing to capture large copy number variations (CNVs), 

repetitive areas, and structural variants results in a significant gap in obtaining comprehensive 

genetic data. Traditional cytogenetic analysis, which examines the condensed DNA of 

metaphase chromosomes, provides partial resolution to this issue. However, this method is 

confined to a resolution of ~5 Mbp, so individual genes cannot be examined (Levy-Sakin and 

Ebenstein 2013). Furthermore, comparative genomic hybridization (CGH) array analysis 

enables the recognition of chromosomal CNVs on a wide scale with high resolution, yet it is 

merely able to detect quantitative CNVs and does not provide specific locus details (Pinkel and 

Albertson 2005; Kallioniemi et al. 1992). In an effort to bridge the gap between classic 

cytogenetics and NGS, Fiber fluorescent in-situ hybridisation (FISH) was created in the 1990s. 

This family of techniques involves stretching chromosomal DNA in its linear form onto 

hydrophobic surfaces for FISH examination. By utilizing FISH probes, specific patterns 

including CNVs, SVs, and repetitive regions can be observed along the DNA molecules, 

allowing access to individual genes and genomic DNA ranging from 1 kb to more than 1 Mb. 

Molecular combing takes advantage of the effects of a moving liquid edge to stretch and order 

DNA molecules onto a salinized glass slide. This technique has two major benefits. To start 

with, all molecules are uniformly extended across the surface with a constant stretching 

factor, enabling direct and reliable measurements to be taken on the desired genetic region. 

Additionally, a large number of molecules equivalent to hundreds of genomes can be combed 

on a single surface, ensuring a statistically representative set of measurements (Bensimon et 

al. 1994). 
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Abstract 

Background 

Long-read sequencing is increasingly used to uncover structural variants in the human 

genome, both functionally neutral and deleterious. Structural variants occur more frequently 

in regions with a high homology or repetitive segments, and one rearrangement may 

predispose to additional events. Bartter syndrome type 3 (BS 3) is a monogenic tubulopathy 

caused by deleterious variants in the chloride channel gene CLCNKB, a high proportion of 

these being large gene deletions. Multiplex ligation-dependent probe amplification, the 

current diagnostic gold standard for this type of mutation, will indicate a simple homozygous 

gene deletion in biallelic deletion carriers. However, since the phenotypic spectrum of BS 3 is 

broad even among biallelic deletion carriers, we undertook a more detailed analysis of precise 

breakpoint regions and genomic structure. 

Methods 

Structural variants in 33 BS 3 patients with CLCNKB deletions were investigated using long-

read and synthetical long-read sequencing, as well as targeted long-read sequencing 

approaches. 

Results 

We report a ~3 kb duplication of 3’-UTR CLCNKB material transposed to the corresponding 

locus of the neighbouring CLCNKA gene, also found on ~50 % of alleles in healthy control 

individuals. This previously unknown common haplotype is significantly enriched in our cohort 

of patients with CLCNKB deletions (45 of 51 alleles with haplotype information, p=9.16x10-9). 

Breakpoint coordinates for the CLCNKB deletion were identifiable in 28 patients, with three 

being compound heterozygous. In total, eight different alleles were found, one of them a 

complex rearrangement with three breakpoint regions. Two patients had different 

CLCNKA/CLCNKB hybrid genes encoding a predicted CLCNKA/CLCNKB hybrid protein with 

likely residual function. 

Conclusions  

The presence of multiple different deletion alleles in our cohort suggests that large 

CLCNKB gene deletions originated from many independently recurring genomic events 

clustered in a few hot spots. The uncovered, strongly associated sequence transposition 

haplotype apparently predisposes to these additional events. 
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The spectrum of CLCNKB deletion alleles is broader than expected and likely still incomplete, 

but represents an obvious candidate for future genotype/phenotype association studies.  

We suggest a sensitive and cost-efficient approach, consisting of indirect sequence capture 

and long-read sequencing, to analyse disease-relevant structural variant hotspots in general. 

Keywords: 

Bartter Syndrome type 3, salt-wasting tubulopathy, Long-read Sequencing, Target 

enrichment, CLCNKA, CLCNKB, Structural variant, Risk haplotype, Next-Generation 

Sequencing, HiFi-Sequencing 

Abbreviations 

BS: Bartter Syndrome; BS3: Bartter Syndrome type 3; BS 4b: Bartter Syndrome type 4b; NAHR: 

Non-allelic homologous recombination; TAL: Thick ascending limb; DCT: distal convoluted 

tubule; GS: Gitelman Syndrome; CKD: Chronic kidney disease; MLPA: Multiplex ligation-

dependent probe amplification; NGS: Next-Generation Sequencing; LRS: Long-read third 

Generation Sequencing; HMW: High molecular weight; EDTA: Ethylenediaminetetraacetic 

acid; WES: Whole-Exome Sequencing; WGS: Whole-Genome Sequencing; CNV: Copy number 

variation; MAF: Minor allele frequency; ROI: Region of interest; PCR: Polymerase chain 

reaction; ONT: Oxford Nanopore Technology; ROH: Region of homozygosity; UTR: 

Untranslated region; SV: Structural variant; AA: Amino-acid; bp: Base-pairs; AF: Alphafold; 

RMSD: Root-Mean-Square Deviation 
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Introduction 

Bartter Syndrome (BS), first reported in 1962 (BARTTER et al. 1962), is unarguably the 

prototypic Mendelian salt-losing tubulopathy, characterized by defective salt reabsorption in 

the thick ascending limb (TAL) of Henle and/or the distal convoluted tubule (DCT), resulting in 

chronic hypokalaemia, hypochloraemia, metabolic alkalosis, and hyperreninaemic 

hyperaldosteronism with low or normal blood pressure (Kleta and Bockenhauer 2018). BS 

forms a clinically heterogenous spectrum with variable onset and severity manifesting from 

antenatal life to adulthood with variable clinical signs (with/without nephrocalcinosis), and 

sometimes extrarenal findings like sensorineural deafness (BARTTER et al. 1962; Rodríguez-

Soriano 1998; Gitelman et al. 1966). Today, the BS spectrum is genetically classified into five 

subtypes (type 1-5) and Gitelman syndrome (GS; phenotypically defined by hypomagnesemia 

and hypocalciuria in addition to hypokalaemic metabolic alkalosis), however, there is wide 

phenotypic overlap between the BS and the GS (like) spectrum (Kleta and Bockenhauer 2018). 

With the exception of MAGED2 associated BS 5 (X-linked recessive), all other BS types (with 

digenic loss of CLCNKB and CLCNKA in the ultra-rare BS 4b) and SLC12A3-associated GS 

constitute autosomal recessive disorders (Table 1).  

Table 1: Bartter syndrome subtypes and Gitelman syndrome classification: AR, autosomal recessive; DR, digenic recessive; 

XLR, X-linked recessive; a Prevalence in patients with antenatal BS, reported by Legrand et al. (Legrand et al. 2018); b 

Estimated incidence of GS reported by Kondo et al. (Kondo et al. 2021). 

Bartter 

subtype 

Gene OMIM Related 

Protein 

Inheritance prevalence Reference 

Type I SLC12A1 601678 NKCC2 AR Rare disease with unknown 

prevalence. More common BS 

type. Accounts for 24 % of 

antenatal BS casesa 

(Simon et al. 

1996a) 

Type II KCNJ1 241200 ROMK AR Rare disease with unknown 

prevalence. More common BS 

type. Accounts for 25 % of 

antenatal BS casesa 

(Simon et al. 

1996b) 

Type III CLCNKB 607364 ClC-Kb AR Rare disease with unknown 

prevalence. Maybe the most 

common type of BS worldwide. 

Accounts for 19 % of antenatal 

BS casesa 

(BARTTER et 

al. 1962; 

Simon et al. 

1997) 
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Type IV A BSND 602522 Barttin AR Rare disease with unknown 

prevalence. Less common BS 

type. Accounts for 8 % of 

antenatal BS casesa  

(Seyberth et 

al. 1985; 

Birkenhäger et 

al. 2001) 

Type IV B CLCNKA + 

CLCNKB 

613090 ClC-Ka + 

ClC-Kb 

DR ultrarare BS type (Schlingmann 

et al. 2004) 

Type V MAGED2 300971 MAGED2 XLR Rare disease with unknown 

prevalence. Less common BS 

type. Accounts for 9 % of 

antenatal BS casesa  

(Engels, A., 

Gordjani, N., 

Nolte, S., 

Seyberth, H. 

W. 1991; 

Laghmani et 

al. 2016) 

Gitelman SLC12A3 263800 NCCT AR Most common tubulopathy 

worldwide 

ca. 1:5000b 

 

 

(Gitelman et 

al. 1966; 

Simon et al. 

1996c) 

 

BS 3 is caused by biallelic pathogenic variants in the CLCNKB gene encoding the ClC-Kb chloride 

channel (Simon et al. 1997). There are more than 140 different causative sequence variants 

reported in the CLCNKB gene (HGMD database accessed in 12/2022), but complete deletions 

of CLCNKB account for more than 50 % of all BS 3 disease alleles, often found in a homozygous 

state (Simon et al. 1997; Konrad et al. 2000; Han et al. 2017; Han et al. 2020; Seys et al. 2017; 

Najafi et al. 2019). The CLCNKB gene is directly adjacent to the highly homologous CLCNKA 

gene, presumably as a result of an ancient gene duplication. This genomic structure likely 

predisposes the locus to meiotic rearrangements, as is known to happen to other similar 

structured loci (e.g. the CYP11B1/CYP11B2 locus (Lifton et al. 1992)).  

Clinically, the BS 3 phenotype seems the most variable of all BS types, ranging from 

antenatal/neonatal BS (30 %), classic infantile/childhood BS (44 %), to a GS-like phenotype (26 

%) (Matsunoshita et al. 2016; Seys et al. 2017; Brochard et al. 2009; Jeck et al. 2000; Konrad 

et al. 2000) of the 115 patients analysed in a recent retrospective French study (Seys et al. 

2017). Patients with BS 3 are at risk to develop chronic kidney disease (CKD), which can 

progress to end-stage renal disease in some cases. Preliminary data on genotype/phenotype 



 
 

47 
 

correlations for BS 3 indicate that deletions and truncating mutations are associated with 

earlier diagnosis and higher risk for CKD (Seys et al. 2017; Matsunoshita et al. 2016). Currently, 

genetic diagnosis is commonly performed with Multiplex Ligation-dependent Probe 

Amplification (MLPA), a method that does not allow to determine the concrete expansion and 

detection of breakpoint regions of the deletion.  

In this study, using a combination of synthetic long-read sequencing and Nanopore/PacBio 

Long-read Third Generation Sequencing (LRS), we performed an in-depth structural 

investigation of the CLCNKA/CLCNKB locus. Analysing 32 patients with CLCNKB deletion-

associated BS 3, and one patient with digenic BS 4b (P17), we shed new light on the genomic 

complexity of this rearrangement-prone region.  
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Methods 

Patients 

Patients with a diagnosis of BS due to CLCNKB gene deletion were recruited from the 

departments of nephrology and paediatric nephrology at the University Hospital of Cologne, 

the department of paediatrics at the University of Marburg, the department of general 

paediatrics at the University Children's Hospital of Münster, and from Great Ormond Street 

Hospital in London. 

High molecular weight DNA isolation 

High molecular weight (HMW) genomic DNA isolation for linked read and Xdrop applications 

was performed using the MagAttract HMW DNA Kit (Cat. No. 67563) for 200 µl fresh EDTA 

blood input according to the manufacturer’s specifications (Qiagen, Hilden, Germany). 

Whole Exome Sequencing (WES) 

WES was performed using Agilent SureSelect Whole Exome v7 enrichment (Agilent 

Technologies, Santa Clara, California, USA), followed by NGS on an Illumina NovaSeq 6000 

platform (Illumina, San Diego, California, USA). Data analysis and NGS-based CNV detection 

were performed using the Cologne Center for Genomics Varbank2 application v.3.3 (Cologne 

Center for Genomics, Cologne, Germany). In particular, we filtered for high-quality (coverage 

>15-fold; Phred-scaled quality >25), rare (minor allele frequency (MAF) ≤0.01) variants. To 

exclude pipeline-related artefacts, we additionally filtered against common variants from in-

house WES datasets. 

10x Genomics linked-read analysis 

High molecular weight DNA was extracted for library preparation following the Chromium 

Genome Reagent Kit standard protocol (CG00022 RevA) using the Chromium Genome Chip Kit 

PN-120216 (10× Genomics, Pleasanton, USA) and the Genome Library, Gel Bead & Multi- plex 

V1 Kit PN-120229 (10× Genomics) with the modification of using 0.9 ng of genomic DNA input. 

The fragment size of the prepared library was assessed using Tapestation 4200 (Agilent 

Technologies). The library was sequenced on a NovaSeq6000 sequencer (Illumina), which 

generated 1.63x109 paired-end reads. Assembly was performed using the de novo genome 

assemblies setting of the Long Ranger v.2.2.2 genome assembler and visualized using the 

Loupe Browser v.2.1.1 (10x Genomics). 96.4 % of reads were mapped, reaching a mean 

coverage depth of 70.3x.  

 



 
 

49 
 

Samplix Xdrop indirect sequence capture and ONT long-read sequencing 

The Xdrop indirect sequence capture allows the isolation of specific genomic DNA fragments 

which contain a region of interest (ROI) and enriches these fragments for long-read 

sequencing applications. Essentially, a small known genomic sequence of ~ 150 bp (detection 

sequence) is used near the ROI to select genomic high molecular weight DNA fragments of up 

to 50 kb spanning the breakpoint region or other structural variants of interest. To identify the 

breakpoint regions of the CLCNKB deletion, Xdrop indirect sequence capture was performed 

in selected patients (Suppl. Table 1). High molecular DNA is encapsulated with a PCR reaction 

mix (Samplix, Birkerød, Denmark). The short fluorescence-labelled detection sequence 

(forward primer; 5’-ATCCTGACACAGCCATCTGC-3’ and reverse primer; 5’-

TGATCACGCAGAACCCTCAG-3’) is used to mark our ROI (suppl. Figure 1). Droplets containing 

the genomic ROI were enriched using a FACS Aria IIIu (BD Biosciences, Franklin Lakes, USA) 

using the 100-micron 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 the best possible recovery of droplets of interest. The sorting 

of droplets is described in more detail by Madsen et al. (Madsen et al. 2020). Before 

sequencing, the evaluation sequence (forward primer; 5’-GCCCAGAAGAGTTATGTGGCT-3’ and 

reverse primer; 5’-GAGCCCTTGGAAAGCGAGTA-3’) (Suppl. Figure 1) is used to assess the 

enrichment factor as quality control. DNA is released from the isolated droplets and 

encapsulated again containing a multiple displacement amplification mix for target 

enrichment followed by long-read sequencing using a GridIon sequencing device from Oxford 

Nanopore (Oxford Nanopore Technologies, Oxford, UK). Sequencing reads were aligned using 

the minimap2 software v2.17 (Li 2018), with the pre-specified map-ont parameter. The 

resulting alignment files were sorted and indexed using samtools v1.7 (Li et al. 2009), and 

visualized in the Integrative Genomics Viewer software v.2.10.2 (Robinson et al. 2011). 

Long-range polymerase chain reaction (PCR) and amplicon-based SMRT sequencing  

Specific forward primer 5’-AGATACTGGTTTTCCGTCATCTC-3’ and reverse primer 5’-

TACCTTTGTGGATATTTCCTCCTAC-3’ were designed to exclusively amplify a ~6450 bp region 

covering the CLCNKB breakpoint regions previously identified by Xdrop targeted enrichment 

as described above. PCR was performed with 100 ng gDNA and 0.4 µM of primers using the 

LA-Taq polymerase and 2xGC PCR-Buffer I according to manufacturer protocols (Takara Bio 

Inc., Kusatsu, Japan).  
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PacBio whole genome long-read sequencing (Single-molecule real-time SMRT-Seq) 

Libraries were prepared using the SMRTbell Express Template Prep Kit 2.0 (PN 101-853-100, 

Pacific Biosciences, Menlo Park, California, USA). Briefly, 5 µg of the genomic DNA was sheared 

to 15 kbp (Megaruptor 3, Diagenode, Denville, New York, USA), followed by performing 

damage repair, end repair, A-tailing and hairpin adapter ligation and final exonuclease 

treatment. All libraries were size selected using BluePippin (Sage Sciences, Beverly, 

Massachusetts, USA) running with a size cut-off of 10000 bp. AMPure PB magnetic beads 

(Pacific Biosciences) were used for all purification steps. Library size and quality were assessed 

using Fragment Analyzer (Agilent Technologies) and Qubit fluorometer with Quant-iT dsDNA 

HS Assay Kits (Invitrogen, Waltham, Massachusetts, USA). 

Sequencing primer v5 and Sequel 2.2 DNA Polymerase were annealed and bound, 

respectively, to the final SMRTbell library. Libraries were loaded at an on-plate concentration 

of 80 pM and sequencing was performed using 8M SMRT cells on the Sequel II System with 

Sequel II Sequencing Plate 2.0 for 24h movie time. Secondary Analysis (HiFi reads) was 

performed using Pacific Biosciences SMRT Link v10.2. The sequencing data were then 

processed and analysed as described above. 

ClC-Kb/ClC-Ka hybrid protein structure predictions 

Protein structures of reference and hybrid ClC protein sequences were predicted using the 

ParaFold (Zhong et al. 2021) version of Alphafold2 (Jumper et al. 2021) using default 

parameters. Since ClC channels are homodimeric, the homodimeric states were generated 

using the multimer pre-set (n=2).   
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Results 

Genetic workup of Family P1 

Family P1 first presented in the paediatric nephrology department in 2018 with three male 

siblings with hypokalaemic metabolic alkalosis, hypochloraemia, hyperuricaemia and 

progressive chronic kidney disease (Figure 1A-F).  

 

 

 

 

Figure 1: Clinical findings and pedigree in severely affected family P1  

A Pedigree of family P1. B Estimated glomerular filtration rate (eGFR) in all brothers over a 15 years’ timeline. 

Note that eGFR declines over age in all brothers. C-E Discordant kidney sonograms. C Increased echogenicity, 

nephrocalcinosis, and reduced cortico-medullary differentiation. D Increased echogenicity, nephrocalcinosis 

and multiple large cysts. E: Mildly increased echogenicity. F Histologic slide of kidney biopsy showing unspecific 

focal segmental glomerulosclerosis in P1.1. G-I Destructive gouty arthritis and multiple gout tophi in P1.1.   



 
 

52 
 

WES of the three patients revealed no causative single nucleotide variants, but WES-based 

CNV detection suggested a homozygous deletion of CLCNKB (Figure 2A). A region of 

homozygosity (ROH) value of 389 Mb confirmed the reported consanguinity. Due to the 

unusually severe clinical presentation of the oldest sibling with intradermal tophi and gouty 

arthritis (Figure 1G-I), we performed breakpoint detection using linked-read whole genome 

sequencing. We identified an unusual pattern consisting of a large homozygous deletion 

encompassing CLCNKB and two smaller adjacent deletions nearby, but the precise genomic 

architecture remained unclear due to discontinuous sequencing reads (Figure 2B). As our 

attempts to identify breakpoints by PCR were unsuccessful, we used Xdrop indirect sequence 

capture and subsequent ONT long-read sequencing in patient P1.2. Here, we identified three 

breakpoint regions of 30-410 bp size that could not be further narrowed down because of 

their sequence homology (Figure 2C). The genomic architecture was then reconstructed as 

shown in Figure 2D. Based on the peculiar genomic findings in Family P1, we initiated a more 

detailed characterisation of the complete locus in a cohort of CLCNKB deletion patients. 
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Results of the genomic workup of the cohort 

Long-range PCR containing a ~6450 bp DNA fragment covering the genomic breakpoint 

regions found in patient P1.2 was performed, and 29 additional patients with CLCNKB 

deletion-associated BS 3, and one patient with BS 4b were analysed. The long-range PCR 

yielded an amplicon in 25 of the 33 patients. For a summary of the molecular genetic analyses 

performed on each patient, see Suppl. Table 1. Clinical data for all patients included in this 

study are summarized in Table 2.  

Figure 2: Results of the WGS and linked-read WGS analysis from patient P1.2.   

A Varbank2 implemented conifer CNV analysis tool showing results from the WGS dataset. Z-scores from patient 

P1.2 in cyan coloured bars and also as extrapolated curve. Affected region is indicated by the black horizontal 

bar. Genes in this region are indicated by purple horizontal bars. The markers are evenly distributed among the 

positional X-axis. The black curves represent the control collective, consisting of a fixed set of samples for the 

given enrichment kit. B Linked-read Loupe browser v.2.1.1 haplotype resolved SV results for patient P1.2 

compared to a control sample (matrix view). Genomic region chr1:16.023.378-16.077.660 (hg38) is displayed on 

y- and x-axis for both alleles, respectively. Number of reads is indicated by green vertical bars. Sequence coverage 

(barcode overlap) is indicated by the heat map ranging from zero coverage (white) to high coverage (black). C 

Xdrop indirect sequence capture and ONT long-read sequencing results for patient P1.2. Gene-specific 

nucleotides are indicated by red background, breakpoint regions are indicated by grey background. Long 

stretches of homologous genomic DNA sequence have been shortened, indicated by […]. D Reconstruction of the 

genomic structural rearrangement of patient P1.2. The three breakpoint regions result in a rearrangement of 

fragment B and fragment C and the deletion of the genomic DNA in-between these fragments. Genomic DNA 

Fragments were rearranged according to the identified breakpoints. New genomic rearrangement consisting of 

fragment A-C-B-D. The common sequence transposition haplotype equates to the transposition of fragment C. 

Genes are indicated in blue with exons as blue vertical bars. Gene orientation is indicated by blue arrows. Colour 

coding of genomic fragments A (green), B (orange), C (blue) and D (red). Genomic sequence coordinates refer to 

the hg38 human reference. † Linked-read control carries the CLCNKA 3’ UTR sequence transposition haplotype 

heterozygously. 
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Table 2: Patient cohort. ABS, antenatal BS; CBS, classical BS, GLS, Gitelmann like syndrome; lower case letters in the country of origin column 

indicate c, consanguineous; familial (f); sporadic (s) case; wk, week; mo, months; y, years; nd, no data. a patient has been previously reported 

in Giri et al. 2020. b Patients have been previously reported in Konrad et al. 2000. c Patient has been previously reported in Schlingmann et 

al. 2004. 
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Patient P11 with no long-range PCR product was first analysed using Xdrop targeted DNA 

enrichment and long-read sequencing, identifying the breakpoint regions. In this patient, the 

first breakpoint region is located upstream of the long-range PCR forward primer resulting in 

the loss of the PCR forward primer binding site. Of the other seven patients with no long-read 

PCR amplicons, two patients (P6 and P10) were subsequently analysed using whole genome 

long-read sequencing, which identified the cause of amplification failure. In patient P10, one 

breakpoint region is located 1727 bp downstream of the long-range PCR reverse primer 

binding site, thus, deleting the binding site. In patient P6, a single breakpoint region located 

302 bp upstream of the long-range PCR forward primer binding site resulted in the loss of the 

binding site. Taken together, we identified the breakpoint regions in 28 of the 33 patients with 

CLCNKB deletions. Whereas we initially hypothesised that the deletions in the 

CLCNKA/CLCNKB locus largely represent complex events, our investigation of the larger cohort 

and healthy controls revealed the presence of a common, but previously unreported 

structural haplotype. In most patients, we detected a transposition of a 2.2-3.0 kb long 

segment of the human genome reference CLCNKB 3’ untranslated region (UTR) to the 

corresponding region in the CLCNKA 3’ UTR. In NGS datasets aligned against the reference 

genome, this results in an apparent loss of CLCNKA 3’ UTR sequence with a concomitant gain 

of CLCNKB 3’ UTR genetic material (see Figure 3). 45 (88.2 %) of the structurally characterized 

deletion alleles for which a haplotype determination could be made (alleles A-F, n=51) lie on 

the variant haplotype.  Additionally, we reviewed the CLCNKA/CLCNKB gene cluster in the new 

T2T CHM13-v2.0 human reference genome (Nurk et al. 2022) on a random selection of our 

patients and confirmed both the sequence transposition haplotype as well as the different 

deletion alleles (data not shown).  
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In our review of short-read and long-read in-house control datasets, we found this sequence 

transposition haplotype on nearly half of all alleles. Based on coverage data from more 

than 76,000 whole genome sequencing analyses in the gnomAD v3.1.2 dataset, we estimate 

the worldwide allele frequency of the variant haplotype at approximately 50 % (Suppl. Figure 

2). To investigate whether the human reference haplotype or the transposition haplotype is 

the ancestral haplotype, we compared the human reference sequence to the rhesus monkeys’ 

and other, more distantly related species’ reference sequences. While the rhesus monkey 

reference sequence corresponds to the human reference sequence in 40 of the allele-defining 

69 nucleotides (58 %), a meaningful comparison was not feasible in other studied species, 

likely due to larger genetic distance. The moderate reference sequence similarity between 

human and rhesus monkey does not currently prove or rule out the presence of either 

haplotype in the rhesus monkey population, and we thus cannot determine the ancestral 

haplotype. 

Figure 3: Genomic CLCNKA/CLCNKB locus and the common CLCNKA 3’ UTR sequence transposition haplotype on 

chromosome 1p36.13.  

The genomic environment surrounding the CLCNKA/CLCNKB gene locus contains two highly homologous genomic 

regions (A and A’, sequence homology approx. 80 %). A and A’ are indicated by the yellow and orange boxes, 

respectively. The homologous region A stretches over 20.157 bp from chr1:16,346,920-16,367,077 

(GRCh37/Hg19), region A’ stretches over 20.827 bp from chr1:16,368,759-16,389,585 (GRCh37/Hg19). The 

exonic sequence homology of CLCNKA and CLCNKB is 94 % (Simon et al. 1997). In the alternative transposition 

haplotype, a 2.2-3 kb large DNA fragment of the CLCNKA 3’ UTR (small orange box, arrow head) is replaced by 

the homologous fragment from the 3’ UTR of CLCNKB (small orange box, arrow tail), resulting in the loss of the 

genomic material downstream of CLCNKA and an extra copy of the DNA fragment duplicated from the CLCNKB 

3’ UTR. Gene length and orientation of CLCNKA and CLCNKB are indicated by the grey arrows. Exons are indicated 

as grey bars. 
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Altogether, we found eight different deletion alleles (termed here A-H; Figure 4). At least five 

of the eight deletion alleles (B, C, D, E, F) derive from the variant haplotype (Figure 4). Allele A 

derives from the reference haplotype. The origin of deletion alleles G and H cannot be 

determined with certainty based on sequence data, as the transposed segment lies within the 

deletion. Interestingly, we could detect alleles of various complexity ranging from simple 

single breakpoint regions to more complex interlaced “scattered” alleles with three 

breakpoint regions (allele G). Deletion alleles C and E are defined by the same breakpoint 

region but differ in the length of the variant haplotype sequence transposition segment in the 

CLCNKA 3’ UTR (2.2 kb vs. 3.0 kb). A summary of each patient’s breakpoint region coordinates 

can be found in Suppl. Table 2. The breakpoint region in alleles C and E is the most common 

breakpoint region identified in this study (24 of 56 alleles), with allele E being the single most 

common allele (18 of 56). All SVs found in this study are in a homozygous state, except for 

patients P9, P14, and P18. P9 and P14 both carry the deletion alleles B and F compound 

heterozygously (Figure 4A). Patient P18 was previously diagnosed with a presumably 

hemizygous 5 bp deletion in exon 9 of CLCNKB resulting in a frameshift (c.847_851delTTCTT; 

p.Phe284Cysfs*38, Suppl. Figure 3). Patient P17 has previously been reported by Schlingmann 

et al. with digenic BS 4b (Schlingmann et al. 2004). Sequence overviews of all deletion alleles 

found in our cohort are shown in Suppl. Figure 4.  
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CLCNKA/CLCNKB hybrid gene 

In two patients we found breakpoint regions affecting the coding sequence of both CLCNKA 

and CLCNKB. Patient P11 carries a complex deletion allele G with three breakpoint regions. 

The first breakpoint region is located in a homologous region of 53 bp in intron 7/8 of CLCNKA 

and intron 7/8 of CLCNKB resulting in an in-frame fusion of CLCNKA exons 1-7 to CLCNKB exons 

8-20. Patient P6 carries a single breakpoint in a homologous region of 144 bp in intron 14/15 

of CLCNKA and intron 15/16 of CLCNKB resulting in an in-frame hybrid gene composed of 

exons 1-15 of CLCNKA and exons 16-20 of CLCNKB (Figure 4B). 

Figure 4: Summary of the CLCNKB deletion alleles identified in this study. 

Breakpoint regions are indicated by coloured arrows. Identical breakpoint regions are coloured in the same 

colour. Two common CLCNKA 3’ UTR sequence transpositions identified in this study are indicated by the orange 

box within the yellow box of CLCNKA. Breakpoint region coordinates of the 2.2 kb and 3 kb sized sequence 

transpositions are listed in Suppl. Table 2. Exons are indicated as vertical bars. Orientation and length of CLCNKA 

and CLCNKB are indicated by grey arrows. The gene FAM131C, located on the negative strand, is only partially 

visualized. A Deletion allele A is derived from the reference haplotype. Deletion alleles B, C and D are derived 

from the smaller 2.2 kb sized sequence transposition haplotype. Deletion alleles E and F are derived from the 

larger 3 kb sized sequence transposition haplotype. Adjacent breakpoint region coordinates that discriminate the 

deletion alleles E and F are listed in Suppl. Table 2. All patients show the corresponding deletion allele in a 

homozygous state if not indicated otherwise. B Deletion alleles G and H that result in CLCNKA/CLCNKB hybrid 

genes. Since the haplotype-defining genomic sequence is deleted on these alleles, a haplotype determination 

could not be made. † Patients, compound heterozygous for the deletion alleles B and F; ‡ Heterozygous deletion 

allele. This patient carries a 5 bp deletion in exon 9 in trans. 
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Predicted ClC-Ka/ClC-Kb hybrid proteins 

ClC-Ka and ClC-Kb channels share a high sequence identity of 91.3%. The hybrid genes 

identified in patients P6 and P11 result in two different ClC-Ka/ClC-Kb hybrid proteins. In 

patient P11 the predicted hybrid protein is composed of amino-acids (AA) 1-218 of ClC-Ka and 

AA 219-687 of ClC-Kb (Figure 5A, 6A). Due to the high sequence identity between ClC-Ka and 

ClC-Kb, this hybrid protein differs in 43 AA positions from the wildtype ClC-Ka protein. In 

patient P6 the breakpoint is located at Gly541, behind the last transmembrane helix of ClC-

Ka. The predicted hybrid protein is composed of AA 1-540 of ClC-Ka and AA 541-687 of ClC-Kb 

altering the ClC-Ka AA-sequence by 16 AA (Figure 5B, 6B). 

Figure 5: Workup of the ClC-Ka/ClC-Kb hybrid genes in patients P6 and P11. 

ClC-Ka AA-sequence is indicated in light grey; ClC-Kb AA-sequence is indicated in dark grey; AA changes between 

wildtype ClC-Ka and ClC-Ka/ClC-Kb hybrid protein are annotated in the corresponding exon. AA changes analysed 

in detail in Figure 6 are shown in red. A Hybrid gene in patient P11. Breakpoint region in intron 7/8. Genomic 

sequence at the border between exon 7 and exon 8 divided into triplets and the corresponding AA are shown. 

Ser218 is the last AA encoded by exon 7 before the breakpoint region. B Hybrid gene in patient P6. Breakpoint 

region in intron 15/16. Genomic sequence at the border between exon 15 and exon 16 divided into triplets and 

the corresponding AA are shown. I540 is the last AA encoded by exon 15 before the breakpoint region. AA G541 

is encoded by the last two nucleotides of exon 15 and the first nucleotide of exon 16. In the hybrid gene the first 

nucleotide in exon 16 encoded by CLCNKB has changed from C>T but the corresponding AA G541 remains 

unchanged in the hybrid protein. 
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As no frameshifts are introduced or deletions occur in the hybrid genes, the overall topology 

of the ClC-K channel is retained in these hybrids and we assume that the hybrid genes express 

stable proteins. We predicted the structures of ClC-Ka, ClC-Kb as well as the two hybrids in a 

homodimeric state using Alphafold2 (AF) (Jumper et al. 2021; Zhong et al. 2021). The AF 

predictions show minimal difference between the two homologs and the two hybrids with a 

Root-Mean-Square Deviation (RMSD) between Cα atoms of the structures of 0.3Å (see Figure 

6A, B). We checked the validity of the predictions by comparing to the cryo-EM structure of 

ClC-K from Bos Taurus (PDB ID: 5TQQ, 84,3% seq. ID to ClC-Ka and ClC-Kb). The predictions 

were found to be highly similar to the Bos Taurus ClC-Channel with an RMSD of 0.5 Å, 

supporting that the predictions are correct (Park et al. 2017)(see Figure 6A-C). As AA variations 

in the hybrid proteins arise from the two endogenous proteins, most AA variations exhibit the 

same sidechain properties (e.g. hydrophobic:hydrophobic, polar:polar) within the membrane 

helices. Since the tunnel of the protein is not affected by any AA variation between ClC-Ka and 

ClC-Kb, interference with channel function would thus not be expected (Figure 6D). 

Interestingly, both hybrids contain the cytoplasmic cystathionine beta synthase (CBS) domain 

of the ClC-Kb channel, which are known regulators in ClC proteins via binding to adenosine 

nucleotides thereby activating or inhibiting channel function (Accardi and Picollo 2010). This 

suggests that the activity of the hybrid proteins is regulated as the ClC-Kb would be. The CBS 

domains of ClC-Ka and ClC-Kb show distinct differences in the putative adenosine nucleotide 

binding side (577 Thr(A)/Ala(B), 578 Glu(A)/Lys(B), 654 Gln(A)/His (B)) when superimposing 

the ATP bound in ClC-7 (RCSB Protein database 7jm7) to the predicted structures (Figure 6E). 

Binding of ATP in ClC-7 is however also supported by the N-terminal region of the protein, 

which is missing here (Schrecker et al. 2020). It is currently still unknown if ClC-K proteins are 

regulated by adenosine nucleotides as other ClC proteins are. Several interesting AA changes 

can also be found in the CBS domain interface with the membrane region (Figure 6F) and the 

CBS dimerization interface (Figure 6G). 
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Figure 6: Predicted ClC-Ka/ClC-Kb hybrid proteins in patients P6 and P11. 

A AlphaFold2 prediction of the ClC-Ka1-218b219-687 hybrid homodimer (P11). B AlphaFold2 prediction of the 

ClC-Ka1-540b541-687 hybrid homodimer (P6). C Cryo-EM structure of the ClC-K homodimer from Bos taurus (PDB 

ID: 5TQQ, 84,3% seq ID to ClC-Ka and ClC-Kb). D View on the membrane region of ClC-Ka (teal) and ClC-Kb (pastel 

red) with the amino acid variations shown in sticks shows no significant changes in the ion tunnel between the 

variants ClC-Ka and ClC-Kb. E Putative adenosine nucleotide binding site in ClC-Ka and ClC-Kb superimposed with 

an ATP bound in ClC-7 structure (Protein data base: 7jm7). F Interface between the cytosolic CBS domains of the 

ClC-Ka and ClC-Kb proteins. G Dimerization interface of the CBS domains in the ClC-Ka and ClC-Kb shows distinct 

differences. 
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Discussion 

CLCNKB deletions are the leading cause of Bartter syndrome type 3 worldwide (Simon et al. 

1997; Han et al. 2020; Han et al. 2017; Najafi et al. 2019). 

In this study, we report the CLCNKB deletion breakpoint region coordinates of 27 patients 

from 25 families with BS 3 and one patient with BS 4b. We characterize the deletion alleles 

utilizing long-read sequencing and detected eight different CLCNKB deletion alleles, which are 

likely caused by non-allelic homologous recombination (NAHR) with homologous flanking 

regions >200 bp as suggested by Ebert et al. (Ebert et al. 2021). For the remaining five patients 

with no long-read PCR amplicons, additional molecular genetic workup was not performed. 

For two of these patients the DNA quality was very low, which could explain the failure to 

generate a long-range PCR product. Given the number of different deletion alleles detected in 

this study, the probability of additional genotypes is high.  

Based on these results, we estimate that the long-range PCR reported here is capable of 

identifying about 75 % (49/65) of the deletion alleles, assuming that all patients with a single 

deletion allele type are homozygous for this deletion allele. This procedure cannot exclude 

compound heterozygosity for a “long-range PCR positive” deletion allele with a “long-range 

PCR negative” deletion allele. However, such a constellation was not detected in any patient 

analysed by whole-genome LRS or indirect sequence capture LRS. The discrimination between 

two different “long-range PCR positive” deletion alleles in the same patient (as in patients P9 

and P14) is possible. A fully sensitive and specific as well as allele-agnostic method is the 

indirect sequence capture approach by Xdrop followed by LRS, or alternatively whole-genome 

LRS – the latter being cost-prohibitive in most settings. In our view, a reasonable procedure to 

precisely detect breakpoint alleles is to start with a screening long-range PCR followed by 

indirect sequence capture LRS if no PCR product can be derived.  

The presence of multiple different deletion alleles in our cohort suggests that CLCNKB whole 

gene deletions originated from many independently recurring genomic events.   

This in-depth approach characterizing CLCNKB deletion alleles may prove useful for the 

investigation of genotype/phenotype correlations in BS 3 patients, who show a remarkable 

phenotypic variability that currently remains largely unexplained. Approximately 1/3 of 

patients carrying biallelic CLCNKB deletions present antenatally with polyhydramnios (Simon 

et al. 1997; Konrad et al. 2000; Brochard et al. 2009; Schurman et al. 2001). This observation 
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is consistent with the clinical data of our cohort, in which 34 % (9 of 26) of patients for which 

phenotype data is available, also had an antenatal onset of disease (see Table 2). Whether the 

precise determination of the deletion allele could have an impact on patient care or could 

allow a better prognosis of the severity and disease progression (e.g. renal failure) cannot yet 

be predicted given our cohort size. This question needs to be revisited when more exact 

genotype-phenotype data becomes available in larger cohorts. The CLCNKB deletions also 

include parts of the 3' UTR of FAM131C. The size of the FAM131C 3’ UTR deletion was not 

associated with the differences concerning the clinical phenotype in our cohort. Furthermore, 

no monogenic disease caused by mutations in FAM131C is known to date and FAM131C has 

not been attributed to any particular function. 

CLCNKB full gene deletions are most often described as homozygous (Konrad et al. 2000; Han 

et al. 2017; Han et al. 2020; Schurman et al. 2001; Najafi et al. 2019; Giri et al. 2020). Only a 

few studies reported cases with heterozygous whole CLCNKB gene deletions in combination 

with other mutations (Nozu et al. 2007; Han et al. 2020; Zhao et al. 2022). Cases of two 

different whole gene CLCNKB deletion alleles have not been reported until now. This is most 

likely because previous studies have utilised MLPA, PCR or WES to identify deletions, which 

are not sensitive to small breakpoint region differences in the two alleles. Only through long-

read sequencing it has become possible to completely characterize these structural variants.  

Our deep genotype analysis identified two patients with different CLCNKA/CLCNKB hybrid 

genes. Rare CLCNKA/CLCNKB hybrid genes have been reported previously, but always in a 

heterozygous state (Sahbani et al. 2020; Nozu et al. 2008; Konrad et al. 2000). Here we report 

two novel hybrid genes in a homozygous state that presumably lead to the expression of 

hybrid ClC-Ka/ClC-Kb proteins under the CLCNKA promotor. Complete loss of ClC-Ka and ClC-

Kb function would result in hearing loss in addition to salt-wasting tubulopathy (BS 4b) 

(Schlingmann et al. 2004). Interestingly, our patients have no hearing impairment, suggesting 

an at least partially functional ClC-Ka/ClC-Kb hybrid protein that still can accommodate 

functions of ClC-Ka. This deduction is further supported by the structure predictions of the 

hybrid proteins and the fact that the proteins share a very high sequence similarity, with 

basically no AA variations within the transport pathway of the transmembrane region. 

Although we find district differences between the cytosolic CBS domains in ClC-Ka and ClC-Kb, 

that are present in the hybrid proteins (Figure 6A, B), proteins seem to retain partial 
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functionality. Therefore, further work is needed to elucidate the possible functional changes 

of these differences between ClC-Ka, ClC-Kb and their hybrid proteins. 

In this study, we characterize a novel variant haplotype of the CLCNKA/CLCNKB genomic 

region defined by a ~3 kb CLCNKA 3’ UTR sequence transposition. This haplotype is 

significantly associated with structural aberrations in the CLCNKA/CLCNKB locus and likely 

represents a predisposing factor for their occurrence. Given an estimated allele frequency of 

45-50 % in the general population, the frequency of the variant haplotype in our cohort is 

significantly enriched (p= 9.16x10-9, binominal test). This transposition thus constitutes 

another example of a common structural polymorphism that predisposes to additional 

genomic reconstruction relevant for human disease as discussed by Poubsky et al. (Porubsky 

et al. 2022).  

Conclusions 

In conclusion, we show that the genomic region encompassing CLCNKA and CLCNKB can give 

rise to complex structural variants due to high sequence similarity, and emphasize that 

CLCNKB deletions are more diverse than routine diagnostics are able to discriminate. Further 

larger studies are needed to determine whether the precise genomic architecture of the 

deletion allele has a relevant impact on clinical phenotype and management. 
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General Discussion 

Today over 6000 rare disease entities have been identified (orpha.net: assessed on 

11.04.2023). About 600 genes are associated with Mendelian forms of kidney and 

genitourinary disorders, most of which with prevalence’s of less than one affected patient per 

2000 individuals (Rasouly et al. 2019). Following the development, improvement of 

accessibility and costs, the application of next-generation sequencing has increased the 

accuracy of diagnosing rare renal diseases. Genetic counselling and genetic testing have 

become more accessible to a larger number of families and definite genetic determination 

carries considerable prognostic significance in certain ailments (Groopman et al. 2019; 

Jayasinghe et al. 2021). In the future, the number of people that have gone through genetic 

testing will keep increasing, and even larger datasets will enhance the statistical power of 

forthcoming research. Gained genetic knowledge frequently allows quick transformation into 

molecular mechanistic insights of rare diseases. This strategy has already led to new targeted 

treatment options like the use of eculizumab in aHUS.  

 

Expanding the Spectrum of FAT1 Nephropathies by Novel Mutations That Affect Hippo 

Signaling 

The first study focused on a small group of four patients from three families with novel 

mutations in the FAT1 gene resulting in FAT1-associated nephropathy. Mutations were found 

using a custom-made gene panel including 122 monogenetic nephropathy and proteinuria 

disease genes and WES. Together with state of the art NGS technology, this gene panel 

provides a broad and fast method to reliably identify all of the standard SNVs and small SVs 

affecting the coding region of the genes for most of the genes widely associated to diseases 

with renal involvement. FAT1 mutations cause glomerulotubular nephropathy and CKD 

characterized by SRNS, FSGS, proteinuria, podocyte food process malformation, ocular 

features (ptosis, coloboma, microphthalmia), feed syndactyly,  tubular dilation, tubular 

fibrosis, and tubular basement membrane dysplasia that may progress to ESRD (Gee et al. 

2016; Sethi et al. 2022; Lahrouchi et al. 2019). In this study, we confirmed the functional 

relevance of these mutations by showing, that loss of FAT1 affects Hippo signaling pathway 

effector proteins YAP/TAZ that results in subsequently upregulation of target genes. If Hippo 

signaling is active, the core kinase MST and LATS are phosphorylated, resulting in 
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phosphorylation (inactivation) of the effector proteins YAP and TAZ that remain in the 

cytoplasm. YAP and TAZ translocate into the nucleus and induce expression of various target 

genes such as AREG, CCND2, MUC1, IL6 or GADD45B if Hippo signaling is inactive. As FAT1 was 

known as an upstream regulator of Hippo signaling, we analysed this pathway in isolated 

primary urine-derived renal epithelial cells from patients with mutations in FAT1. We could 

indeed show, that one of the Hippo core kinases; MST1/2, is inactivated as shown by 

decreased phosphorylation. In line with this, YAP is activated and translocated into the nucleus 

in these cells, where it acts as a transcriptional co-activator to upregulate the transcription of 

target genes. The findings of our study correlate with the previous knowledge about FAT1 and 

hippo signaling. Additionally, our study substantially expanded the genotype/phenotype data 

of patients with FAT1 nephropathy. As shown before, missense mutations in FAT1 result in an 

SRNS-like phenotype 

The findings of this study are significant in the context of rare kidney disease, as they expand 

the spectrum of global FAT1 nephropathies significantly. FAT1 nephropathy is an extremely 

rare disease with only 14 affected individuals from 8 families worldwide. The mutations 

identified in this study can provide a better understanding of the pathogenesis of this disease, 

as well as new targets for developing therapeutic strategies and suggests Hippo signaling as a 

diagnostic measure in FAT1-associated disease. 
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Unraveling Structural Rearrangements of the CFH Gene Cluster in Atypical Hemolytic 

Uremic Syndrome Patients Using Molecular Combing and Long-Fragment Targeted 

Sequencing 

 

While the first study widened the spectrum of slit diaphragm FAT1 mutations resulting in FAT1 

nephropathy identified by short-read NGS technology, the second study focused on patients 

with atypical haemolytic uremic syndrome caused by structural variants in the complement 

regulating gene CFH, analysed with molecular combing and LRS. aHUS is characterized by 

haemolytic anaemia, thrombocytopenia, and renal impairment (Noris and Remuzzi 2005). CKD 

is a common manifestation of aHUS patients. Approximately half of the patients develop ESRD 

(Constantinescu et al. 2004; Taylor et al. 2004). Here, we analysed 15 patients with aHUS and 

6 patients with C3GN that were negative for NGS-based gene-panel sequencing in the most 

common rTMA genes DGKE, CFH, CFI, and CD46, including one family with two siblings carrying 

the same CFH mutation but developed different courses of disease. CFH is one of the major 

regulating proteins of the alternative pathway of the complement system and CFH deficiency 

plays a crucial role in the development of aHUS (Rodríguez de Córdoba et al. 2004). None of 

the other genes associated with aHUS are prone to structural aberrations. This phenomenon 

is highly likely due to the high sequence homology between the proteins in the CFH/CFHR 

gene cluster that formed during evolutional segmental duplication events. Between 3-8 % of 

aHUS cases result from SVs and fusion genes of the CFH protein family (Venables et al. 2006; 

Piras et al. 2022). Multiple different SVs have been reported until now. In this study, we 

benchmarked the method of molecular combing to reliably identify structural aberrations in 

the CFH/CFHR gene cluster, identified novel CFH/CFHR1 hybrid genes, CFHR4/CFHR1 deletions 

and, found the common CFHR3/CFHR1 deletion risk factor in high frequencies among our 

aHUS cohort. We suggest, that the rearrangements are likely responsible for the development 

of the disease in our patients. The large CFH/CFHR gene cluster, approximately 360 kb in 

length, was investigated using the molecular combing technique. In this fibre FISH technology, 

long genomic DNA strands are attached onto a glass surface, and the individual genes of the 

cluster are fluorescently labelled and analysed with a fluorescence microscope.  Molecular 

combing has an accurate resolution range from ~ 1kb to up to ~ 1 Mb. Therefore, molecular 

combing is appropriate for rather large genomic structural rearrangements and 
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deletions/insertions of whole genes than for small variations within single genes. The most 

important advantage of the method of molecular combing is the ability to identify somatic 

genomic mosaic variants which remain out of reach for classical diagnostic methods such as 

MLPA or Southern blot. Additionally, molecular combing allows the visual localization of 

structural variants within the gene cluster whereas MLPA and southern blot are limited to 

identify the presence of an SV without exact localization information.  

For analyses on a single base pair resolution level, we used Samplix’s targeted long-fragment 

enrichment and LRS. The possibility to focus on specific regions in the genome has improved 

the costly method of LRS by generating only data that contains the genetic information you 

are interested in when whole exome or whole genome long-read sequencing is not necessary. 

This can either be achieved using kits and methods for target DNA enrichment or utilizing the 

real-time sequencing capabilities of the long-read sequencer to select the specific DNA 

fragments in real-time during sequencing by recognizing the right sequence and discarding 

the other fragments during sequencing (Payne et al. 2021).   

This study is significant because it provides an effective tool for identifying structural 

rearrangements in the CFH gene cluster in aHUS patients. Identification of the underlying 

genetic cause in the context of aHUS is of utmost importance as therapeutic decisions will 

depend on this information. In the case of CFH-associated aHUS with renal failure, isolated 

kidney transplantation will result in quick graft failure since the defective fluid phase 

glycoprotein CFH is produced in the liver. This is illustrated by the two quick graft failures of 

the patient in our study with the previously unrecognized CFH/CFHR1 hybrid gene who could 

ultimately receive successful kidney transplantation under Eculizumab medication. The 

recombinant, fully humanized monoclonal complement component 5 (C5) antibody 

Eculizumab is a powerful suppressor of the alternative complement pathway, inhibiting the 

cleavage of C5 into C5a and C5b, thus preventing the formation of the membrane attack 

complex. Researchers found that eculizumab medication resulted in disease remission in the 

majority of the participants and noticed a significant enhancement of renal performance 

(Zuber et al. 2012).  

The results from our study contribute to a more comprehensive understanding of the genetic 

basis of CFH/CFHR gene cluster-associated aHUS. Furthermore, the study expands the current 

literature on genetic aHUS diagnostics and suggests that molecular combing and long-
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fragment targeted sequencing can be useful tools for identifying structural rearrangements in 

the CFH gene cluster.  
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Long-read sequencing identifies a common transposition haplotype predisposing for 

CLCNKB deletions 
 

The third study focused on patients with CLCNKB deletion-associated Bartter syndrome 

identified by targeted enrichment and LRS. BS, in general, is characterized by defects in 

sodium, potassium and chloride homeostasis, resulting in hypokalemic, hypochloremic 

metabolic alkalosis, and high renin and aldosterone levels (BARTTER et al. 1962; Goodman et 

al. 1969). FSGS has also been reported in BS (BARTTER et al. 1962; Su et al. 2000). In BS 

patients, FSGS may occur as a secondary lesion due to adaptation to long-term salt loss and 

chronic activation of the renin-angiotensin-system (Hanevold et al. 2006; Akil et al. 2010). In 

general, kidney biopsies are not commonly required for diagnosis of BS and clinical diagnosis 

is mainly based on biochemical parameters and renal functional tests. Diagnosis is usually 

confirmed by molecular genetic analyses (e.g. sequencing, MLPA) to define the precise 

subtype (Konrad et al. 2021). Here, we analysed 28 patients with CLCNKB deletion-associated 

BS 3 and identified eight different CLCNKB deletion alleles. 88 % of the deletion alleles 

originated from a previously unknown structural haplotype that is also present in ~ 50 % of 

alleles in the general population. This alternative haplotype constitutes a transposition of a 

2.2-3 kb sequence fragment from the CLCNKB 3’ UTR to the homologous genomic region in 

the CLCNKA 3’ UTR. With 45 out of the 51 alleles, of which a haplotype determination could 

be made, the transposition haplotype is significantly enriched in our patients compared to 

controls (p=9.16x10-9, binominal test). Taken together this transposition haplotype might 

predispose to the SV events resulting in CLCNKB deletions, and may explain the relatively high 

allelic frequency of CLCNKB deletion observed in BS 3 patients. Using a combination of 

specifically designed long-read PCR, targeted long DNA fragment enrichment followed by LRS 

and whole genome LRS we were able to unravel in great detail the genomic complexity and 

heterogeneity of the CLCNKA/CLNKB gene cluster on a single base-pair resolution. Using LRS, 

we were the first to identify a very common structural sequence transposition polymorphism 

and to establish a link between sequence transposition and CLCNKB deletions. LRS, in contrast 

to NGS, allows one to connect genomic alterations that are clearly distant from each other 

and broadens the view on genomic loci.  

Additionally, there is strong evidence to assume that the transposition haplotype and the 

CLCNKB deletion would have been identifiable using the molecular combing technology as 



 
 

78 
 

well. The 2-3 kb transposition haplotype, the ~ 23 kb CLCNKB deletion and the two 

CLCNKA/CLCNKB hybrid genes fit into the resolution capabilities of molecular combing and 

could have been nicely visualized if CLCNKA and CLCNKB including their respective 3’ UTRs 

would have been hybridized using different coloured probes.  

Next to the deletion alleles we could also identify two BS 3 patients with different 

CLCNKA/CLCNKB hybrid genes, that may result in ClC-Ka/ClC-Kb hybrid proteins. Loss of both 

genes CLCNKA and CLCNKB would manifest in BS with hearing loss (Schlingmann et al. 2004), 

which was not observed in our patients. We assumed, that the hybrid genes result in putative 

hybrid proteins with residual function. To further assess this assumption, we analysed the 

putative hybrid proteins using the Alphafold software. Prediction of the AA changes in the 

hybrid proteins suggest at least partial functional chloride channels.   

In conclusion, this study reveals the complexity of the CLCNKA/CLCNKB gene cluster and 

provides a suitable protocol for CLCNKB deletion allele identification which might enable 

genotype-phenotype correlations in the future. To test this, more deletion allele screening of 

the existing, or upcoming cohorts needs to be done.         
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Conclusion 

Rare kidney disease has become a prominent topic in the field of disease development and 

prevention, especially in children who require repeated kidney transplantation in case of 

ESRD. RKD affects 3.5-5.9 % of the population worldwide. More and more genes and pathways 

get identified contributing to the complexity of RKD, but also providing insight into 

fundamental processes associated with CKD. Due to the high heterogeneity and growing 

identification of causal genes, the number of people affected by the respective diseases is very 

small. Pathways are largely not yet fully understood and cohort numbers are statistically too 

small to make significant comparisons (e.g. genotype/phenotype correlations). The wide 

phenotypical spectrum makes clear clinical diagnostics difficult and exact disease subtypes can 

often only be precisely determined by genotyping. However, a large number of cases still 

remain unexplained and further research is needed to clarify these cases at some point. It is 

therefore even more important to analyse these few patients in the best possible way, as each 

individual patient makes up a large proportion of the overall cohort, and this patient can 

provide the missing link to a better understanding of the molecular bases of kidney disease. 

New molecular genetic methods are constantly being developed or improved enhancing the 

diagnostic yield of the disease and closing the gap of genetic information that is still 

challenging to analyse. Studies like mine are essential in advancing research and patient care. 

To identify the underlying genetic cause of the disease and to transfer new insights back into 

disease pathophysiology. This way has proven suitable to develop simpler and more accurate 

molecular diagnostics. This work provides new insights into current state of the art of 

genomics in three important areas of rare kidney disease. Our findings have already led to 

improved patient care in those patients we could provide with a definite diagnosis and likely 

provide new stimuli for further research on the genetic basis of kidney disease.  
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Supplementary Figure S1: 

qPCR analysis of RNA extracted from pURECS derived from patients #2 and #3 indicated an 
upregulation of the Hippo central components at mRNA level as compared to healthy controls (A). 
qPCR analysis revealed no statistically significant differences in CDC42 mRNA amounts (B). 
Immunoblot analysis of protein extracts of pURECs revealed a reduction in CDC42 levels in patients 
(#2 and #3) compared to controls as shown in the western blot and in the densitometric analysis 
(C). Bars are depicting SEM, asterisks indicate statistical significance as follows: *p<0.05, **p<0.01, 
***p<0,005, ****p<0,001, ns=not significant). 
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Supplementary Material Manuscript 2 
 

Suppl. Table S1: Patient cohort. eur: European, tur: Turkish, n/a: data not available. *Detailed clinical course of the two sisters 
of family F10 carrying the homozygous CFH variant c.671_673del (p.Lys224del) are described in more detail by Hackl et al.35 

Family ID 

 

Sex Age  

at study 

Ethnicity Clinical 

diagnosis 

DEAP- HUS Results 

F1 f 34 eur aHUS  

(biopsy: TMA) 

no WT / WT 

F2 m 4 eur C3G no WT / WT 

F3 m 31 eur aHUS  

(biopsy: TMA) 

no CFH/CFHR1 hybrid 

gene / WT 

F4 f 48 eur aHUS no CFHR3/CFHR1 del / WT 

F5 f 7 eur aHUS  

(biopsy: TMA) 

no CFHR3/CFHR1 del / WT 

F6 m 37 eur aHUS  

(biopsy: TMA) 

no WT / WT 

F7 f 22 eur C3G no CFHR3/CFHR1 del / WT 

F8 f  30 eur aHUS  

(biopsy: TMA) 

no WT / WT 

F9 m 59 eur C3G no WT / WT 

F10.1* f 22 tur C3G no WT / WT (structural) 

F10.2* f 17 tur C3G no WT / WT (structural)  

F11  f 8 eur aHUS yes CFHR3/CFHR1 del / 

CFHR3/CFHR1 del 

F12  m 11 eur C3G n/a WT / WT 

F13  m 5 eur aHUS yes  CFHR3/CFHR1 del / 

CFHR3/CFHR1 del 

F14 m 24 eur aHUS  

(biopsy: TMA) 

no CFHR3/CFHR1 del / WT 
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F15  m (<18) eur aHUS no CFH/CFHR1 hybrid 

gene / WT 

F16  m 16 eur aHUS  

(biopsy: TMA) 

no WT / WT 

F17  f 43 eur aHUS  

(biopsy: TMA) 

no WT / WT 

F18 f 40 eur aHUS  

(biopsy: FSGS) 

no CFHR4/CFHR1 del / 

CFHR3/CFHR1 del 

F19 m n/a eur aHUS no CFHR3/CFHR1 del / WT 

F20 m 65 eur aHUS no CFH/CFHR3 hybrid 

gene / WT 

 

 

Suppl. Table S2: Review of the literature regarding eculizumab treatment in patients with SVs in the CFH gene cluster. The 
term “n/a” was used as representative of “not mentioned / information not available”. *Breville et al. “Eculizumab was 
considered but not retained due to stabilization of laboratory parameters and a joint decision between the medical staff and 
the patient after presenting the risks, benefits, and economic burden. Eculizumab was retained as a second line treatment 
option in case of nonresponse or premature relapse”.50 †Togarsimalemath et al. “[Eculizumab] was not available in the 
family’s country”.51 ‡Tortajada et al. Patients were treated with angiotensin converting enzyme inhibitor therapy. Eculizumab 
was mentioned as potential beneficial therapy but was not mentioned as treatment for the patients in this study.53 §Gale et 
al. Eculizumab is mentioned as potential beneficial treatment but it was not mentioned that eculizumab was given to the 
patients in this study.54 

Structural variant Disease Eculizumab 

therapy 

outcome Reference 

CFH/CFHR1 hybrid gene aHUS,  yes beneficial 44, 32 

CFH/CFHR3 hybrid gene aHUS yes  beneficial 9 

CFHR3/CFHR1 deletion aHUS,  

DEAP-HUS 

yes beneficial 46 

CFHR3/CFHR1 deletion SLE, TMA yes beneficial 47, 48 

CFHR4/CFHR1 deletion aHUS, DEAP-HUS n/a n/a 49, 22 

CFHR4/CFHR1 deletion IgG4-RD no* n/a 50 

CFHR3/CFHR1 hybrid gene C3G n/a n/a 14 
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CFHR1/CFH hybrid gene aHUS yes beneficial 7 

CFHR1/CFHR5 hybrid gene C3G no† n/a 51 

CFHR2/CFHR5 hybrid gene C3G-DDD yes no effect  15 

CFHR5/CFHR2 hybrid gene C3G n/a n/a 52 

Intra CFHR1 duplication C3G no‡ n/a 53 

Intra CFHR5 duplication C3G no§ n/a 54 

Intra CFHR5 duplication C3G n/a n/a 55 

Intra CFHR3 deletion C3G n/a n/a 13 

CFHR3/CFHR4 hybrid gene C3G n/a n/a 13 

CFH deletion IC-MPGN n/a n/a 13 

CFHR4/CFHR1 duplication C3G, IC-MPGN n/a n/a 13 

 

 

Suppl. Table S3: Cost estimate by the authors. Calculation of costs is based on the premise that the laboratory already has all 
of the necessary instruments and analysis software. 

Method Purpose Cost estimate per sample 

NGS/WES based 

gene panel 

1st line routine, SNV and CNV analysis ~ $300 depending on target size and 

sequencing device 

MLPA CFH gene 

cluster 

2nd line CNV detection 

 

Nota bene: Exon coverage is incomplete 

with the commercially available MLPA 

kit (P236, MRC Holland, Amsterdam, 

Netherlands)  

~ $60 including costs for sex matched 

MLPA control sample.  

Gene rearrangements without copy 

number changes will not be identified by 

MLPA 

Molecular combing  

of CFH gene cluster 

2nd line SV detection in unsolved cases or 

those cases where more precise 

information of haplotypes is needed and 

~ $50 including HMW DNA extraction, 

non-recurring investment in fluorescent 

probe design needs to be done in 

addition 
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NGS/MLPA analyses is insufficient to 

reconstruct both alleles 

Target enrichment 

(Samplix) and long-

read sequencing 

(ONT or PacBio) 

validation of conspicuous SV findings ~ $220 enrichment and ~ $220 

sequencing costs (depends on the 

pooling strategies, a long read WGS 

would be ~ $1700) 

PCR and Sanger 

sequencing 

any validation or 

segregation within families of SNV or SV 

(breakpoints) 

less than $15 
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Suppl. Figure S1: FiberVision fluorescent in situ complement factor H (CFH) gene cluster hybridization. Molecular 
combing signals of the 20 families (21 patients). One signal is shown when there is only one haplotype. Each 
haplotype is shown if the structural variants are heterozygous. The value of 1 pixel = 0.164 μm. ∗No complete 
signal available, nearly complete signal shown. †No complete signal available, two halves of the signals shown. 
‡Homozygous CFHR3/CFHR1 deletion. Scale bar = 20 μm. Original magnification, ×40. Del, deletion; WT, wild 
type. 
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Supplementary Material Manuscript 3 
 

Suppl. Table 1: Molecular genetic analyses performed on each patient. a Long-range PCR was performed but no PCR fragment 
could be generated. b degraded DNA, low DNA quality. 

Patient Exome Linked-read Samplix Xdrop Long-range PCR Long-read WGS 

(PacBio) 

P1.1 Yes   Yes (not sequenced)  

P1.2 Yes Yes Yes Yes  

P1.3 Yes   Yes  

P2 
   

Yes 
 

P3 
   

Yes 
 

P4 
   

Yes Yes  

P5 
   

Yes 
 

P6 
   

Noa Yes 

P7 
  

Yes Yes 
 

P8 
   

Yes 
 

P9 
  

Yes Yes 
 

P10 
   

Noa Yes 

P11   Yes Noa  

P12 
   

Yes 
 

P13 
   

Yes 
 

P14 
   

Yes 
 

P15.1    Yes  

P15.2    Yes  

P16b    Noa  
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P17    Yes  

P18    Noa  

P19    Yes  

P20    Yes  

P21    Yes  

P22    Noa  

P23    Yes  

P24    Yes  

P25    Noa  

P26b    Noa  

P27    Yes  

P28    Yes  

P29    Yes  

P30    Yes  
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Suppl. Table 2: Breakpoint-region coordinates found in this study. Breakpoint region coordinates of the eight 
breakpoint alleles (A-H) including the sequence transposition haplotypes of 2.2 and 3 kb length in the CLCNKA 3’ 
UTR. Coordinates refer to the GRCh37/hg19 human reference. a breakpoint allele in a heterozygous state. 
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Suppl. Figure S1: Schematic view of the Samplix Xdrop custom sequence capture 
design. 

Detection and evaluation sequence designed in CLCNKA to capture up to 50 kb of 
HMW genomic DNA fragments covering CLCNKA and CLCNKB. Proposed 
breakpoints in the region between CLCNKA and CLCNKB. 
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Suppl. Figure S2: Workup of the CLCNKA 3’ UTR sequence transposition haplotype found in this study. 

CLCNKA 3’ UTR sequence transposition haplotype in short- and long-read whole genome in-house CLCNKB 
deletion control datasets. Whole genome data of the reference (i) and the heterozygous (ii) and homozygous (iii) 
variant haplotype, respectively. Sequences are visualized in IGV. Genes are indicated in blue; Exons are indicated 
as vertical bars; Gene orientation is indicated by arrows. Genomic coordinates refer to the hg38 human reference.  
A In the short-read alignment, the duplicated 2.2-3 kb 3’ UTR of CLCNKB are aligned in the CLCNKB 3’ UTR (right 
red square), leading to a coverage gain in the variant haplotype carriers. The loss of the 3’ UTR of CLCNKA is 
indicated by the reduced coverage (left red square). B In the long-read alignment, the inserted CLCNKB 3’ UTR 
fragment (red square) is indicated by the differentiating nucleotides that distinguish the CLCNKA 3’ UTR and the 
CLCNKB 3’ UTR. C Coverage plot of the CLCNKA/CLCNKB gene locus adapted from gnomAD SV (v. 2.1). Reduced 
coverage depth in the CLCNKA 3’ UTR (left red square) and elevated coverage in the CLCNKB 3’ UTR (right red 
square) are visible in the normal population data. This data indicates a 2.2-3 kb loss of CLCNKA 3’ UTR sequence 
and a duplication of the CLCNKB 3’ UTR sequence in approximately 50 % of control alleles, corresponding to the 
expected representation of the transposition haplotype in short-read NGS data. 
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Suppl. Figure S3: 5 bp deletion confirmed by Sanger Sequencing in patient P18. 

Sanger Sequencing of CLCNKB exon 9 in P18 (lower panel) and a control (upper panel). The 5 bp 
deletion appears homozygous because of the CLCNKB deletion allele F in trans. 
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Suppl. Figure S4: Long-read Sequencing data.  

Long-read Sequencing data of eight different deletion alleles identified in 28 patients from this study visualized 
in IGV. 
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