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A STUDY OF THE GENETICS OF CHRONIC KIDNEY DISEASE 

by Christine Gast 

This study examines the prevalence and distribution of genetic kidney diseases in a 

cohort of chronic kidney disease (CKD) patients. The literature and national registries 

hold a paucity of information on genetic kidney disease prevalence in adult patients 

with CKD. Through a questionnaire study of all patients of the Wessex Renal and 

Transplant Service in CKD stages 3-5 on family history, a systematic database search 

and patient interviews, this study established a prevalence of genetic kidney diseases 

other than polycystic kidney disease (PKD) of 7.6% amongst end-stage renal disease 

patients and 3.8% amongst CKD patients, which is higher than previously reported.  

  The study reveals uromodulin associated kidney disease (UAKD) to be the most 

prevalent genetic kidney disease after PKD, which has not been reported previously. 

The prevalence for UAKD in Wessex was established at 8.5 per million by UMOD gene 

sequencing. This is much higher than the only published prevalence of 1.7 per million 

in Austria. Established diagnostic biochemical tests for UAKD were evaluated and 

found to have relatively poor sensitivity and specificity – 70 and 45% respectively in the 

case of the fractional excretion of urate, and 70 and 63% for urinary uromodulin, meas-

ured by enzyme linked immunosorbent assay (ELISA). On review of clinical pheno-

types, hyperuricaemia and gout as the typical clinical features were not statistically 

associated with UAKD, highlighting the need for gene testing to establish the diagnosis. 

  81 patients with the clinico-pathological diagnosis focal segmental glomerulosclerosis 

(FSGS) were recruited to examine underlying gene mutations by a custom-designed 

targeted next generation sequencing (NGS) panel. Underlying gene mutations were 

established in 13-20% of patients, which is higher than in previous adult series. Of rel-

evance, the most frequent mutations occurred in the collagen 4 gene, which was unex-

pected and changed the clinical diagnosis of these patients to Alport disease. Half of 

the collagen 4 mutations occurred in COL4A5, which was a previously unpublished 

finding. 

  Whole exome sequencing (WES) was employed in the search for a genetic diagnosis 

in a previously undiagnosed family. A systematic analysis of both renal and pan-

genomic variants failed to identify a disease-causing variant and illustrated the chal-

lenges of WES, leading to a discussion of future genetic investigations by NGS.        
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1. Introduction 

 

Kidney diseases can be caused by a wide spectrum of underlying conditions (1), and, 

in practice, the exact cause of a patient’s renal disease often remains unknown (2). 

Traditional non-specific diagnostic codes may have contributed to this diagnostic 

uncertainty (3), though a more comprehensive coding system has just been introduced 

(4). Since treatment options for kidney diseases are often limited, a better 

understanding of both underlying pathophysiology and disease prevalence is required 

to improve diagnosis, prognosis and the development of targeted treatments. 

Genetic forms of kidney diseases are known to be manifold (5), but  their contribution 

to kidney diseases as a whole may have been underestimated (6). To date, much 

remains unknown about the underlying gene defects, disease prevalence and their 

distribution. Recent advances in gene technology have opened up a new field allowing 

the identification of previously undiagnosed hereditary nephropathies (7). Family-based 

linkage approaches and next generation sequencing have led to the identification of 

several new genes responsible for genetic kidney diseases (8). 

Renal services in the UK are predominantly delivered by tertiary renal referral centres. 

Wessex Renal and Transplant Service (WRTS) is the regional renal centre for 

Hampshire, the Isle of Wight, and adjoining parts of Wiltshire and West Sussex. It 

caters to an adult population of approximately two million people (9). WRTS is 

responsible for the care of patients with significant acute kidney injury (AKI, formerly 

known as acute renal failure) and chronic kidney disease (CKD). This includes patients 

requiring dialysis and transplantation. WRTS has its own renal transplant programme,  

and performs seventy to eighty transplant operations per year (10). 

Based on the hypothesis that genetic forms of kidney disease are significantly 

underestimated, this study aims to investigate the aetiology of genetic kidney diseases 

in the patient population of Wessex Renal and Transplant Service. It will examine 

disease distribution and prevalence as well as underlying gene defects using both 

conventional and next generation sequencing approaches. 
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Renal Anatomy 

The kidneys are a pair of retroperitoneal organs that are located at the back of the 

abdomen and normally measure  9-12 cm in length (11). Each kidney is made up of a 

cortex and medulla (figure 1). The cortex contains glomeruli, tubules and collecting 

ducts, whereas the medulla comprises only tubules and collecting ducts (11). The 

connective tissue present in between glomerular and tubular structures is referred to as 

the interstitium (11). 

Figure 1: Anatomy of the kidney                                                                            

 

From Interactive Biology, Leslie Samuel, 2014 
https://www.interactive-biology.com/3254/the-anatomy-of-the-kidney 
 

Vasculature 

Each kidney is normally supplied by a single renal artery. Within the kidney, the renal 

artery divides into interlobar arteries, which extend towards the cortex. They divide 

further into arcuate arteries at the junction between cortex and medulla. These also 

branch and give rise to interlobular arteries, which spread out through the cortex (figure 

1). No arteries enter the medulla (11). 

https://www.interactive-biology.com/3254/the-anatomy-of-the-kidney
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Microvasculature 

The kidneys have a unique microvascular structure (11). Afferent arterioles arise from 

the interlobular arteries and branch out into capillaries to form the glomeruli. This is 

where the blood is filtered before the capillaries merge again into efferent arterioles 

(figure 2). These either supply the cortex or descend into the medulla. Hence the blood 

supply of the medulla and of the peritubular capillaries of the cortex is postglomerular 

(11).  

Nephron 

The individual filtering units of the kidney are called nephrons. Each nephron consists 

of a glomerulus and a double hair-pin shaped tubule (12) (figure 2). The tubules are 

further divided into a proximal convoluted segment, the Loop of Henle with a 

descending and an ascending part, and a distal convoluted segment (13). Several 

distal tubules merge to form a cortical collecting duct, which then traverses the medulla, 

to lead to the calyces which coalesce to form the renal pelvis. 

Glomerulus 

The glomerulus is enclosed in a pouch-like extension of the tubule called Bowman’s 

capsule, which encircles the urinary space (11) (figure 2). The glomerular capillaries 

are lined by endothelial cells. Mesangial cells are adjacent, sitting in between the 

capillary loops. The capillaries themselves are surrounded by podocytes. These have 

long inter-digitating foot processes, from which they derive their name (11). The foot 

processes form filtration slits. The filtration barrier is made up of podocytes, glomerular 

endothelial cells and an interposed glomerular basement membrane (figure 3). This is 

composed of a three-dimensional network of type 4 collagen (14).  

A juxta-glomerular apparatus is located in between the afferent and efferent arteriole, 

adjacent to the glomerulus. It contains cells that can produce and release the hormone 

renin into the circulation.  
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Figure 2: The nephron                                                                                                                        

 

From Histology Biology 4000 – Lecture Notes 14 
http://www.auburn.edu/academic/classes/zy/hist0509/html/Lec14Excretorysystem.html 

  

http://www.auburn.edu/academic/classes/zy/hist0509/html/Lec14Excretorysystem.html
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Figure 3: Glomerular Filtration Barrier                                                                                      

 

From B Nilius, G Owsianik et al.: Transient Receptor Potential Cation Channels in Disease, Physiological 
Reviews, 2007 (87) 165-217.  Foot processes of two podocytes are shown, bridged by the slit 
membrane, the glomerular basement membrane and the porous capillary endothelium. The slit 
membrane is partly composed of nephrin and anchored to the podocyte cytoskeleton by various 
adaptor proteins, including podocin and CD2-associated protein (CD). TRPC6 associates with podocin, 
CD, and nephrin at the slit membrane. The angiotensin II (AT) type 1 receptor is shown as one example 
of the many surface receptors present on podocytes.  

 

Renal Physiology 

The main function of the kidneys is to maintain the body’s fluid and electrolyte balance, 

alongside the excretion of toxic metabolic waste products from the body (11). This is 

achieved through filtration of circulating blood in the glomerulus, selective reabsorption 

from tubular fluid into the blood and selective secretion into the tubules (11). 

Substances below the size of albumin (i.e. 68 kDa) are freely filtered in the glomerulus 

(12). The glomerular endothelial cells are covered by a negatively charged glycocalyx, 

which repels ions with a negative charge such as ionized proteins (11).  

Additional functions of the kidney include the production of erythropoietin, which is 

required for the formation and maturation of red blood cells (11). They also regulate 

mineral and bone homeostasis through the hydroxylation of 25-hydroxy-vitamin D in 

the 1-alpha position, which is a necessary step in the activation of the vitamin (11).  
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Kidney Diseases 

Common kidney diseases 

The most common kidney diseases affecting adults in the Western world include 

diabetes mellitus, hypertension, ischaemic renal disease, glomerulonephritis, polycystic 

kidney disease, obstructive uropathy and reflux nephropathy (2). The spectrum of 

common kidney diseases in a paediatric population is different, with the most common 

diagnoses being renal dysplasia and scarring, polycystic kidney disease, posterior 

urethral valves, reflux nephropathy, and Alport disease (15). Comparatively, there is an 

overrepresentation of developmental and syndromic disorders amongst children, 

whereas slowly degenerative diseases, such as hypertensive or diabetic renal disease, 

usually develop in adulthood.  

In practice, the aetiology of kidney diseases often remains unknown. In the UK renal 

registry, 20% of patients with end stage renal disease (ESRD) are recorded to have an 

unknown underlying diagnosis (2). This diagnostic uncertainty may be partly due to 

non-specific diagnostic codes (3). The current coding system is appended (appendix 1) 

and has recently been revised (4). 

Diagnosis of kidney diseases  

Kidney diseases are diagnosed through a combination of taking a careful history, 

performing a clinical examination, blood and urine tests and renal imaging studies, 

which most often take the form of a renal ultrasound (11). One of the most informative 

investigations is a renal biopsy, but as this is an invasive test that carries significant 

risks, it is only performed when necessary (i.e. when the result is expected to influence 

treatment decisions) (11). While renal histopathology generally gives the most reliable 

diagnosis, changes can be non-specific, especially at advanced stages of renal 

disease (11). Furthermore, even well defined histological diagnoses can encompass a 

spectrum of underlying disorders of different aetiology, the diagnosis of focal segmental 

glomerulosclerosis (FSGS) being a prime example of this (16). For some but not all 

causes of genetic kidney disease, clinical genetic testing can be performed in the UK 

(11). 

Glomerular filtration rate 

Kidney function is measured by establishing the glomerular filtration rate (GFR). In 

healthy individuals, a normal GFR is about 120 ml/min per 1.73 m2 body surface area 

(11). GFR can be calculated from the renal clearance of a substance which is freely 

filtered, but not secreted or reabsorbed on a tubular level. In the laboratory setting, the 

fructose polymer inulin fulfils these requirements (11). In clinical practice, GFR is 

calculated from the clearance of the endogenous muscle breakdown product creatinine, 
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which is freely filtered, even though it does undergo some tubular secretion (11). The 

additional secretion leads to an overestimation of GFR (11). The measurement of GFR 

requires the collection of blood and urine over a 24-hour period to calculate clearance 

levels. To simplify this, GFR can be estimated (eGFR) from serum creatinine 

concentration, age, gender and race on the basis of data extracted from large 

population studies such as the Modification of Diet in Renal Disease (MDRD) study 

(17). 

The CKD classification       

Chronic kidney disease (CKD) is defined by either an eGFR under 60 ml/min/1.73 m2 

present for more than three months, or kidney damage with an eGFR equal to or above 

60 ml/min/1.73 m2 (18). Kidney damage is usually ascertained by the detection of 

albuminuria or microscopic haematuria on at least two separate occasions. CKD has 

been classified into five broad categories according to eGFR levels (19), as shown in 

figure 4. Routine UK laboratory reporting of eGFR levels was introduced in 2006 (20) 

and has helped to illuminate the scope of CKD on a population basis. It has also 

caused a number of problems, however. Firstly, many older people are now labelled as 

having CKD because GFR declines with age, and age itself is a factor in the calculation 

of eGFR (21), and secondly, the classification has promoted the simplistic view that 

chronic kidney diseases are a single entity, rather than a collection of heterogeneous 

diseases (22). 

Figure 4: Stages of Chronic Kidney Disease (K/DOQI) 

Modified from National Kidney Foundation, Kidney Disease Outcome Quality Initiative (K/DOQI). 
Clinical practice guidelines for bone metabolism and disease in chronic kidney disease (23).  

 

  

Stage  Description GFR (ml/min/1.73 m2) 

1 Kidney damage with normal or ↑GFR ≥ 90 

2 Kidney damage with mild ↓GFR 60 – 89 

3 Moderate ↓GFR 30 – 59 

4 Severe ↓GFR 15 – 29 

5 Kidney failure <15 (or dialysis) 
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Pathophysiology 

The common pathophysiological mechanisms of kidney disease progression include 

loss of nephron mass, the development of hypertension and proteinuria (24). An initial 

loss of nephron mass (caused by any primary disease) is thought to cause glomerular 

hyperfiltration in the remaining nephrons with ensuing glomerular capillary hypertension 

inducing fibrosis and scarring (25). Hypertension has been shown to be a strong 

independent predictor of kidney disease progression in adults (26). Proteinuria has also 

been strongly associated with progressive renal damage (27). When the excreted 

urinary protein reaches a threshold of 3g per 24 hours, this is referred to as nephrotic 

range proteinuria (11). Since 24-hour urine measurement is cumbersome and error 

prone, nowadays urinary protein loss is routinely established by spot urinary protein or 

albumin creatinine ratios (28). Nephrotic range proteinuria may lead to the nephrotic 

syndrome, which is defined by the development of hypoalbuminaemia and oedema 

(11). Proteinuria can develop as a result of almost any form of kidney disease (29). 

Both primary and secondary proteinuric diseases are caused by a disruption of the 

normal filtration barrier through structural or functional alteration of podocytes (29, 30). 

Treatment of kidney diseases 

The mainstay of treatment for chronic kidney diseases is blood pressure control and 

reduction of proteinuria through blockade of the renin angiotensin system by 

angiotensin converting enzyme (ACE) inhibitors or angiotensin receptor blockers (ARB) 

(31). Treatment with ACE and ARB has been shown to reduce the progression of both 

diabetic and non-diabetic kidney diseases (31). 

In kidney diseases such as vasculitis or glomerulonephritis where there is an 

overactive immune response, additional treatments can be employed to suppress the 

immune system through the use of immunosuppressive agents (11). 

In advanced stages of kidney disease, treatment strategies focus on restoring essential 

functions of the kidney which have been lost. These treatments include the 

administration of intravenous iron and erythropoietin to correct anaemia, and the 

supplementation of alpha-hydroxylated vitamin D and dietary phosphate binders to 

correct mineral and bone abnormalities (11). 

When renal function has declined to an unsustainable level, renal replacement 

therapies (RRT) can be initiated. This stage is referred to as end stage renal disease 

(ESRD). Renal replacement therapies include dialysis in the form of either 

haemodialysis or peritoneal dialysis, and renal transplantation (11). 
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Genetic kidney diseases 

Mode of inheritance and presentation 

Many single-gene disorders (also called Mendelian disorders) are known to affect the 

kidneys. They can be autosomal dominant, autosomal recessive or X-linked. There are 

also many polygenic traits known to predispose individuals to kidney disease. These 

are far more complex, often subtle, and expression of the disease is influenced by both 

genetic and environmental factors (8). Their investigation requires huge study 

populations, and they will not be the subject of this research project. 

Some hereditary diseases are manifest at birth or during early childhood and are seen 

predominantly by paediatricians, but a significant proportion of familial kidney diseases 

present during adulthood (32). Genetic kidney diseases in a paediatric population tend 

to have a more severe phenotype (32), which causes patients to present earlier in life. 

There is a larger proportion of recessive diseases, which are more often syndromic, 

whereas adult kidney diseases are more often dominant or X-linked (33), and can have 

a multi-factorial aetiology. 

Nomenclature 

In clinical practice, kidney diseases are referred to as “familial” when more than one 

individual of a family is affected by the same disease, and a genetic aetiology is 

inferred. This usage corresponds to the use of “familial” in this thesis. It is recognised 

that the term “familial” is not liked by many genetic scientists as it can be considered 

imprecise, but the term is hard to avoid as it is a commonly used clinical label. 

Recognition of genetic kidney diseases 

There are a number of easily identifiable genetic kidney diseases, the most prevalent 

being polycystic kidney disease and Alport disease (34, 35). These are associated with 

phenotypic characteristics which are well known to nephrologists worldwide. 

A number of other familial kidney diseases such as uromodulin associated kidney 

disease (36) and Fabry disease (37) are more difficult to diagnose because their 

phenotypic characteristics can be very subtle. While confirmatory genetic tests are 

available for these diseases in the UK, they are not commonly performed because of 

their cost and the limited availability of diagnostic centres. A summary table of 

Mendelian diseases of the kidney is presented in appendix 2. 

Classification of genetic kidney diseases 

While different classifications of hereditary diseases that affect the kidneys exist, these 

diseases can be broadly separated into two categories: those that mainly affect tubular 

function and those that affect glomerular function (38).  
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Tubular diseases 

Inherited tubular disorders primarily lead to metabolic and/or acid base disturbances 

caused by impaired tubular transport processes (39). Examples include Bartter / 

Gitelman syndromes, Fanconi syndrome, certain forms of renal tubular acidosis, and 

vitamin D resistant rickets (38). Patients do not usually suffer significant impairment of 

GFR and may not present to nephrology services. Some patients from this group may 

still be included in a cohort of CKD patients if they have co-existing renal impairment. 

Tubular disorders will not be the main focus of this study, not only because patients are 

likely to be underrepresented in the study population, but because it is the study’s aim 

to identify patients with progressive loss of renal function that could be halted by early 

recognition and treatment of the disease. 

Glomerular and interstitial diseases 

Those diseases mainly affecting glomerular function can be divided further into 

diseases directly affecting the glomerulus (including the basement membrane) and 

those affecting the interstitium. This is because both glomerular and interstitial damage 

ultimately lead to scarring and reduced glomerular filtration rates. A substantial 

proportion of interstitial diseases present with cysts and are often referred to as 

hereditary cystic kidney diseases (39). Both the glomerulus and the interstitium can be 

affected by primary renal diseases and by systemic genetic diseases.  

Interstitial diseases 

Autosomal dominant polycystic kidney disease (ADPKD) is characterized by the 

development and growth of multiple renal cysts. These cysts replace healthy kidney 

tissue and lead to massive kidney enlargement, scarring and resulting loss of GFR (40). 

Extra-renal manifestations include hepatic cysts, cerebral aneurysms and heart valve 

abnormalities. Clinical diagnosis relies on imaging, usually by ultrasound, and family 

history. Confirmatory genetic tests are available in the UK for the two recognized genes 

PKD1 and PKD2  (40).  

Familial juvenile hyperuricaemic nephropathy (FJHN) is a genetically heterogeneous 

tubulo-interstitial disease, which is characterized by autosomal dominant inheritance, 

hyperuricaemia, early-onset gout, defects of urinary concentrating ability and 

progressive renal failure typically occurring in the 3rd to 5th decade of life (41). The 

expression of these features can be variable (42). Medullary cysts have been found in 

some but not all families (6). Several underlying genes have been discovered to date. 

Mutations of uromodulin (UMOD) have been identified on chromosome 16p12 (43, 44), 

mutations of renin (REN) on chromosome 1q32.1 (45), and hepatocyte nuclear factor-

1beta (HNF1B) on chromosome 17q12 (46). Collectively these mutations account for 
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approximately 45% of FJHN patients (42). A new locus on chromosome 2p22.1 has 

been discovered recently (47). UMOD on chromosome 16p12 encodes for uromodulin, 

a ubiquitous urinary protein whose specific function remains unclear (48). The disease-

causing potential of UMOD mutations also remains largely unexplained to date. It is 

thought that abnormal folding of uromodulin leading to retention in the endoplasmic 

reticulum may result in progressive renal scarring (42). REN mutations are associated 

with anaemia, and HNF1B mutations with renal cysts and diabetes (42). FJHN has 

been characterized at a genetic level only in recent years (49). The discovery of UMOD 

has led to the suggestion to rename FJHN ‘uromodulin associated kidney disease’ 

(UAKD), and a recent consensus conference has proposed the term ‘autosomal 

dominant tubulo-interstitial kidney disease (ADTKD) to represent this whole spectrum 

(50). Establishing a diagnosis of FJHN/UAKD may be important as there are reports 

that treatment with allopurinol could delay the progression of renal failure (51), although 

this finding has not been reproduced and is debated in the literature (52, 53).    

UMOD mutations also account for what has until recently been termed medullary cystic 

kidney disease type 2 (MCKD2). Additionally, a UMOD mutation was found in one 

patient with glomerulocystic kidney disease (54). Both diseases are now counted as 

part of the spectrum of uromodulin associated kidney diseases (42). 

In 2013, researchers identified a new mutation in mucin 1 (MUC1) associated with 

medullary cystic kidney disease type 1 (MCKD1). This disease can present with 

features similar to FJHN, apart from the early development of hyperuricaemia and gout. 

MCKD1 had been mapped by linkage studies to a gene locus on chromosome 1 over a 

decade ago (55), but the mutation had eluded researchers until recently.  

Fabry disease is a lysosomal storage disorder caused by reduced activity of the 

enzyme alpha-galactosidase A (37). The disorder is X-linked, but unlike many other X-

linked disorders, heterozygous female patients may still present with a severity and 

range of symptoms similar to that observed in males (37). The accumulation of 

glycosphingolipid caused by the deficiency of alpha-galactosidase affects a wide range 

of organs. Skin lesions (angiokeratomas), neuropathic pain (acroparaesthesia), 

reduced sweating (hypohidrosis), bowel disturbance, cardiac abnormalities (including 

left ventricular hypertrophy and arrhythmias) and strokes may develop. Kidney 

involvement is common and typically presents as proteinuria, haematuria, nephrotic 

syndrome and progressive loss of GFR in adulthood (37). The diagnosis is confirmed 

by reduced or absent levels of alpha-galactosidase. In female patients, enzyme levels 

are not sufficiently low to be diagnostic, and confirmatory genetic tests for mutations in 

the galactosidase alpha (GLA) gene need to be performed (56). 
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Glomerular diseases 

Alport disease is an inherited disorder of type 4 collagen (40). The defective type 4 

collagen leads to glomerular basement membrane defects and cochlear abnormalities 

associated with hearing loss. The disease is characterized by haematuria, progressive 

proteinuria, hypertension and renal failure. Eye abnormalities are also observed. Of 

these, an anterior dislocation of the lens (called anterior lenticonus) is considered the 

most specific one (57). Others include whitish, dot-like lesions in the perimacular region 

of both eyes (57). The diagnosis is suggested by the clinical picture associated with a 

positive family history and can be confirmed by renal biopsy (40). A molecular 

diagnosis can be obtained in families with a characterized genetic mutation (58). Alport 

disease is X-linked in 85% of cases, where the affected gene is the collagen gene 4 

alpha 5 chain (COL4A5) (59). Collagen gene 4 alpha 3 or 4 chains (COL4A3 or 

COL4A4) are the mutated genes in autosomal recessive Alport disease (60, 61), 

although autosomal dominant Alport disease due to mutations in these genes has also 

been described (62). The prevalence of autosomal dominant Alport disease is still 

unknown. In an Italian series of 273 patients with Alport disease investigated by next 

generation sequencing, collagen mutations were identified in 55% of patients (62). Of 

these, 30% were inherited in an autosomal dominant manner.   

Focal segmental glomerulosclerosis (FSGS) is characterised by the histological 

diagnosis of glomerular scarring. The word “focal” signifies that initially only a minority 

of glomeruli are visibly affected, while “segmental” indicates that only a part of each 

glomerulus is scarred. As the disease progresses, the scarring tends to become more 

diffuse and global. The aetiology of FSGS is known to be diverse, ranging from primary 

or idiopathic (where no cause is identified) to a number of secondary causes including 

infections, and drug toxicity (11). Secondary FSGS is commonly caused by scarring 

resulting from hyperfiltration due to a (relative) reduction in nephron numbers. This is 

seen in obesity and patients with single kidneys, but secondary glomerulosclerosis can 

also occur due to the loss of functioning kidney tissue in other forms of kidney disease. 

It has been recognised that changes in podocyte architecture and function are 

generally implicated in the process underlying any form of FSGS (11). Electron 

microscopy shows diffuse effacement of podocyte foot processes (11). Podocyte injury 

results in disruption of the normal filtration barrier. Significant proteinuria, which in turn 

causes further tubulo-interstitial damage with ensuing renal impairment, and nephrotic 

syndrome may develop in some, but not all cases. If nephrotic syndrome occurs in 

childhood, affected children are not routinely biopsied due to the invasive nature of the 

test, but are treated empirically with steroids. If their nephrotic syndrome remits, they 

are called steroid responsive, and are likely to have underlying minimal change disease. 



25 
 

If children are found to have steroid resistant nephrotic syndrome (SRNS), they will 

usually undergo a renal biopsy, which in the majority of cases will show FSGS (11, 33). 

Hence there is a large overlap between SRNS and FSGS. 

A number of genetic causes of FSGS/SRNS have been identified, and some authors 

report that up to 18% of FSGS may be familial (63). As for sporadic FSGS, the genetic 

changes have been shown to affect podocyte architecture and function (64). Familial 

FSGS can occur at any stage in life, from the neonatal to the adult period. The most 

commonly causal genes are nephrin (NPHS1) (65) and podocin (NPHS2) (66). NPHS1 

mutations are autosomal recessive and cause congenital nephrotic syndrome (often 

referred to as nephrotic syndrome of the Finnish type). NPHS2 mutations are 

responsible for autosomal recessive nephrotic syndrome usually presenting in early 

childhood (67). Other gene mutations causing SRNS in early childhood include Wilm's 

tumor 1 (WT1) (68), laminin beta 2 (LAMB2) (69) and phospholipase C epsilon (PLCE1) 

(70). Several additional rarer genes for childhood-onset FSGS have also been 

identified (71). Genes found responsible for autosomal dominant adult onset FSGS 

include alpha-actinin 4 (ACTN4) (72), transient receptor potential cation channel 

subfamily C member 6 (TRPC6) (73) and inverted formin 2 (INF2) (74). 

Recently mutations in type 4 collagen normally responsible for Alport disease have 

been found to underlie several cases of familial SRNS/FSGS (71, 75). This raises the 

question whether some renal diagnoses need to be redefined on the basis of their 

genotype. Currently it remains unknown how often Alport disease mutations cause 

phenotypical FSGS. 

Familial IgA nephropathy 

IgA nephropathy is a form of glomerulonephritis characterised by microscopic 

haematuria with or without progressive renal impairment. Approximately 20% to 30% of 

patients with IgA nephropathy develop ESRD within 10 to 20 years of presentation (76). 

The diagnosis is made by immunohistochemistry on a renal biopsy specimen, with IgA 

deposition seen predominantly in the mesangium. The aetiology of IgA nephropathy is 

still not fully understood (76). Familial aggregation of IgA nephropathy is occasionally 

seen, and thought to be due to genetic predisposition to the disease. No single 

causative gene has been identified in large cohort studies, and the inheritance is 

considered to be multifactorial, rather than monogenic (77). Several different candidate 

genes have been proposed by exome sequencing (78) and genome-wide association 

studies (77, 79, 80).  
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Genetic diseases presenting in childhood 

The most common genetic kidney diseases presenting in childhood are congenital 

abnormalities of the kidneys and urinary tract, nephronopthisis and SRNS (which was 

described above).  

Congenital abnormalities of the kidneys and urinary tract (CAKUT) is a term that 

encompasses a wide variety of disorders, including renal agenesis, renal 

hypodysplasia, multicystic/dysplastic kidneys, uretero-pelvic junction obstruction, 

hydronephrosis and vesico-ureteral reflux (33). CAKUT are said to be responsible for 

50% of children with ESRD (81). Many different single gene mutations have been 

identified as causative for a number of forms of CAKUT (see appendix 4) (33). The 

underlying common principle of CAKUT is a disorder of kidney development, which fits 

with the finding that many of the genes causing CAKUT are transcription factors (82).  

Nephronopthisis is an autosomal recessive cystic kidney disease (83). Affected 

children develop ESRD by a median age of 13 years (84). The kidneys are normal or 

reduced in size with cysts present at the cortico-medullary junction (84). 

Nephronopthisis is often part of a syndromic disease and examples of syndromic 

associations include retinal degeneration (Senior-Loken syndrome) (85), liver fibrosis 

or cerebellar vermis aplasia (Joubert syndrome) (86) and retinitis pigmentosa, 

polydactyly, mental retardation, hypogonadism and obesity (Bardet-Biedl syndrome) 

(87). Nephronopthisis is reported by some as the most common genetic cause of CKD 

in the first three decades of life (84). Causative mutations have been identified in 

multiple different genes (33, 88).  

Other genetic nephropathies 

An overview of the many remaining rarer genetic kidney diseases is described in the 

extensive Online Mendelian Inheritance in Man database (OMIM) (5) and listed in 

appendix 2 (89). 
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Figure 5: Overview of Genetic Kidney Diseases 

 

   Genetic Kidney Diseases 

 

Diseases affecting glomerular function   Tubular diseases 

Glomerular diseases  Interstitial Diseases 

Alport disease   ADPKD    Gitelman syndrome 

FSGS / SRNS   Fabry disease   Bartter syndrome 

IgA nephropathy  nephronopthisis  Renal tubular acidosis 

...    MCKD I    ...    

        ADTKD FJHN                                                  

               UAKD MCKD II 

    Glomerulocystic kidney disease 

    ... 

 

 

Structural kidney disorders 

CAKUT 

 

Figure 5 shows a broad classification of genetic kidney diseases into diseases affecting glomerular 
function, tubular diseases and structural kidney disorders. FSGS=focal segmental glomerulosclerosis, 
SRNS= steroid resistant nephrotic syndrome, ADPKD= autosomal dominant polycystic kidney disease, 
FJHN= familial juvenile hyeruricaemic nephropathy, MCKD= medullary cystic kidney disease, UAKD= 
uromodulin associated kidney disease, ADTKD= autosomal dominant tubulo-interstitial kidney disease.  
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Disease modifying factors 

Modifying factors can influence the phenotype of single gene disorders. Genetic kidney 

diseases may display variable penetrance, where the disease can skip a generation, or 

the phenotypic expression can vary substantially in its severity (8). This is more 

characteristic of dominant rather than recessive Mendelian diseases (33), which may 

be due to allelic variation, where one allele is preferentially expressed in the kidney 

(90). Another observed phenomenon is variable expressivity, which means that the 

disorders can vary in their degree of organ involvement (33). An example of this is 

polycystic kidney disease, which can affect the liver, heart, pancreas and cerebral 

arteries in addition to the kidneys in some, but not all patients (40). Epigenetic factors, 

which modify gene expression, or mutations in regulatory elements can play a role (91). 

Where the effect of a gene mutation is dependent on one or more modifying genes, this 

is referred to as epistasis (8). To give an example, epistasis may be relevant for the 

progression of polycystic kidney disease. Polymorphisms in the gene for vascular 

endothelial growth factor (VEGF) have been found to be associated with different rates 

of disease progression in a proportion of patients with polycystic kidney disease (92). 

Environmental factors such as smoking or hypertension can also affect the phenotype 

by altering the rate of progression of genetic kidney diseases (8). 

 

Prevalence 

Prevalence of CKD 

The prevalence of chronic kidney disease (CKD) and end-stage renal disease (ESRD) 

has continued to increase steadily over the years (93-95). This may be due to a 

general increase of cardiovascular risk factors attributed to ageing and Western life-

styles that are known to adversely affect kidney function (24). A further reason for the 

observed increase may be better ascertainment but other contributing factors could yet 

be unknown. Current estimates state that 3.5 to 5 % of western populations suffer from 

CKD (96, 97) defined as an estimated glomerular filtration rate (eGFR) of <60 ml/min. 

This eGFR corresponds to CKD stage 3 to 5. (98) A meaningful stratification of 

prevalence according to age is difficult with the current CKD classification (99). This is 

because it is still being debated what levels of eGFR impairment constitute relevant 

CKD in the elderly (99). Estimations of CKD prevalence in non-White populations also 

face the difficulty of needing equations that have been validated in these different 

populations, and work in this area is still ongoing (100). 
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Prevalence of Familial Kidney Diseases   

Few studies have examined the prevalence of familial kidney diseases (38, 101-103). 

This has resulted in a lack of epidemiological data on familial kidney diseases world-

wide (104). Even though familial kidney diseases have been considered as relatively 

rare individually, it has been recognized that, when taken together, they have a high 

impact in terms of morbidity, mortality and resulting costs to society (102). 

UK and USA 

No prevalence studies for familial kidney diseases have been published from the UK or 

the USA. The only available prevalence data comes from both countries’ national 

registries of ESRD patients. The UK Renal Registry and the United States Renal Data 

System (USRDS) quote prevalence figures of 2.3% (2) and 2.2% (95) for familial 

kidney diseases other than PKD amongst ESRD patients.  

Germany 

In a study of patients presenting to a German renal outpatient department with 

glomerulonephritis (GN) over a 14-year period, which included a work-up of affected 

relatives, Ritz et al. found that 10% of patients had a form of familial GN (103), which 

was defined by at least one first-degree relative within three generations being affected 

by the same condition. A high number of relatives were investigated for the purpose of 

this study, but it is not stated how they were selected or approached. This makes it 

difficult to comment on selection or ascertainment bias. The familial diagnoses 

discovered included Alport disease, thin-basement membrane disease, familial IgA and 

non-classified familial GN. As a landmark study in this area, the research flagged up 

the importance of familial GN. The group concluded that it should become routine 

clinical practice to take thorough family histories and to screen family members of 

patients suffering from GN. 

Ireland 

A cross-sectional study of ESRD patients in Ireland in the 1990s revealed that 15.7% of 

all haemodialysis patients and 10.3% of transplant patients had a form of familial 

kidney disease (38). As in the German study, this was defined by at least one first-

degree family member affected by the same condition. Split into subgroups, 10.7% of 

haemodialysis patients and 6.6% of transplant patients had PKD; 5% of haemodialysis 

patients and 3.7% of transplant patients had other familial kidney diseases. The study’s 

major flaw was that it relied solely on established diagnoses and a review of clinical 

records. This makes underreporting due to ascertainment bias very likely. 



30 
 

Canada - Newfoundland 

A survey of 87% of all patients receiving treatment for ESRD in Newfoundland between 

1987 and 1993 found that 4.5% of patients had PKD, 4% had other so-called 

“Mendelian inherited” or single-gene disorders (105).  Patients were ascertained using 

ESRD registries in all three Newfoundland hospitals that offer ESRD treatment, and 

from the Canadian Organ Replacement Registry. In a case-control study, participants 

and age-matched controls were interviewed regarding family history. Medical notes of 

patients were reviewed to establish original renal diagnoses. In the group of ESRD 

patients without a confirmed Mendelian disease, an increased odds ratio of having 

affected first-degree relatives was found compared to controls. The odds ratio was 

especially high for patients with hypertension, Diabetes mellitus and interstitial 

nephropathies. The latter comprised 10% of the total Newfoundland dialysis population. 

The authors argued that this represented evidence of polygenic modes of inheritance in 

this group and the proposed underlying genetic factors were not investigated further. 

The possibility that this observed clustering could be partly due to further undiscovered 

single gene disorders was not raised. The fact that uromodulin-associated kidney 

disease (UAKD) presents with an interstitial nephropathy makes it likely that a number 

of cases of UAKD were missed in this cohort, but the study preceded the development 

of genetic tests for this disease. 

It has to be stated that the results of a small, isolated population like this cannot be 

extrapolated to other populations. Newfoundland was only settled 200 to 300 years ago 

and founder effects, which happen when a small number of individuals form a new 

population, will have caused a loss of genetic variation (106). This smaller gene pool 

with subsequent inbreeding will have resulted in a very different genetic make-up with 

potential overrepresentation of rare genetic disorders, especially of autosomal-

recessive diseases (106, 107). Founder effects have been shown to be relevant in a 

number of other genetic diseases in the Newfoundland population (108-112).  

Lebanon 

A questionnaire and interview-based study of all Lebanese haemodialysis patients 

conducted in 2003 showed 13% of patients suffered from some form of familial kidney 

disease, 6.2% of whom had PKD (101). In consanguineous patients, the total 

prevalence of familial kidney diseases (including PKD) was even higher at 18%. The 

study design appears robust in that all haemodialysis patients in Lebanon were 

interviewed personally and asked to complete a questionnaire, their physicians were 

interviewed and their case-notes were reviewed where necessary. This approach was 

practical due to the comparably small size of the Lebanese dialysis programme. 
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Unfortunately, the different racial and genetic profile and the high degree of 

consanguinity do not make the Lebanese results transferrable to a UK population. 

Sweden 

In a study of 1000 consecutive kidney transplant patients transplanted between 1985 

and 1993 in Sweden, the underlying aetiology of patients’ renal disease was re-

evaluated by examining case records and undertaking supplementary interviews (113). 

12.9% of transplant recipients were found to have PKD, while 6% had other forms of 

familial kidney disease (114). Fewer than half the patients that were identified to have 

other forms of familial kidney disease had been classified as having hereditary disease 

in a routine registry. 

The study appears well designed and well conducted. Several of the familial kidney 

diseases identified remained unclassified. This is understandable as most genetic tests 

would not have been available at the time of the study. Importantly, this study highlights 

the underreporting of familial kidney diseases in disease registers. 

Australia  

In 2014, a study was published on the prevalence of genetic kidney diseases in adult 

CKD patients in Australia. Patients were ascertained through the CKD Queensland 

registry, which is a registry of all patients seen by nephrology services in Queensland. 

As part of the registry’s standard data collection, up to four primary renal diagnoses 

were recorded. These diagnoses were interrogated for the determination of prevalence 

figures. The prevalence of PKD in the CKD cohort was ascertained as 4.3%, and the 

prevalence of genetic kidney diseases other than PKD was 5.5%. Amongst the other 

genetic kidney diseases, the most common diagnosis was CAKUT, making up two 

thirds of diagnoses, and was followed by medullary cystic kidney disease, making up 

9%. The inclusion of physician ascertained CAKUT in this group was described as 

controversial by the authors themselves, due to the variable CAKUT phenotypes, but 

was defended by the ongoing discovery of underlying gene mutations. 

Incidence figures for genetic kidney diseases in adults starting RRT were also reported 

from the published Australia and New Zealand Dialysis and Transplant registry 

(ANZDATA, www.anzdata.org.au). In the years 2000 to 2005, PKD made up 7.8% of 

diagnoses of patients starting RRT, whereas genetic kidney diseases other than PKD 

represented 7.1%. In the years 2006 to 2011, these figures fell to 5.7% for PKD, and 

4.5% for other genetic kidney diseases. The authors explained this fall by a relative 

increase of other kidney diseases, foremost Diabetic nephropathy. When considering 

prevalence, it has to be stated that these incident rates cannot be equated with 
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prevalence rates, which are also influenced by factors such as patient retention and 

survival. 

This registry study sheds some light on the question of genetic kidney disease 

prevalence amongst CKD patients. Like most of the other quoted studies, it relied 

solely on established diagnoses recorded in a database. The completeness of 

diagnostic information in the database was not reported, even though incomplete data 

is a common problem in databases and can lead to ascertainment problems (102).  

The study population was different from this project in that patients with CKD stages 1 

and 2 were included, and in fact were overrepresented in the genetic kidney disease 

group.  

The authors draw attention to increases in the prevalence of other kidney diseases 

over time impacting on genetic kidney disease prevalence rates. This is a point to bear 

in mind when comparing historical prevalence rates to today’s rates. 

Finally, the study found a large variability of prevalence rates between the five centres, 

with one centre’s prevalence rate almost twice as high as the other four centres’ 

combined. This was attributed to different clinician diagnostic practices, different 

referral models and available clinical services, as well as clustering of affected family 

members in certain regions. The study highlights the problem of interpreting regional 

prevalence rates. Putting this in perspective, the authors concluded that even the 

prevalence figures from the region with the highest rates were likely to be an 

underestimate due to under-ascertainment from only assessing patients seen in 

secondary care.  

Austria 

A recent national Austrian study investigated the prevalence of uromodulin associated 

kidney disease (115). The researchers identified 14 patients from five families, and the 

established prevalence rate was 1.67 cases per million. The study was based on 

patient questionnaires distributed to Austrian dialysis and transplant patients with 

familial or unclear diagnoses, asking for a family history of kidney disease or gout. 

Patients who gave two affirmative answers were tested for UMOD mutations. This 

resulted in the identification of one new patient through the study, and another patient, 

who was not part of the study, through increased awareness of UAKD. The prevalence 

rate of the study appears very low compared to the number of patients with UAKD in 

WRTS alone. It is unclear whether this is due to incomplete ascertainment in Austria or 

different population factors. 
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Prevalence of individual kidney diseases 

Individual prevalence data only exist for a small number of familial kidney diseases 

(102). Autosomal dominant polycystic kidney disease (ADPKD) is by far the most 

common adult familial kidney disease. It accounts for approximately 5% to 9% of ESRD 

in Europe and the United States (3, 116). Alport disease is reported to be the second 

most common genetic kidney disease and accounts for 1% to 2% of ESRD (40). The 

incidence of Fabry disease is cited as being between 1 in 476,000 to 1 in 117,000 (56). 

No prevalence figures exist for a renal population. The quoted study from Germany 

suggests a prevalence of 10% for familial glomerulonephritis compared to all forms of 

GN (103). The cited Austrian study gives a prevalence of 1.67 per million for UAKD 

(115). 

Paediatric Population 

Several studies have examined the prevalence of familial kidney diseases in a 

paediatric kidney disease population (117-120). The most recent of these was 

conducted in Australia and New Zealand (120). It ascertained familial cases using 

questionnaires sent to all eight paediatric nephrology centres across Australia and New 

Zealand requesting the number of patients with renal disorders of genetic aetiology 

over a ten-year period. The denominator of the entire childhood population was 

established from both countries' national statistics offices, based on birth records, and 

adjusted for deaths. The study found a total of 638 children with genetic renal diseases 

with an overall prevalence of 70.6 per million age-representative population. A 

prevalence rate for all children with renal disorders is not mentioned. The most 

common familial diagnoses were found to be CAKUT and SRNS. 

Like the previous quoted studies, this one also relied on established familial diagnoses 

based on phenotypic appearance, and furthermore on physician recall of familial cases 

over a ten-year period. This may be a source of under-ascertainment. Furthermore no 

responses were obtained from one of the eight centres. Despite this, the overall 

response rate was still 88%. Sending questionnaires to all units to ascertain numbers is 

much more feasible in a paediatric population with a small number of national specialist 

centres. Additionally, the overall number of paediatric renal patients is much smaller, 

which makes it easier for physicians to recall individual patients more reliably. A similar 

study would be far more difficult and less likely to produce informative results in an 

adult population.  

Summary of prevalence studies 

As discussed, only limited epidemiological studies exist for either adult or paediatric 

familial kidney diseases in selected populations. Almost all of these studies are 
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relatively old and preceded the advent of accessible and reliable confirmatory genetic 

tests. The currently available prevalence figures are thought to be an underestimate (3). 

This is especially true for figures in national disease registries, which range well below 

those quoted by the presented studies (3, 6, 121).   

Local study 

Preliminary Wessex data from the Wessex Renal and Transplant Service (WRTS) 

revealed a prevalence of familial kidney disease of 12% for PKD and 7% for other 

familial nephropathies amongst ESRD patients (3). These figures are higher than those 

reported in the literature to date, with the exception of the Swedish study (114). This 

discordance is likely to result both from the non-specific coding system and difficulties 

of diagnosing some forms of familial kidney disease (3, 6). Diseases like familial GN 

and reflux nephropathy tend to be coded under the main disease headings without any 

reference to their familial nature. Further familial diseases may be hidden in other 

groups (including the code “Other”), either because of failure of recognition, or for lack 

of an available code to assign (3). In WRTS, a nephrologist with a specific interest in 

genetics (my supervisor) had collected a list of familial patients and performed an 

additional electronic database search of relevant familial diagnostic codes (3). 

Preceding this preliminary study, a number of families with renal failure had been 

identified and investigated in WRTS. Genetic linkage studies of affected and unaffected 

family members were performed in combination with biochemical tests measuring 

serum uric acid and fractional excretion of urate. These investigations had established 

a diagnosis of FJHN for many of these kindreds. It would seem likely that this condition 

accounts for a large proportion of undiagnosed cases of familial renal failure and is 

often unrecognised due to its subtle and often late clinical presentation, when a kidney 

biopsy would only reveal nonspecific changes of ESRD (6). 

Study of CKD patients 

With the exception of the very recent Australian study, no other studies have examined 

the prevalence of familial kidney diseases in an adult CKD cohort. This may be 

because ESRD patients are a more easily captured population. The examination of 

specific disease subgroups in CKD patients as performed in the German study is 

interesting, but it does not shed any light on genetic kidney disease prevalence 

amongst CKD patients as a whole. Neither can we extrapolate any information from the 

paediatric familial kidney disease studies. 

A study aiming to identify a genetic basis for kidney diseases in a general cohort of 

CKD patients is desirable as this is likely to identify many additional patients with 

familial disease, some of whom may never reach ESRD, but still have significant 
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disease burden. When genetic kidney diseases are diagnosed at an earlier stage, this 

may allow the administration of more targeted treatments while there is still residual 

kidney function. These treatments may help reduce the progression of renal disease 

both in patients and affected relatives (1, 51). 

Gene Technology 

Recent developments in gene technology have facilitated the identification of exact 

gene defects underlying many single-gene disorders and have led to the development 

of commercially available genetic tests (8). Despite this, many pathogenic genes 

remain as yet unidentified. Of the approximately 5,000 known Mendelian disorders, 

underlying causative genes have been found in only approximately 3,000 to date (33). 

These are all recorded in the online genetic database OMIM (5). Identifying exact gene 

defects is important for prognostication, including the provision of genetic counselling, 

and the development of targeted treatments (89). It may also be important for prenatal 

diagnosis, for identifying potential kidney donors among relatives and for preventing the 

need for kidney biopsy in the diagnosis of family members (48). Additionally, it has 

been shown that affected patients tend to be very keen to obtain an exact diagnosis, 

which may provide them with some comfort even when specific treatments may not yet 

be available (48). 

Linkage studies 

The first genes responsible for Mendelian kidney diseases were discovered using 

linkage studies (33, 122, 123). These studies investigate the co-segregation of specific 

genetic markers with a disease trait (122). With the help of statistical programs, regions 

on the genome that segregate with the phenotype of interest are identified. In a second 

step, those regions present in affected, but not in unaffected family members, are 

examined more closely. If these sections of DNA are sufficiently small, potential 

candidate genes that lie in the region of interest are sequenced, and their disease-

causing potential is determined (8). Linkage studies depend on a phenomenon called 

linkage disequilibrium, which refers to two genetic loci being inherited together more 

often than would be expected by chance (122). Genetic regions located close to each 

other on the same chromosome are less likely to be separated by cross-over during 

meiosis and hence are often inherited together. Using linkage disequilibrium, a genetic 

map can be drawn up (124) that shows the recombination frequency between two 

genetic loci, such as a known genetic marker and a disease gene (122). Statistical 

tests, of which the most relevant one is the logarithm of the odds (LOD) score (125), 

are then performed to ensure that the association between the two genetic loci was not 

observed by chance.    
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Variable number tandem repeats 

The first renal linkage studies used variable number tandem repeats (VNTRs) (122, 

123). VNTRs are stretches of repetitive DNA sequences of differing length also referred 

to as mini- or microsatellites. VNTRs are highly polymorphic, meaning they are highly 

variable between individuals. Polymorphisms are variations in genes or genetic loci that 

occur in more than 1% of the population (122). Today microsatellites are still used for 

DNA fingerprinting in forensic investigations (122). 

Discovery of PKD locus 

The first successful linkage study in the field of nephrology found a locus for a 

polycystic kidney disease gene (PKD) in 1985 (123). Genetic variations in the copy 

number of a VNTR on chromosome 16 were used as a known genetic marker. Linkage 

studies in nine large kindreds affected by polycystic kidney disease located the PKD 

gene on the short arm of chromosome 16.  The locus was later refined by positional 

cloning techniques as the PKD1 gene (126) encoding polycystin 1 (127). 

Single nucleotide polymorphism 

The localisation of specific genes became much easier once the Human Genome 

Project had uncovered the entirety of the human genome (128).  This huge 

international collaborative project was completed at the beginning of the 21st century. 

The characterisation of the entire human genome allowed the identification of multiple 

polymorphisms in single base pairs called single nucleotide polymorphisms (SNPs). 

The HapMap Project aimed to describe the variation in the human genome and 

characterised the distribution of SNPs across the genome (129). Over 100 million 

SNPs are currently known and registered in the National Center for Biotechnology 

Information (NCBI) database dbSNP (130). Some SNPs change the sequence of the 

translated protein, but the function of the vast majority is non-existent or unknown (122).  

Alhtough SNPs are easier to use as genetic markers for linkage studies than VNTRs 

(131), relatively few SNP-based genome wide linkage studies have been performed for 

renal Mendelian disorders to date (33). The first of these uncovered a new mutation in 

the paired box gene 2 (PAX2) causing autosomal dominant renal dysplasia in 2004 

(131). More recent examples include the discovery of REN mutations causing familial 

juvenile hyperuricaemic nephropathy (45) and the detection of a new locus for FJHN on 

chromosome 2 (47). SNP-based linkage has also been successful in uncovering new 

diseases responsible for common renal phenotypes, such as complement factor H-

related protein 5 (CFHR5) mutations causing glomerulonephritis in patients of Cypriot 

ancestry with haematuria (132). 
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Genome wide association studies 

While family studies use linkage to investigate possible mutations underlying a shared 

disease phenotype, genome wide association studies (GWAS) are conducted in 

unrelated populations to find genetic loci associated with a specific disease (133). 

GWAS are suitable for the investigation of common variants underlying complex 

diseases. Complex genetic diseases are thought to develop due to a combination of 

environmental factors acting on genetically susceptible individuals (134). GWAS also 

employ SNP-based association, often applying up to one million SNP markers (133) 

but require large study populations to reach statistical significance (133). 

The first GWAS in CKD was conducted in almost 20,000 participants of European 

ancestry with mostly CKD Stage 3 (135). The study found significant SNP-associations 

with CKD at the UMOD locus (135). Interestingly, this increase in CKD risk is 

associated with elevated urinary uromodulin levels in the urine, as opposed to reduced 

uromodulin levels in FJHN (42). A subsequent meta-analysis of 20 GWAS studies 

confirmed UMOD as a risk marker for CKD, and additionally identified protein kinase, 

AMP-activated, gamma 2 (PRKAG2) as significantly associated with CKD (135). 

PRKAG2 encodes for a subunit of adenosine phosphate-activated protein kinase, 

whose connection to CKD is still unclear (133). Multiple other susceptibility loci for CKD 

and impaired GFR were also discovered by this meta-analysis (135). 

GWAS in African American populations found risk factors for non-Diabetic ESRD and 

FSGS to lie in myosin heavy-chain 9 (MYH9) (136, 137). Polymorphisms at this locus 

were thought to confer a large part of the increased risk of renal disease in black 

populations (133). MYH9 was also significantly associated with CKD in populations of 

European ancestry, but the risk alleles were much rarer in these populations (138). 

Further intensive investigations have revealed that the association observed with 

MYH9 appears to have been caused by missense mutations in the neighbouring 

apolipoprotein L1 (APOL1) gene (139), which showed an even stronger association 

with CKD than MYH9 (139). 

Smaller GWAS have identified risk markers for IgA nephropathy (77, 140) and diabetic 

nephropathy (141, 142), although these have not all been consistent across different 

populations (133). Risk alleles have also been found for renal stone disease and bone 

mineral density (143). 

Furthermore GWAS have been conducted in renal pharmacogenetics. Different genetic 

loci have been found to predict patient response to the two most commonly used 

immunosuppressive medications in transplantation, tacrolimus (144) and 

mycophenolate mofelate (145). 
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Next generation sequencing  

It has recently become possible to perform genetic sequencing at a much faster rate by 

performing massive parallel sequencing, referred to as next generation sequencing 

(NGS) (146). In recent years, this has become both more sensitive and more affordable 

(147).  

Whole Genome Sequencing 

NGS techniques allow the sequencing of whole genomes in a matter of days or hours. 

While it is technically possible to sequence the entire human genome, referred to as 

whole genome sequencing (WGS), this is still very expensive and produces large 

amounts of data, which are difficult to interpret (146). Therefore, in practice, more 

targeted next generation techniques have been employed in the search for Mendelian 

diseases (146). 

Whole Exome Sequencing 

It is estimated that 85% of disease-causing mutations in monogenic disorders are 

positioned within a coding exon (33, 148). The exome is the summation of all the 

protein-coding DNA  regions called exons (122). Whole exome sequencing (WES) is 

useful for the discovery of new genes underlying Mendelian disorders and is becoming 

more affordable (146, 149). 

In the field of nephrology, exome sequencing was first employed to find mutations 

underlying the tubular disorder of Bartter syndrome (148). The study uncovered one 

case of congenital chloride diarrhoea as the cause of erroneously suspected Bartter 

syndrome. Another pioneering exome sequencing study identified a mutation of 

Serologically Defined Colon Cancer Antigen 8 (SDCCAG8) as responsible for a form of 

nephronopthisis (150). 

WES has ascertained new candidate genes for renal disorders, such as myosin IE 

(MYO1E) and Nei endonuclease VIII-Like 1 (NEIL1) for autosomal recessive SRNS 

(151). It has also helped to identify new mutations in known renal genes, as in the 

Bardet-Biedl syndrome (152).  

Limitations of whole exome sequencing 

While it is the purpose of WES to sequence the entire exome, current kits often do not 

achieve 100% coverage (146). Furthermore, intronic and intragenic regions including 

regulatory elements are not captured (146). This has allowed the MUC1 gene 

underlying MCKD1 to be missed by NGS. The gene lies in a variable number tandem 

repeat (VNTR) region, which is poorly covered by conventional NGS techniques (153) 

and has only recently been found after over a decade of searching (153). 
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Targeted next generation sequencing 

Targeted next generation panels have become popular recently (154). They are used 

for testing a number of genes known to be causative for a specific condition and are 

therefore helpful in the investigation of specific diseases for which the underlying genes 

are known (155). Gene panels need to be updated continuously as new genes are 

discovered (155), and, at present, they are only affordable when a large group of 

patients is tested simultaneously. In clinical practice, this service could only be offered 

by national centres (155). In nephrology, recent targeted panels have been performed 

for genes underlying atypical Alport disease or proteinuria (154) and for steroid 

resistant nephrotic syndrome (156). 

Outlook 

Currently many questions on Mendelian kidney diseases remain unanswered. National 

and supra-national working groups have been formed to facilitate future research and 

collaborative projects investigating genetic kidney diseases (157). The ERA – EDTA 

Working Group on Inherited Kidney Disorders fulfils this role at a European level (158). 

In the UK, the Renal Association’s Registry for Rare kidney Diseases “RaDaR” is an 

umbrella organisation for rare genetic disease working groups (159).  

Over the next few years, next generation sequencing techniques are likely to facilitate 

the rapid identification of more causative renal genes. They should help with obtaining 

a molecular genetic diagnosis in cases of diagnostic uncertainty, with understanding 

disease mechanisms and developing new targeted treatments, including gene therapy, 

which may soon become feasible (33, 89).  

This makes the present a good time to study genetic kidney diseases, both in order to 

obtain more information on known familial disorders, and to try and uncover potential 

new genetic diagnoses. 

Summary   

Much remains to be learned about genetic kidney diseases. This is due to a relative 

paucity of studies, many of which preceded the advent of precise genetic testing. Most 

of the available studies were conducted in ESRD populations, and several were poorly 

generalisable to the UK population. No study has been performed to date to investigate 

the prevalence of familial kidney diseases in a general cohort of adult CKD patients. 

It has been recognized that many familial kidney diseases do not progress to ESRD 

until late adulthood, if they progress at all (35). Diagnosing familial nephropathies early 

is important because there may be a window of opportunity of predicting an individual’s 

risk of developing the disease and intervening therapeutically (147). 
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Many genes underlying genetic kidney diseases have been identified in recent years. 

Many other hereditary disorders remain for which no genetic defect has been 

discovered yet (33). Additionally, no concerted effort has yet been made to investigate 

affected families (147), although the 100,000 Genomes project is now under way, and 

rare disease working groups (RaDaR) have been formed in the UK. 

Knowing the precise genetic defect is important in terms of its diagnostic and 

prognostic value, and is likely to become more crucial for directing specific therapy 

(147). With recent advances in gene technology and more knowledge generated by 

studies into familial kidney diseases, genetic therapy for these disorders may soon 

become feasible (147). 
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2. Schedule of Investigation 

 

As discussed in the introduction, there is a paucity of publications on the epidemiology 

of genetic kidney diseases, particularly in patients with CKD. At the same time, there 

are strong clues that prevalence data recorded in national disease registers represent 

a gross underestimate (3, 6). Diseases like FJHN are especially likely to be under- 

recorded (6, 160). The importance of establishing correct diagnoses for genetic kidney 

diseases including the identification of underlying gene defects has been discussed in 

terms of its impact on the provision of genetic counselling, prognostication and early 

treatment (89). Recent advances in the field of genetics have facilitated the discovery 

of new gene defects underlying genetic kidney diseases, making this a good time to 

study genetic diseases (33). 

This study aimed to answer the following questions: 

1) What is the prevalence of genetic kidney diseases amongst a large cohort of 

patients with CKD (stage 3-5)? (Chapter 3) 

2) Of those identified as having genetic kidney diseases, what is the distribution of the 

underlying diagnoses? (Chapter 3)  

3) What is the prevalence of uromodulin-associated kidney disease (UAKD, also known 

as FJHN)? Can established biochemical tests or clinical parameters distinguish 

patients with UAKD from patients with other familial kidney diseases? (Chapter 4) 

4) What is the distribution of pathogenic mutations in a subset of genes previously 

identified for FSGS/SRNS in an adult cohort of patients with FSGS/SRNS? Can 

targeted next generation sequencing identify patients with underlying collagen 

mutations normally responsible for Alport disease? (Chapter 5) 

 5) In patients with a strong family history where gene screening is negative, can whole 

exome sequencing identify the underlying genetic aetiology? (Chapter 6)  

Study Population 

Patients were recruited from the Wessex Renal and Transplant Service (WRTS) based 

at Queen Alexandra Hospital, Portsmouth, which is the tertiary renal referral centre for 

Hampshire and bordering areas of West Sussex, Wiltshire and the Isle of Wight. WRTS 

caters to a catchment population of two million people (161). Approximately 5,000 

patients are under active outpatient follow-up by WRTS, either at the centre itself, or in 

one of the peripheral clinics held by nephrologists from WRTS throughout the 
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catchment area. Patients meeting the inclusion criteria were identified from WRTS’s 

clinical database “Proton”. 

Inclusion/Exclusion criteria 

All patients in CKD stages 3-5 registered on the renal database were included in the 

study. It was decided to exclude CKD stages 1 and 2 for the following reasons: 

 They were likely to represent patients with transient renal disturbances. 

 They were likely to be minor renal diseases with no impact in terms of disease 

burden (those that progressed would be identified anyway when they entered 

stages 3-5). 

 They could represent nonspecific renal dysfunction secondary to a variety of 

systemic diseases. 

 The majority of normal elderly people would fall into CKD stage 2 at the very 

least. 

 The vast majority of these subjects would not have a genuine renal disease, 

and those on a renal database would form a tiny proportion of subjects in the 

community who fell into these stages. 

All patients on WRTS’s database in CKD stages 3-5 were sent a questionnaire seeking 

the presence of renal disease in any relatives (appendix 4).  

Patients on the renal database were registered under the old ERA-EDTA diagnostic 

codes. The database was interrogated for these codes when potential study 

participants were selected based on their responses to the questionnaire. As discussed 

earlier, diagnostic codes can be very nonspecific and sometimes misleading (appendix 

1). Some codes are more likely than others to “hide” patients with genetic kidney 

diseases. That does not mean that patients registered under the other, more specific 

codes were ignored or excluded from the study as mistakes might have been made 

when diagnoses were allocated or during the subsequent coding process. All patients 

on the renal database with CKD stage 3-5 were included. Responders who were 

suspected to have a familial nephropathy were recruited into the study, as were 

patients with a strong family history of renal disease identified by their nephrologist. 

The only exceptions were patients who were already known to have a genetic kidney 

disease with a clear phenotype such as polycystic kidney disease, which has been well 

studied. These patients were counted to complete the statistical picture but they were 

not contacted for further genetic testing because incorrect diagnoses in these groups 
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were extremely unlikely as these patients tend to display characteristic phenotypic 

features and confirmatory genetic tests are available in clinical practice in case of 

diagnostic uncertainty.  
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Figure 6: Study flow diagram 
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Investigations 

All investigations presented in this thesis were performed by myself, unless stated 

otherwise. 

Study participants were investigated in the following manner: After recruitment, clinical 

details of patients and affected relatives were reviewed, and a family tree was drawn 

up. Blood or saliva and urine samples were collected and stored with help from 

WRTS’s outpatients’ department and the renal research nurses. DNA was extracted 

from blood or saliva, this work being split between myself and an experienced DNA 

technician at the University of Southampton. 

In the first step of genetic investigations, study participants were tested for known renal 

gene mutations that fit their phenotype and mode of inheritance. Samples were sent to 

the specialist centre for lysosomal storage disorders at the Royal Free Hospital, 

London, for external testing for Fabry disease. Testing for UMOD mutations was 

performed by myself in the nationally accredited Purine Research Laboratory at St 

Thomas's Hospital, London. Although it is possible to test for HNF1B and REN 

mutations, it was decided not to do so by conventional sequencing because they are 

very rare. They could, however, be captured in the following step of exome sequencing. 

To further investigate patients with FJHN or uromodulin associated kidney disease, 

urinary uromodulin in the available urine samples was measured in the Renal 

Research Laboratory in Portsmouth. Uromodulin was expected to be low in patients 

with FJHN (with the exception of renal transplant recipients), and normal or high in 

other participants. Urinary uromodulin is difficult to measure and is not routinely tested 

for logistical and cost reasons. It was, however, measured as part of this study to 

further inform the reliability and utility of such assays in the diagnosis of FJHN. 

A subgroup of 81 participants with FSGS or SRNS were chosen to undergo genetic 

testing by a targeted next generation sequencing panel for FSGS and Alport genes at 

the University of Southampton / the Wessex Regional Genetics Laboratory at Salisbury 

District Hospital. Patients were ascertained through the renal database “Proton” or from 

their previously returned questionnaire on family history. The panel included 

participants with both familial and sporadic FSGS/SRNS. The purpose was to 

investigate the question of how often Alport genes may underlie FSGS, and to 

ascertain the distribution of other FSGS genes.   

The family with the largest pedigree, and negative for UMOD and Fabry disease with 

no identified mutations in the FSGS/SRNS panel, was chosen for exome sequencing, 

in an attempt to clarify their diagnosis. The exome results were externally confirmed by 
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Sanger sequencing at the Wellcome Trust Centre for Human Genetics, Oxford, without 

my direct involvement. 

Genetic Techniques 

As described, conventional gene sequencing, targeted next generation sequencing and 

total exome capture were used for the investigation of selected study participants in 

specialist laboratories at Southampton University, the Wessex Regional Genetics 

Laboratory, and the Purine Research Laboratory of St Thomas’ Hospital. As discussed 

earlier, next-generation techniques may allow the identification of new gene mutations 

associated with kidney disease. Their recent refinement and improved financial viability 

make them invaluable research tools in trying to uncover more genetic loci underlying 

familial nephropathies (48, 89). Participants were informed that this stage of testing 

was still experimental and not guaranteed to reveal an answer in the near future. A 

formal clinical link has been set up with Clinical Geneticists running outpatient clinics in 

Portsmouth, with agreement that patients with queries will be offered appropriate 

counselling. The above mentioned collaborations were established to improve the 

quality of the research at the same time as reducing costs. Such collaborative projects 

are recognized as invaluable in promoting genetic research (89).  

Funding 

Funding was obtained from Wessex Renal and Transplant Service’s Charitable 

Research Fund following a formal application process, which included peer review. 

Additional funding of £3,000 was provided by the Purine Metabolic Patients’ 

Association (PUMPA). 

Conclusion 

This study was designed as a cross-sectional study with the aim of investigating the 

prevalence of genetic kidney diseases in a registered cohort of CKD patients, and 

identifying genetic kidney diseases in cases of diagnostic uncertainty. Where no 

established diagnosis could be obtained, novel methods of genetic sequencing were 

employed to examine possible underlying gene defects. 

A review of the literature has demonstrated that the available data on genetic kidney 

diseases are limited. As shown, current estimates of its prevalence appear to represent 

a gross underestimate. It seems likely that many cases have remained unclassified or 

even unnoticed. The importance of establishing exact genetic diagnoses has been 

argued, especially in the context of genetic advances, which are likely to increase the 

availability of targeted treatments in the near future. Collaborations with specialist 

centres have made the project possible during this time of genetic breakthrough. 
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3. Questionnaire responses and patient demographics 

Introduction 

As discussed in chapter 1, pages 26 to 32, there is a paucity of information on the 

prevalence of familial kidney diseases, particularly amongst patients with chronic 

kidney disease (CKD).  

Patient cohort 

This study will investigate the prevalence of familial kidney diseases amongst all CKD 

patients (stage 3-5), including dialysis and transplant patients. As outlined, a CKD 

cohort is expected to contain more patients with familial kidney diseases than a cohort 

of ESRD patients because some patients with familial kidney disease progress to 

ESRD late or never (32). Early identification of familial kidney diseases may allow the 

administration of targeted treatments designed to halt or slow further progression. 

Most previous studies on the epidemiology of familial kidney disease have chosen to 

investigate ESRD populations (38, 101, 107, 114). This will have been logistically 

easier as these populations are conveniently distinguishable, more accessible in 

dialysis units or outpatient departments and routinely captured in national registries. 

However, for patients identified as having a familial kidney disease at ESRD, it would 

have been too late for any interventional treatment. 

This research study included patients in CKD stages 3-5. In these stages, patients 

generally have significant impairment of renal function (98), except for those patients in 

CKD stage 3 whose fall in eGFR simply reflects their increasing age, which is a factor 

in the calculation of eGFR (97). Patients with significant CKD stage 3-5 largely 

correspond to the cohort managed in secondary care, with the majority of patients with 

uncomplicated stable CKD stage 3 looked after in primary care (162). Therefore many 

patients with CKD stage 3 and (nearly) all patients with CKD 4-5 should be registered 

in databases maintained by nephrology units. Additionally, national guidelines 

recommend the screening and referral of patients with a family history of significant 

kidney disease (162). This should mean that, provided the family history is recognized 

in primary care, these patients should be more likely to end up on a renal unit’s 

database than an average patient in CKD stage 3.   

Sample size 

When investigating familial diseases, the sample should be big enough to avoid bias 

from large kindreds, but at the same time small enough to allow complete coverage 

(102). Typical sample sizes in this context are quoted as 500,000 to 5 million (102). For 
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accurate sampling, the geographic area covered by the study needs to be well defined 

(102). As discussed, Wessex Renal and Transplant Service caters to a population of 2 

million people spread out over a large geographic area (9). The catchment area covers 

the majority of Hampshire, the Isle of Wight and the adjacent parts of Wiltshire and 

West Sussex, and is delineated by clear boundaries (161). The study population 

included all patients from this area on the renal unit’s register with CKD stage 3-5, 

which comprised 3,770 patients on 1st October 2011. Therefore the size of the 

catchment population matched the size suggested above. As discussed, the sample 

was not taken from the population as a whole, but from the renal unit’s database. This 

should have contained most, but not all affected patients living in the area, as not all 

patients would have been known to renal services. All patients with CKD stage 3-5 on 

the database were sampled rather than selecting a random smaller sample. This was 

done in order not to miss any individuals with familial kidney diseases since it was the 

study’s aim to identify and examine as many patients with genetic kidney diseases as 

possible. 3,500 patients represented a manageable number, but the population was not 

quite large enough to exclude some bias from large kindreds. The ultimate goal would 

be to roll out the study to other centres in the UK and to pool the data, which would 

significantly increase the sample size, correcting for this possible bias. Eventually this 

roll-out could lead to a national register of genetic kidney diseases. 

The above approach, including considerations regarding the sample size, was 

discussed with a statistician in the planning stages.  

Population characteristics 

The Hampshire/Wessex region is known to have a more stable population with less 

migration than many other UK regions, especially compared with the more dynamic 

urban areas like London (163). The relatively sessile population structure makes it 

more likely, but of course not certain, that affected relatives may live within the large 

boundaries of the renal unit’s catchment area, which comprises a total population of 

approximately 2 million adults (9, 94). The relative stability of the Wessex population 

makes it well suited for the study of familial diseases without being grossly distorted as 

is often the case for small isolated communities. Remote areas like Newfoundland 

have been popular with genetic epidemiologists due to an over-representation of 

hereditary diseases. However, findings derived from these isolated populations are 

poorly generalisable to other populations due to distorting effects like founder effects 

and inbreeding (102, 107). 

While it is recognized that the renal database may not include all relevant patients 

living in the Wessex region, it was the most comprehensive data source available. The 
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registered CKD cohort served as the denominator when calculating prevalence. 

Individual disease prevalence rates were also estimated for the catchment population 

as a whole, with the proviso that under-ascertainment remained highly likely. 

Type of study 

This study aimed to establish the point prevalence of genetic kidney diseases in a 

cohort of CKD patients at a given time, employing a cross-sectional design. 

Participants were investigated prospectively over a period of four years, increasing the 

diagnostic accuracy of the study. This design of a cross-sectional prevalence study with 

prospective work-up of participants was also adopted by a number of other recent 

familial kidney disease studies (101, 164).  

Screening questionnaire 

The study used a screening questionnaire to identify subjects with a positive family 

history. This meant that most individuals were approached after they had given implicit 

permission by providing their contact details on the returned questionnaire. The only 

exceptions were patients with a known family history who had failed to return the 

questionnaire. These patients were asked if they wanted to hear about the study either 

by phone or in person when they attended the outpatient department. Once an index 

case had been identified, complete families were examined looking for further possible 

cases, which required considerable effort and detective work (102). There was a 

possible ethical barrier to this step, as the index patient had to give permission for 

relatives to be contacted (102), and they in turn then needed to agree to speak to the 

researchers. In actual fact, most patients were willing to approach their relatives and 

most relatives were happy to be contacted, but not all. This represented a further 

source of under-ascertainment that needs to be considered, which could not be 

avoided for ethical reasons.   

It is also recognised that using positive family histories to identify familial patients 

preferentially selected for dominant conditions. In recessive conditions, there may not 

be any affected relatives. Despite this, questionnaires asking for positive family 

histories remained the best screening tool for genetic renal diseases. The majority of 

familial kidney diseases presenting in adulthood are expected to be dominant, since 

recessive conditions tend to present earlier in life (39). Furthermore, it would have been 

impossible to test the entire cohort of CKD patients for genetic disorders in order not to 

miss a small number of recessive monogenic cases. This approach was more feasible 

when investigating a clinical subgroup, i.e. patients with a certain renal condition known 

or suspected to have a genetic cause in a considerable proportion of cases, such as 
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FSGS. For our CKD population, we needed to accept that we may have missed some 

recessive genetic disorders. 

Evaluation of self-reported diagnoses 

On receipt of the first hundred questionnaire responses, it became apparent that 

patients’ self-reported diagnoses did not match the corresponding coded diagnoses in 

over a third of cases. Therefore, the need was recognised to study this more formally 

by comparing the diagnoses recorded by patients with the diagnoses available from 

coding or letters. To determine if any particular groups of patients were more likely to 

know their renal diagnosis, factors associated with the correctness of patient responses 

were examined. Demographic factors were an obvious choice in this investigation. 

Furthermore it was hypothesised that patients with access to their clinical information 

were likely to do better than their contemporaries without access. The tool “Renal 

Patient View” (RPV) is a national project that gives patients electronic access to their 

clinic letters and laboratory results (165) and is available to all patients of Wessex 

Renal and Transplant Service (WRTS) with access to the internet. Interested patients 

need to sign a consent form handed out during clinic visits, before they are given elogin 

details to a password protected website.  

Evaluation of family histories 

In a similar fashion to the accuracy of patient reported diagnoses, the accuracy of 

reported family histories was assessed. This was done by reviewing the patients’ and 

relatives’ renal diagnoses, the apparent mode of inheritance and their compatibility with 

a monogenic renal disease. Factors associated with a confirmed history of familial 

kidney disease were also examined. Prevalence data for familial kidney diseases were 

established from the assessment of family histories and from familial diagnoses 

available on the renal database. 

The analysis of patient diagnosis awareness, and the prevalence data for familial 

kidney diseases obtained from the questionnaire study and an interrogation of the renal 

database, are presented in this chapter. The prevalence data for the specific renal 

diseases of uromodulin associated kidney disease and familial FSGS was further 

informed by genetic testing presented in later chapters.  

Methods 

Patient ascertainment 

To help establish the prevalence of familial kidney diseases, questionnaires were sent 

to all 3,770 patients in CKD stages 3 to 5 registered on Wessex Renal and Transplant 

Service’s (WRTS) database “Proton” on 1st October 2011. Proton is a clinical database 
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of all renal patients referred to WRTS. In order to be able to interrogate the data in 

Proton, a new research database was set up. This was necessary as users are not 

permitted to perform data queries in Proton itself. Current patients were selected by 

extracting patients who had been assessed by WRTS within the preceding year. In the 

setup of the research database, the following data were imported from Proton: hospital 

number as the primary key (a unique identifier), name, address and contact details, 

date of birth, age, ethnicity, most recent serum creatinine, eGFR, primary renal 

diagnosis and the ERA_EDTA diagnostic code (where available), a list of diagnoses 

from clinic letters, CKD category, current clinical status (including frequency of follow 

up, renal replacement therapy and modality), the location and date of the last follow up, 

and access to Renal Patient View (RPV). The database was cross-checked to ensure it 

contained the relevant information. A list of all patients in CKD stages 3 to 5 was 

obtained from the database for the distribution of screening questionnaires. 

Patients with a family history of renal disease were ascertained either through a 

positive screening questionnaire or through identification by their Renal Consultant. All 

Consultants in WRTS were asked to pass on the names of patients with known or 

presumed familial kidney diseases.    

Inclusion and exclusion criteria 

All patients in CKD stages 3 to 5 on the database were sent a screening questionnaire. 

Patients were recruited into the study if they had a renal disease which was thought to 

have a likely genetic aetiology. Patients diagnosed with the two most common familial 

kidney diseases, namely autosomal dominant polycystic kidney disease (ADPKD) and 

Alport disease, were excluded from further investigation in the study. This was because 

these diseases have already been studied extensively, and the underlying gene 

mutations have been largely established, whereas the focus of the study was on the 

identification and characterisation of less well known familial kidney diseases. The 

number of patients with ADPKD and Alport disease was still counted to complete the 

statistical picture.   

Ethics and consent 

Research Ethics Committee Approval for the study was obtained on 13th June 2011 

(REC reference 11/SC/0111). The ethics approval covered the sending of 

questionnaires to all patients in CKD stages 3 to 5, and the contacting of patients with a 

positive family history by phone or in person when they attended a clinic appointment, 

as well as subsequent laboratory tests. The positive family history could be established 

from the return of a positive questionnaire or identification through their Consultant 

Nephrologist. If patients were willing to consider the study, they were given a patient 
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information sheet (appendix 5) and were encouraged to ask questions. After all 

questions had been answered to the patients’ satisfaction, informed consent was 

documented by patients signing the study’s consent form (appendix 6). Research and 

Development (R+D) approval to commence the study was received from Portsmouth 

Hospitals Trust on 29th September 2011.   

Questionnaire design 

As discussed in the introduction to this chapter, a one-page questionnaire was 

designed to help with patient ascertainment. The questionnaire asked for the patient’s 

renal diagnosis, the presence or absence of any kidney disease in relatives, the 

relatives’ renal diagnoses and the degree of kinship (see appendix 4 for the full 

questionnaire). Patients were asked to write down their name and address details and 

return the questionnaire to the researchers if they were happy to be contacted about 

the study.  

Mode of delivery and recording 

A query of the research database was performed to obtain a list of all patients in CKD 

stages 3-5 for the distribution of questionnaires. The questionnaires were either posted 

or distributed manually in WRTS’s outpatient department at Queen Alexandra Hospital, 

Portsmouth, when patients attended for routine appointments. Stamped addressed 

return envelopes were included with the posted questionnaires. 

All questionnaire responses were recorded electronically. Data for analysis were 

extracted from the database by performing select queries and crosstab queries. Since 

diagnostic codes were only available for 57.9 % of the total cohort, some missing 

diagnoses were added by reviewing data from clinic letters.   

Baseline characteristics for responders and non-responders were established. These 

included age, gender, ethnicity and presence of end stage renal disease (ESRD).  

Diagnoses reported by patients were compared to their primary renal diagnoses. Self-

reported diagnoses were judged to be correct, partly correct, or incorrect. The 

diagnoses were recorded as “correct” when the diagnoses matched, “partly correct” 

where the patient showed some understanding, but did not know the diagnosis, or 

“incorrect” where diagnoses were different or absent. Furthermore it was noted if 

patients used correct terminology. In the analysis of factors associated with the 

accuracy of responses, the correct diagnosis group was compared to the partially 

correct and incorrect diagnoses groups. 

Patients who reported a positive family history were reviewed with regards to their own 

clinical diagnosis, the reported kidney disease in their relatives, and the suggested 
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mode of inheritance. They were contacted by telephone or in person if more 

information was required on their relatives’ renal diagnosis. Clinic letters and case 

notes were examined for patients and relatives who had given written consent. Family 

trees were drawn up for patients recruited into the study. Based on the phenotypic 

information available on patients’ and relatives’ renal disease and the pattern of 

inheritance, it was established whether an underlying genetic disorder was likely. 

Patients were allocated to the category “familial” if they either had a known familial 

diagnosis of the same disease, or the phenotypic information and family tree strongly 

suggested an underlying genetic disorder. Where a genetic disease was likely, but not 

enough information on the relatives’ renal condition was available to substantiate this, 

the category “possibly familial” was used. If patients’ and relatives’ renal diagnoses 

were clearly different (such as diabetic nephropathy in the responder, and renal stones 

in the relative), they were counted as “not familial”.  

Prevalence figures were calculated both for responders and for the total cohort of 3,770 

patients who had received a questionnaire. The prevalence figures for familial kidney 

diseases in the total cohort were derived by adding the information from responders to 

information available from coded diagnoses and diagnoses from letters.  

All statistical significance testing was performed using the software programme SPSS. 

The chosen significance level was p=0.05 or below. The Chi-Square test was used to 

examine the association between two categorical variables and the Mann-Whitney-U 

test was employed to investigate the association of a non-normally distributed 

continuous variable with a categorical variable when comparing two groups. For the 

comparison of three or more groups, the Kruskall-Wallis test was used. Spearman’s 

correlation was used to assess the correlation between two non-normally distributed 

continuous variables.  

 

Results 

A total of 4913 patients assessed within the preceding year were extracted from the 

clinical database, 1143 with CKD stages 1 and 2, and 3,770 with CKD stages 3 to 5. 

3,770 questionnaires were distributed to all identified patients in CKD stages 3 to 5, 

and 2,027 replies were received, corresponding to a response rate of 54%.  

The characteristics of responders and non-responders were compared to determine 

differences between the groups. There was no statistically significant difference in the 

distribution of patients with end-stage renal disease (ESRD) compared to CKD patients 

(=0.154, p=0.695, table 1). ESRD was defined as the requirement for renal 
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replacement therapy (RRT), either in the form of dialysis or renal transplantation. 38% 

of responders had ESRD compared to 37.4% of non-responders. 

Table 1: Characteristics of responders and non-responders 

 Responders 
n=2,027 

Non-Responders 
n=1,743 

Statistics 

ESRD 772 (38%) 653 (37.4%)  
=0.154, 

p=0.695, n.s. 

Male Gender 1,204 (59.5%) 1,094 (62.8%) 
=4.465, 

p=0.035 

White ethnicity 1,687 / 1,731 
(97.5%) 

1,346 /1,429 
(94.2%)  


=21.651, 

p=3.*10-6 

Access to RPV 497 (24.5%) 329 (18.9%)  
=17.445, 

p=3*10-5 

Median (mean) 
age, range (years) 

68 (66.2), 20 - 96 62 (60.5), 17 – 93  Mann-Whitney-
U=1,383,905.5, 
p<0.001 

 

Differences in the distribution of gender, age, ethnicity and access to Renal Patient 

View were statistically significant.  

Among the responders, 59.5% of patients were male, compared to 62.8% of male non-

responders (=4.465, p=0.035). Information on ethnicity was available for 3,160 of 

3,770 patients. 97.5% of responders where White, compared to 94.2% of non-

responders. The group of non-White patients included Asian or Asian British, Black or 

Black British, mixed and other ethnicities. The difference in ethnicity between 

responders and non-responders was statistically significant (=21.651, p=3*10-6).  

Patients with access to Renal Patient View (RPV) were significantly more likely to 

return the questionnaire. 497 of 2,027 responders (24.5%) had access to RPV, 

compared to 329 of 1,743 non-responders (18.9%) (=17.445, p=3*10-5). 

The age distribution for both groups was non-parametric. The median age of 

responders was higher than the median age of non-responders at 68 versus 62 years. 

The age distribution differed significantly between the two groups in the Mann-Whitney-

U test (Mann-Whitney-U=1,383,905.5, p<0.001). 

Patients with ESRD in the total cohort were significantly younger than CKD patients 

with a median age of 58, a mean age of 57.5, and an age range from 19 to 93 years. 

CKD patients had a median age of 70, a mean age of 67.1, and an age range of 17 – 

96 years. The difference was statistically significant in the Mann-Whitney-U test. 

(Mann-Whitney-U=2,151,006.5; p<0.001). 
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Self-reported diagnoses 

The accuracy of responders’ self-reported diagnoses was assessed, along with factors 

which influenced accuracy.  

Of the 2,027 total responses, 844 patients (41.6%) reported their diagnosis correctly, 

140 (6.9%) partly correctly, and 1,043 (51.5%) reported an incorrect or no diagnosis. 

686 patients (33.8%) used correct terminology.  

Of the incorrect or missing diagnoses, 556 patients (53.3%) left the box blank, 196 

patients (18.8%) gave a wrong renal diagnosis, 114 patients (10.9%) indicated that 

they did not know, 75 patients (7.3%) referred to the fact that they had “renal failure” 

without naming a cause, 41 patients (3.9%) only gave the broad disease category of 

“CKD” when they had been given a more specific diagnosis, 31 patients (3%) gave 

their diagnosis as “unknown” despite having a known diagnosis, 14 patients (1.4%) 

suggested we refer to their notes or their nephrologists, and 16 patients (1.5%) were 

unaware that they had kidney disease. 

Demographic factors 

Demographic factors associated with the accuracy of responses were examined (table 

2). Responders who gave a correct response were significantly younger than those 

who gave an incorrect response. The median age for correct responses was 63 years, 

compared to a median age of 72 for incorrect responses (Mann-Whitney-U=671.420, 

p<0.001). Female gender was associated with more correct responses (=6.06, 

p=0.014). There was no significant influence of ethnicity on response accuracy. 42.2% 

of White responders replied correctly, compared to 39.5% of non-White responders 

(=0.123, p=0.726). 

Table 2: Factors associated with correct responses 

 Correct Response Incorrect 
Response 

Statistics 

Age [years]: 
median (mean), 
range 

63 (61.3), 20 – 92  72 (69.6), 20 – 92  Mann-Whitney-
U=671.420, 
p<0.001 

Male Gender 475 / 1204 = 39.5%  729 / 1204 =60.5%  
=6.06, 

p=0.014 

Female Gender 369 / 821 = 44.9%  452 / 821 = 55.1%  
=6.06, 

p=0.014 

White ethnicity 704 / 1668 = 42.2%  964 / 1668 = 57.8%  
=0.123, 

p=0.726, n.s. 

Non-White 
ethnicity 

17 / 43 = 39.5%  26 / 43 = 60.5%  
=0.123, 

p=0.726, n.s. 
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Primary renal diagnosis 

The primary renal diagnosis (PRD) showed a strong association with the accuracy of 

responses. The strength of this association was confirmed when the different 

parameters associated with the correctness of responses were entered into a decision 

tree, and when logistic regression was performed (see below). Examining the major 

diagnostic groups, 92% of patients with autosomal dominant polycystic kidney disease 

(ADPKD) gave a correct diagnosis, versus 52% with glomerulonephritis (GN), 48% with 

diabetic nephropathy, 47% with reflux nephropathy/pyelonephritis and 16% with 

hypertensive/ischaemic nephropathy (=171.463, p=10-13, figure 7). 

Figure 7: Primary renal diagnosis and accuracy of responses 

 

The PRD was significantly associated with the accuracy of responses (
2
=171.463, p=10

-

13
). Correct responses are compared to only partially correct and incorrect responses 

(grouped under not correct responses). ADPKD= autosomal dominant polycystic kidney 
disease, GN= glomerulonephritis, Reflux= reflux nephropathy and chronic pyelonephritis, 
Hypertension= hypertensive and ischaemic nephropathy. 

 

CKD status 

The CKD status was also significantly associated with the accuracy of responses. 

Transplant recipients (58% correct diagnoses) did better than dialysis patients (43% 

correct diagnoses) and CKD patients pre renal replacement therapy (RRT; 35% correct 

diagnoses) (=71.324, p=10-13, figure 8). 
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Figure 8: CKD status and accuracy of responses 

 

The CKD status was significantly associated with the accuracy of responses (
2
=71.324, 

p=10
-13

). 

 

Renal patient view 

Patients with access to Renal Patient View (RPV) gave a correct diagnosis significantly 

more often than those without RPV. 292 of 493 patients (59.2%) with access to RPV 

responded correctly, compared to 553 of 1534 patients (36%) without access 

(=82.464, p=10-13, figure 9). 

Figure 9: Access to Renal Patient View (RPV) and accuracy of responses 

 

Access to RPV was significantly associated with the accuracy of responses (
2
=82.464, 

p=10
-13

). 
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Estimated GFR 

The association of eGFR and accuracy of responses was examined. The distribution of 

eGFR differed significantly between the correct and incorrect responders, with higher 

eGFR levels in the correct group (median eGFR 31.3 versus 26 in the not correct group; 

Mann-Whitney-U=413,180; p<0.001). EGFR was inversely correlated with age 

(Spearman’s correlation coefficient=-0.184, p=10-13). The distribution of eGFR no 

longer differed significantly between correct and incorrect diagnosis groups after 

stratification for age, with the exception of the age categories 50-59 and 60-69 years 

(table 3).  

Table 3: Association of eGFR with accuracy of responses according to age category 

Age category [years] Mann-Whitney-U test Significance (p) 

20-29 78 0.198 

30-39 522 0.705 

40-49 4,793 0.854 

50-59 8,775 0.036 

60-69 27,558.5 0.022 

70-79 30,971.5 0.756 

80-89 6,667 0.506 

90-99 18 0.8 

 

Examination of confounding 

Age and gender were examined as confounders for the effects observed with the 

primary renal diagnosis, CKD status and access to Renal Patient View by stratifying 

the correct and incorrect responders according to age and gender. The associations 

with accuracy of responses remained statistically significant when the different groups 

were separated by gender. Age binning was performed by creating separate age 

categories that spanned a decade respectively. The statistical associations with 

accuracy of response remained significant across the majority of age categories for the 

primary renal diagnosis and RPV but they lost their significance for the majority of age 

categories for the CKD category.   

Logistic regression 

To investigate the relative contribution of all the factors associated with the accuracy of 

responses, multifactorial binary logistic regression was performed. The following 

variables were all significant in the equation: RPV, primary renal diagnosis (PRD), age 

and gender, whereas eGFR and the CKD group were not significant (table 4). The 

magnitude of the regression coefficient indicates the contributing effect of each variable 

to the outcome of interest - a correct response. Relatively speaking, access to RPV 

had the largest effect, followed by the primary renal diagnosis and gender, with smaller 

effects observed for age, and non-significant effects for the CKD group and eGFR.  
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Table 4: Logistic regression  

Variable in the equation Regression coefficient Significance 

RPV -0.637 3.3*10-5 

PRD -0.553 10-13 

Gender 0.319 0.02 

Age -0.024 5*10-6 

eGFR 0.007 0.059 

CKD group -0.045 0.295 

   

Reported family histories  

To help with establishing the prevalence rates for genetic kidney disease, the frequency 

of positive family histories amongst responders was examined. Additionally family 

histories were reviewed for their likelihood to indicate a familial kidney disease as 

described in the methods section. 459 patients (22.6% of responders) reported a family 

history of kidney disease. On review, 217 (47 %) patients who had reported a positive 

family history were judged to a have high likelihood of an underlying familial kidney 

disease, 184 (40%) a non-familial kidney disease, and, in 58 cases (13%), a familial 

link was possible, but no further information was available to substantiate this. 

Baseline characteristics for the 217 patients who were judged to have a familial kidney 

disease were compared to all patients who had reported a family history and all 

responders (table 5). ESRD occurred significantly more often in the groups with a 

familial kidney disease (67.3%), compared to those who had reported a positive history 

(49.5%) and all responders (38%). Participants with a familial kidney disease were 

more likely to be female (55.4%) than the group with a reported family history (50.1%) 

and all responders (40.5%). There was no statistically significant difference in terms of 

ethnicity. The group with a familial kidney disease was statistically younger (median 

age 59) than all participants who had reported a family history (median age 64) and all 

responders (median age 68). 

Table 5: Characteristics of patients who reported a positive family history (FHx) 

 Likely familial 
kidney disease 

Reported 
pos FHx 

All 
responders 

Statistics 

ESRD 146 / 217 
(67.3 %) 

227 / 459 
(49.5%) 

772 / 2,027 
(38%) 


=79.827, 

p=4.6*10-18 

Male Gender 97 / 217 (44.6%) 229 / 459 
(49.9%) 

1,204 / 2,027 
(59.5%) 


=27.38, 

p=1.13*10-6 

White 
ethnicity 

73 / 76 (96%)  390/399 
(97.7%)  

1,687 / 1,731 
(97.5%)  


=0.739, 

p=0.691 

Median 
(mean) age 
range (years) 

59 (58.1), 21–84 64 (62.4), 
21–95 

68 (66.2), 20-
96 

Kruskall-
Wallis=99.057, 
p<0.001 
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Women were more likely than men to have reported a family history which was 

confirmed: 124 out of 229 (54.4%) family histories from women were attributed to an 

underlying familial kidney disease compared to 96 out of 234 (41%) family histories 

reported by men (=7.992, p=0.005).  

Underlying diagnoses 

Of the 217 patients judged to have a familial kidney disease, 140 patients (66.4%) had 

polycystic kidney disease (PKD). The most common other familial nephropathies were 

FJHN (13 patients), Alports (7 patients) and familial FSGS (6 patients). 

Prevalence rates 

The prevalence of familial kidney diseases for responders ascertained through family 

histories was 10.7%; 6.9% of responders had PKD, 3.8% had other familial 

nephropathies. There were an additional 2.9% of responders who were classed as 

having a possible familial disease, but there was not enough information available to 

substantiate this.  

The prevalence for responders with ESRD was established separately to allow 

comparison with published figures. ESRD prevalence rates were established at 11.4% 

for PKD and 7.3% for other familial kidney diseases. 

Table 6: Prevalence rates for familial kidney diseases (FKD)  

 Responders 
(%) 

All Patients 
(%) 

Responders 
with ESRD 
(%) 

All patients 
with ESRD 
(%) 

PKD 6.9 6.7 11.4 11.3 

Other FKD 3.8 3.8 7.3 7.6 

Total 10.7 10.5 18.7 18.9 

 

Prevalence rates were also established for the total cohort of responders and non-

responders as described in the methods section. For all patients, the prevalence was 

6.7% for PKD and 3.8% for other familial kidney diseases. Patients with ESRD had a 

prevalence rate of 11.3% for PKD and 7.6% for other familial kidney diseases.  

Known familial patients 

The response behaviour of known familial patients was assessed. 246 patients were 

known to have a familial diagnosis before the study, either because they were coded to 

have a familial diagnosis, or because their names were included in a list of familial 

patients collected by the research supervisor prior to the study. Of these 246 patients, 

201 patients (81.7%) had polycystic kidney disease. 159 of the 246 patients (64.4%) 

returned their questionnaire. Of the non-polycystic familial patients, 28 out of 45 (62.2%) 

returned the questionnaire. 158 of 159 responders with familial kidney diseases (99.4%) 
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reported a positive family history. The response rate of known familial patients was 

significantly higher than the overall response rate (=10.996, p=0.001).    

Identification of new familial patients 

Not counting the known familial patients, 54 new familial non-polycystic patients from 

47 families were identified through the questionnaire study. Additionally, 51 patients 

were found whose diagnosis of polycystic kidney disease had not been coded. A further 

54 responders may have a genetic kidney disease, but could not be classed as familial 

due to insufficient information. 

Review of patients with missing diagnoses 

Since both the coding for primary renal diagnoses and the response rate were 

incomplete, additional strategies were employed to uncover missing diagnoses. Out of 

3,770 patients who received a questionnaire, only 2182 (57.9%) had been allocated a 

diagnostic code. Similarly, a mere 1,239 of 2,027 responders (61.1%) had been given a 

diagnostic code. An additional electronic search for diagnoses contained in outpatient 

letters was performed, and further missing diagnoses were looked up individually. In 

order to find any hidden familial diseases in the group of non-responders, special 

attention was paid to patients with suggestive diagnostic codes. Apart from missing 

codes and code 0 (chronic renal failure, aetiology uncertain), this included codes 40 

(cystic kidney disease, type unspecified), 43 (medullary cystic kidney disease including 

nephronophthisis), 49 (cystic kidney disease, other specified type) and 92 (gout). 

Patient letters were reviewed carefully to ascertain information on any possible family 

history. Where required, non-responders were contacted by telephone to ask about 

their family history. Seven patients with hidden familial diagnoses were discovered 

through this approach. 

Distribution of familial kidney diseases 

Information from coded diagnoses, diagnoses from letters and patient responses was 

combined to establish a total distribution of familial kidney diseases in the cohort. This 

revealed 252 patients with autosomal dominant polycystic kidney disease (63.8%), and 

143 patients with other familial kidney diseases (36.2%). The distribution of the other 

familial kidney diseases is shown in table 7. This table does not include the diseases 

identified by the subsequent genetic testing. 
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Table 7: Distribution of other familial kidney diseases 

Diagnoses Number of patients (percent) 

Unknown familial nephropathy 38 (26.6%) 

Alport disease 25 (17.5%) 

FJHN / UAKD 24 (16.8%) 

FSGS/SRNS 13 (9.1%) 

Familial reflux 11 (7.7%) 

Familial IgA 4 (2.8%) 

Tuberous sclerosis 3 (2.1%) 

Medullary cystic kidney disease 3 (2.1%) 

Fabry disease 2 (1.4%) 

Juvenile nephronopthisis 2 (1.4%) 

Hereditary amyloid 2 (1.4%) 

Familial haemolytic uraemic syndrome 2 (1.4%) 

Von Hippel Lindau 1 (0.7%) 

Calcium-sensing receptor mutation  1 (0.7%) 

HNF1b renal cysts and diabetes 1 (0.7%) 

Cystinosis 1 (0.7%) 

Nail patella syndrome 1 (0.7%) 

Vitamin D refractory rickets 1 (0.7%) 

Birt-Hogg-Dube syndrome 1 (0.7%) 

Sickle cell nephropathy 1 (0.7%) 

Townes-Brock syndrome 1 (0.7%) 

 

Discussion 

Self-reported diagnoses 

This large questionnaire study was conducted to help establish the prevalence rate of 

familial kidney diseases in a cohort of CKD patients and to uncover new patients with 

familial kidney diseases. On receiving the first hundred returned questionnaires, it 

appeared that a significant proportion of responders were not familiar with their own 

renal diagnoses. Consequently this aspect was studied more formally. The analysis of 

responses confirms that the majority of responders were indeed unaware of their 

primary renal diagnosis.  

Several factors associated with the accuracy of responses were observed. It has to be 

stressed that while statistically significant, these associations do not prove causality. 

Possible confounding factors were examined, and where ruled out, this strengthened 

the observed associations. 

A marked association with diagnosis awareness was found for the primary renal 

diagnosis itself. Out of all diagnosis groups, patients with ADPKD were most likely to 

know their primary renal diagnosis. This finding is not surprising as ADPKD is a well-

defined autosomal dominant familial kidney disease. Many patients will have become 

acquainted with the disease through their relatives long before they developed 
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problems themselves. On the other hand, the group of hypertensive and ischaemic 

nephropathy patients did least well. These diseases are less easy to define and the 

diagnosis is often presumptive based on patient history, a bland urine sediment, small 

kidneys and the lack of other characteristic features. Furthermore, hypertensive and 

ischaemic nephropathy occur more frequently in the elderly, and increasing age was 

associated with fewer correct responses in the study. Therefore some of the observed 

effect may be attributed to age as a confounding factor. However, the difference 

between diagnostic groups remained statistically significant when patients were 

stratified according to age, and the primary renal diagnosis was confirmed as a 

significant factor in the test for logistic regression. 

On the other hand, the association between CKD categories and the accuracy of 

responses lost its statistical significance through stratification across most age 

categories, and it was not an independent factor in the test for logistic regression. CKD 

patients gave the least accurate responses, and they were statistically older than 

transplant and dialysis patients. In the age categories where the difference remained 

significant, transplant patients were statistically more aware of their diagnosis than 

dialysis patients and CKD patients respectively. This can be explained as transplant 

patients undergo intensive patient education around the time of transplantation. Like 

dialysis patients, they have a more severe form of kidney disease than CKD patients. 

Consequently, they tend to have had more frequent follow up, particularly during the 

first year post transplantation. 

Patient awareness of kidney disease has been poorly studied to date. No studies are 

available from secondary care. A primary care study of patients’ awareness of CKD 

found that 41% of patients in CKD stage 3 were not aware of having CKD (166). 

Factors associated with better awareness were found to be higher levels of education, 

age under 75 years, a lower eGFR bracket of 30 to 45 ml/h/1.73 m2, and significant 

albuminuria (166).   

Like the primary care study, this study also observed age as a significant factor, with 

lower age being associated with better awareness of the primary renal diagnosis. The 

study database contained no information on the level of education or albuminuria. 

Therefore no comparisons with the primary care study can be made for these factors. 

In the study presented here, higher eGFR levels were weakly associated with better 

patient awareness, but some of this effect was confounded by age. Older patients had 

statistically lower eGFR levels and were less aware of their primary renal diagnosis. 

The primary care study, on the other hand, only examined patients in CKD stage 3. In 

this group, it is perhaps not surprising that patients with more advanced kidney disease 
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were more aware of having CKD. Their doctors are likely to have paid more attention to 

their kidney disease, as the patients would have been more prone to develop 

complications. The primary care study concluded that better patient education was 

required to improve outcomes (166). 

The poor results of patient awareness in the presented questionnaire study also 

suggest that there is a need for health care professionals to improve their 

communication with patients. The study implies that Renal Patient View can be a useful 

tool in this process, since access to RPV was most strongly associated with correct 

responses. The overall take up rate of RPV in WRTS is still quite low at 24.4% 

(although it is not low compared to other units nationally) and hence could be promoted 

more strongly. Providing written information, perhaps in the form of leaflets, might be of 

additional benefit, especially to patients who are not computer literate. Sending patients 

a copy of their clinic letters could also help, but this practice is currently discouraged by 

managers due to the imperative to cut costs. Further research into effective tools for 

patient education in nephrology is required to improve patient awareness and to 

investigate any correlation with outcomes (167).  

Prevalence of familial kidney diseases 

This questionnaire study gives an estimate of the prevalence of familial kidney 

diseases in a CKD population of 6.8% for PKD and 3.8% for other genetic kidney 

diseases. 

The only other study of genetic kidney disease prevalence in CKD found a prevalence 

of ADPKD of 4.3%, and 5.5% for other genetic kidney diseases (168). Without the 

inclusion of congenital abnormalities of the kidneys and urinary tract (CAKUT) patients, 

their prevalence of other genetic kidney diseases was only 1.9%. Our research study 

did not include CAKUT patients as a whole, but only patients with a diagnosis of 

familial reflux or familial chronic pyelonephritis. The problem with diseases that fall 

within the spectrum of CAKUT is that their phenotypes are very variable, and the low 

frequency of underlying gene defects suggests varying aetiologies (120), even if more 

gene defects are being discovered (168). This makes it hard to know where to draw the 

line for inclusion. Without the inclusion of CAKUT in the Australian genetic kidney 

disease cohort, their prevalence figures are significantly lower than ours. 

Further discrepancies between the two studies exist in the inclusion criteria, with the 

Australian cohort including patients in CKD stages 1 and 2 unlike ours, with an 

overrepresentation of genetic kidney diseases in these early CKD stages. If they had 

not been included, their prevalence figures would therefore have been even lower.  
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The most important difference lay in our study using multiple forms of ascertainment - 

in the form of a questionnaire study, direct enquiry of all nephrologists in the region, 

and patient interviews, as well as an interrogation of the renal database; the Australian 

study relied entirely on its regional database. This difference could explain our higher 

prevalence rates. 

This research study confirms that familial prevalence rates are significantly lower in a 

general population of CKD patients compared to a population of ESRD patients. The 

same was observed in the Australian study (168). This is likely due to a difference in 

patient characteristics between CKD and ESRD patients, as well as the fact that not all 

kidney diseases progress at the same rate. As shown, CKD patients were significantly 

older than ESRD patients, whereas familial patients were significantly younger than the 

general study cohort. The latter was also observed in the Australian study (168). 

Therefore the CKD population would have contained a relative overrepresentation of 

degenerative kidney diseases attributable to ageing. Many of these degenerative 

diseases do not progress to ESRD as patients often die of cardiovascular causes 

beforehand. Therefore the prevalence of familial kidney diseases in a CKD cohort 

would be higher if the group of “elderly CKD” patients was not included. 

For ESRD patients, more prevalence figures are available for comparison from 

registries and the literature. This study’s prevalence figures of 11.6% for PKD and 7.6% 

for other genetic kidney diseases are higher than those reported (2, 38, 101, 107, 114). 

This is especially true for FJHN. The questionnaire study revealed 24 patients from 14 

families with FJHN, which represents 3.3% of the ESRD population, and from which we 

can estimate a prevalence rate for FJHN of 7 per million in WRTS’s catchment 

population.  

The higher observed prevalence rates may have several causes. It appears likely that 

the figures from national registries (2, 95) are an under-estimate, mainly due to a lack 

of recognition / diagnosis, and partly due to inadequate coding and inaccurate 

diagnostic codes. These causes are suggested as likely by the incomplete coding 

revealed in the present study and the finding of additional familial diagnoses when non-

specific codes were searched for individually. Furthermore, lack of recognition is 

suggested to be a factor as this study uncovered new familial patients through the 

study’s systematic enquiry for family histories of kidney disease, combined with UMOD 

gene sequencing. 

The reported lower prevalence rates in the published prevalence studies (38, 101, 105, 

114) are also likely to be due to more incomplete ascertainment in these studies. Most 

of them relied on established clinical diagnoses, and many preceded the availability of 
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genetic tests. In addition, it is possible that our patient population could have a higher 

prevalence rate due to specific geographical and/or genetic factors. Wessex patients 

are known to be more sessile than patients in more cosmopolitan areas such as 

London (163). However, Wessex is not a closed community, either in geographical or in 

social terms. There are no known problems with inbreeding or consanguinity as is the 

case for other study populations with an overrepresentation of genetic diseases, such 

as Newfoundland (105, 106) or the Lebanon (101). The size of our study population 

cannot rule out a distorting influence from large kindreds (102), which could be 

exacerbated by the population’s relative lack of mobility. However, this is not likely to be 

relevant as no more than three patients per family from the Wessex area were 

recruited into the study. In the few larger kindreds, though additional relatives were 

recruited from elsewhere, they were not included in our study population’s prevalence 

rates. Additionally, for the UAKD prevalence rates, each family was only counted as a 

single case.   

Similar to the published studies, under-ascertainment is also likely to be a problem for 

this study. This is not immediately obvious as there is evidence for a positive response 

bias in the study. This signifies that patients with a positive family history were more 

likely to return their questionnaire than non-familial patients, which could lead to an 

overestimation of familial diseases. However, similar prevalence rates of genetic kidney 

diseases in the complete study cohort compared to the responders suggest that 

overestimation of familial kidney diseases is unlikely. It has to be considered that 

familial kidney diseases in the non-responders were only ascertained from coded 

diagnoses and diagnoses from clinic letters. A supplementary search was performed 

for patients with missing or suggestive diagnostic codes, and some of these patients 

were contacted directly to determine the presence of any relevant family history. 

Despite these efforts, the information obtained on family histories was not as 

comprehensive as for the group of responders, where an additional 54 patients were 

identified through giving a positive family history on the screening questionnaire. 

Therefore some familial patients are likely to have been missed in the group of non-

responders, and the true total prevalence rate is likely to be higher than the observed 

rate. The familial kidney disease prevalence of responders on the other hand may have 

been underestimated due to not capturing recessive disorders reliably enough. 

Additionally, several possible familial kidney diseases were identified, where more 

information would be required to allow their classification as familial. 

It is recognised that the screening questionnaire is biased towards dominant conditions, 

since there may not be any positive family history in recessive conditions (33). A 

greater number of recessive disorders were found through the interrogation of 
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diagnostic codes than through reported family histories, which demonstrates this point. 

The problem is perhaps not as great as it could be since the majority of genetic kidney 

diseases that present in adulthood are known to be dominant (33). However, with more 

successful treatments, an increasing number of patients who present with childhood 

renal disorders survive into adulthood (120). These patients are perhaps more likely to 

have been allocated a correct diagnostic code with performance of genetic testing in 

the paediatric service. Paediatric nephrologists deal with much smaller numbers of 

patients and can be expected to be more familiar with rare genetic disorders, since 

they represent a larger proportion of their patients’ disease spectrum (120). However it 

remains unclear whether correctly allocated paediatric codes always get transcribed 

when patients are referred to adult services.  

Another difficulty when dealing with family histories is how reliably patients are able to 

report their relatives’ medical problems. Older people, in particular, often do not discuss 

health matters with family members (169). Lack of familiarity with renal diseases and 

inaccurate recall can be additional problems. This study has shown that the majority of 

patients are not aware of their own renal diagnosis, which suggests that they may be 

even less familiar with their relatives’ health problems. In an attempt to make the 

information on relatives’ diagnoses more objective, clinical details for relatives were 

collected first-hand where possible, with patients’ and/or relatives’ permission, by 

obtaining diagnoses from hospital records or death certificates. These efforts were 

sometimes hindered by the fact that NHS records are routinely destroyed twenty years 

after death. Hence some older records were no longer available for the study.  

The responder characteristics suggest further bias towards an older, more female 

cohort than the general study population. It is no surprise that the general study cohort 

contained more men than women, as it is well established that men are more often 

affected by kidney diseases (2). One likely cause for this is that they suffer more from 

cardiovascular and urological diseases which also affect the kidneys. Men were 

statistically less likely to return the questionnaire, and even less likely to give a family 

history which was confirmed. It has been shown that men are traditionally less aware of 

their family histories than women (169). This fact also became apparent during patient 

interviews, when male patients’ wives often had to supply the details on family history. 

Some men may have sought help with completing their questionnaires, but it is 

possible that male responders have underestimated their family history of kidney 

disease. 

The higher age of responders is less easy to explain. Perhaps retired people had more 

time and thus a higher inclination to complete the questionnaire. Familial patients on 
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the other hand were significantly younger than the general study population. Therefore 

the older age of responders is likely to represent another source of under-

ascertainment. 

The statistically significant difference concerning ethnicity also needs to be discussed. 

As shown by the results, the vast majority of WRTS’s patients are white. This indicates 

that the study population was ethnically quite homogenous. Non-white patients were 

less likely to return the questionnaire and that might have been because they were less 

familiar with the language and concept of the questionnaire. While statistically 

significant, the actual numbers of non-white patients were small. There was no 

significant influence of ethnicity on giving a family history that was judged to be 

accurate. Therefore the overall effect of ethnicity on the representativeness of 

responses is likely to be very small.  

Regarding the characteristics of familial patients, it is relevant that they were more 

likely to have ESRD and were significantly younger than the general study population, 

which matches the results of the Australian study (168). This fits with genetic forms of 

kidney disease occurring earlier than many common degenerative kidney diseases. 

They also appear to progress to ESRD more quickly than kidney diseases in general. 

This effect is probably exaggerated by the inclusion of many elderly patients with CKD 

in the general study cohort. As discussed earlier, CKD in elderly populations can be a 

result of ageing with a general increase in cardiovascular disease burden, but little 

tendency towards progression to ESRD.   

In summary, this research project shows how a questionnaire study can be suited to 

identifying new cases of familial kidney disease and estimating prevalence, especially 

in view of the current suboptimal coding practices. Furthermore the study demonstrates 

that both national disease registers and the literature appear to significantly 

underestimate familial kidney diseases, and FJHN in particular. Several sources of bias 

inherent in the research project could not be excluded and taken together, they are 

likely to have caused some under-ascertainment, suggesting that the true familial 

prevalence rates could be even higher.  

Conclusion 

This assessment of the prevalence of genetic kidney diseases in a CKD cohort is the 

most comprehensive to date and suggests that familial kidney diseases in general and 

FJHN in particular are grossly underreported. 

Questionnaire responses reveal poor patient awareness of their primary renal 

diagnosis. Better communication and patient education are required to improve this.  
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Patients with (suspected) familial kidney diseases of unknown cause who would most 

benefit from genetic analysis were chosen to confirm and specify underlying gene 

defects. Their genetic work-up is described in the following three chapters. Additional 

genetic investigations of the remaining patients are planned as part of the NIHR 

sponsored 100,000 Genomes project, and the Genetic Investigation of Kidney Disease 

Study at the Royal Free Hospital, London. In time, these will further inform our 

epidemiology. 
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4. Analysis of diagnostic tests for FJHN  

Introduction 

Phenotype and genetics 

Familial juvenile hyperuricaemic nephropathy (FJHN) is an autosomal dominant 

disorder characterized by early onset gout or hyperuricaemia, and renal failure with 

histological features of tubulo-interstitial disease (42). Clinical and histological 

characteristics can be subtle. Furthermore, the lack of a reliable test, and the fact that 

hyperuricaemia is not specific for this disease means that FJHN is commonly under-

diagnosed (6). Several gene mutations underlying FJHN have been identified: 

mutations of uromodulin (UMOD) on chromosome 16p12 (43, 44), mutations of renin 

(REN) on chromosome 1q32.1 (45), and hepatocyte nuclear factor 1 beta (HNF1B) on 

chromosome 17q12 (46). Of these, UMOD mutations are by far the most common (52), 

and the disease is often referred to as uromodulin associated kidney disease (UAKD) 

when UMOD mutations are present. A recent consensus conference has proposed the 

term autosomal dominant tubulo-interstitial kidney disease (ADTKD) to cover the whole 

spectrum of FJHN with a subclassification according to the gene defect as follows: 

ADTKD (UMOD), ADTKD (REN), and ADTKD (HNF1B) (50). Furthermore, ADTKD also 

covers medullary cystic kidney disease type 1 (MCKD1) caused by mutations in the 

MUC1 gene: ADTKD (MUC1). MCKD1 is phenotypically similar to FJHN, but does not 

include early onset hyperuricaemia or gout (50).  

Altogether genetic mutations have been discovered in less than 50% of FJHN patients 

(47), leading to a continued need for accurate clinical diagnosis supported by 

biochemical and other tests.  

Treatment 

The drug allopurinol is a xanthine-oxidase inhibitor, which is clinically effective in the 

prevention of gout. It has also been proposed as being a potentially useful therapeutic 

agent for the prevention of progression of renal failure in patients with FJHN, though 

this remains controversial (51, 53). 

Biochemical tests 

A low fractional excretion of urate (FEur) has been considered a diagnostic test for 

FJHN (170, 171). Uric acid or its anion urate are the end product of dietary and 

endogenous purine metabolism, and about 75% is excreted by the kidneys (172). Urate 

is freely filtered in the glomerulus and additionally secreted in the proximal tubule, 

where it also undergoes net reabsorption (172). Only about 10% of filtered urate is 

normally excreted in the urine (172). Fractional excretion of urate is known to vary with 
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age and gender (172). Recent experience has thrown the predictive value of FEur for a 

diagnosis of FJHN into doubt (173). This was confirmed by a recent case series of 

UAKD patients and FJHN patients without confirmed UMOD mutations (52). As the 

largest series of patients with UAKD to date, it showed that only 70.4% of patients had 

a low uric acid excretion fraction (UAEF), defined as the product of urinary uric 

acid/serum uric acid and urinary creatinine/serum creatinine below the 75th percentile. 

Despite being the largest published case series, FEur measurements were only 

available for 27 of 109 patients. Furthermore, it has also been shown that FEur can be 

low in healthy individuals (173). 

It has been suggested that the urinary urate creatinine ratio (UUCR) may be more 

reliable in the diagnosis of FJHN than FEur. UUCR has been used in the literature to 

estimate uric acid excretion (174). Conventional FEur measurement requires 24-hour 

urine collections, which are difficult to obtain, and are subject to considerable 

inaccuracies.  

Another urinary marker used in the diagnosis of FJHN is uromodulin (42). Also referred 

to as Tamm-Horsfall protein, it is the most abundant protein in the urine of healthy 

individuals (175). It is secreted exclusively in the thick ascending limb of Henle’s loop 

and the early distal convoluted tubule (176). It is a glycoprotein formed of 563 amino 

acids with a high number of cysteine residues, which are important for maintaining its 

normal conformation by forming disulfide bonds (177). During its biosynthesis, 

uromodulin is post-translationally modified in the endoplasmic reticulum (ER). 

Subsequently, it is secreted on the apical surface of tubular epithelial cells as a 

glycosylphosphatidylinositol (GPI)-anchored plasma membrane protein, where it is 

cleaved by an as-yet unidentified protease (figure 8) (178). In the tubular lumen, it 

forms polymers (179). Its full function is still being debated (180), but it has been 

proposed that uromodulin offers protection against urinary tract infections (181) and 

kidney stones (182). It is also thought to contribute to the water impermeability of the 

thick ascending limb in its polymerized form, thus maintaining the counter-current 

system necessary for urinary concentration (177). Furthermore, it has recently been 

suggested that uromodulin may offer protection against acute kidney injury by reducing 

inflammation and enhancing recovery (183). Uromodulin is encoded by the UMOD 

gene, which comprises 11 exons (177). The vast majority of pathogenic UMOD 

mutations have been found to lie in exons 3 to 5 (52, 177). Urinary uromodulin levels 

are known to be significantly reduced to absent in UAKD (184), but not in FJHN caused 

by the mutation of other, still largely undiscovered genes (36). Low uromodulin levels in 

UAKD are thought to result from abnormal folding of the mutated protein, and 

consequent retention in the ER, plus mistargeting to the basolateral instead of the 
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luminal cell side,  all leading to scarring and impaired renal function through ER stress 

and interstitial inflammation (54, 185, 186). It has been proposed that in UAKD, 

mutated uromodulin exerts a dominant negative effect, leading to the inhibition of  

secretion of unmutated uromodulin encoded by the normal allele (184). Renal 

transplantation is curative, since donor kidneys only produce normal uromodulin (42).  

Figure 8: GPI-anchored urinary uromodulin (Tamm-Horsfall Protein) 

 

Uromodulin, also known as Tamm-Horsfall-Protein (THP), is shown in the urinary space attached to 
the luminal face of kidney cells by a GPI anchor. It is released into the urine through cleavage by an as-
yet unidentified protease in the marked position. From Vyletal et al. (177) 

 

Low uromodulin excretion has not only been associated with FJHN, but also with 

chronic kidney disease, where it correlates with GFR (187), use of the 

immunosuppressive medication ciclosporine (188), old age, diabetes, and numerous 

other conditions (177). Researchers have demonstrated that low uromodulin levels in 

UAKD precede the development of renal failure (184) and are lower than levels 

observed with advanced CKD due to other causes (36). 

On the other hand, it has been shown that common UMOD polymorphisms are 

associated with an increased risk of CKD and hypertension (135, 189). In subjects with 

UMOD polymorphisms, urinary uromodulin levels have been shown to be raised (190), 

as opposed to low levels in UAKD (184). The pathogenic mechanisms for this are not 

fully understood yet. Recent evidence suggests that activation of the renal sodium-

potassium co-transporter (NKCC2) by uromodulin may mediate the development of 

hypertension and CKD (191).  

Urinary uromodulin is not measured routinely in clinical practice as its measurement is 

difficult (192). Uromodulin quantification can be performed from 24-hour urine 
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collections or spot urine samples, in which case values are often related to urinary 

creatinine excretion (184). A recent study demonstrated that accurate uromodulin 

measurement is compromised by prolonged storage conditions and is sensitive to 

sample preparation steps such as centrifugation (192).  

The reliability of low urinary uromodulin measurements and low FEur in patients with 

UAKD has not been fully established. This study therefore aims to investigate the 

sensitivity and specificity of low FEur in the diagnosis of FJHN, and to identify factors 

which may influence this. The question of whether UUCR may be a superior diagnostic 

test will also be pursued. To this end, I examined a historic database of patients tested 

for FJHN at the Specialist Purine Laboratory of St Thomas’s Hospital, in whom 24-hour 

urine collections had been performed. The corresponding methods and results will be 

presented in section 1.  

Furthermore, this study endeavours to determine urinary uromodulin levels in patients 

recruited through the familial kidney disease study, and to compare uromodulin levels 

from patients with UAKD with patients with other kidney diseases. The methods and 

results pertaining to these investigations will be presented in section 2.  

 

Section 1: Comparison of the diagnostic value of fractional 

excretion of urate with urinary urate creatinine ratio (a newly 

proposed diagnostic test) 

Methods 

Data were collected from a cohort of patients tested for FJHN at the Purine Laboratory 

at St Thomas’s Hospital, London. Analyses were performed to investigate the 

sensitivity and specificity of biochemical tests for FJHN, and factors influencing the 

former.  

Patient ascertainment 

The paper database of patients tested for FJHN between 1982 and 2010 was searched 

manually. Data from all patients with a clinical diagnosis of FJHN were included. The 

presence of FJHN was confirmed if two or more of the following criteria were present: (i) 

insidious renal failure in young to middle-age, (ii) early-onset gout or hyperuricaemia, 

and/or (iii) an autosomal dominant pattern of inheritance. Additionally, where available, 

the identification of a pathological mutation in UMOD was seen as confirmatory for 

FJHN. Relatives without FJHN who underwent the same biochemical tests were used 

as a control group. 
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Mode of delivery and recording 

The following clinical and laboratory data were recorded from the paper database and 

computer records: FJHN affection status, age, gender, use of the drug allopurinol, 

serum creatinine, FEur, urinary urate creatinine ratio (UUCR). The laboratory reference 

ranges for FEur were 5.8 to 10.6% for men, 7 to 18.6% for women and 11 to 29% for 

children, consistent with published values for a UK population (171). Where more than 

one set of biochemical test results was available, results from the initial presentation 

were assessed rather than later values. This was because later values could have 

been influenced by worsening renal function or medication.  

FEur was calculated from 24-hour urine collection and serum values. Patients had 

been asked to follow a low purine diet for three days prior to the test to minimise dietary 

influences on FEur levels. FEur was derived as follows:  

FEur [%] = uric acid clearance / creatinine clearance x 100.  

Clearance levels correspond to the volume of blood cleared from the substance of 

interest in a defined time period. The uric acid clearance (UACl) was calculated using 

the formula:  

UACl = (urinary uric acid concentration x urine volume) / (serum uric acid concentration 

x 24 hours) 

Similarly, the formula for the calculation of the creatinine clearance (CrCl) was: 

CrCl = (urinary creatinine concentration x urine volume) / (serum creatinine 

concentration x 24 hours) 

Urinary uric acid creatinine ratios (UUCR) were calculated from 24-hour urine collection 

results alone using the formula: 

UUCR = Urinary uric acid concentration / urinary creatinine concentration 

The established biochemical test FEur was compared to UUCR. Sensitivity and 

specificity values were determined for FEur and UUCR. Factors associated with FEur 

and UUCR were examined.  

All statistical significance testing was performed using the software program SPSS. 

The Chi-Square test was used to examine the association between two categorical 

variables, the Mann-Whitney-U test was employed to investigate the association of a 

non-normally distributed continuous variable with a categorical variable, and the 

Kruskall-Wallis test was used instead of the Mann-Whitney-U test when more than two 

groups were compared. Spearman’s correlation was applied to assess the correlation 
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between two non-normally distributed continuous variables, and binary logistic 

regression was used to investigate the association of all relevant variables with the 

outcome of interest. 

 

Results 

42 cases of FJHN from 19 families were identified (table 8). 18 of the 42 patients with 

FJHN had confirmed genetic UMOD mutations. A small comparative group of 10 family 

members without FJHN was available (table 9). They had undergone the same 

biochemical tests, but had no features of FJHN by age 35 and/or were negative for an 

identified family mutation. 

Tables 8 and 9 show the demographics of FJHN cases and controls. The tables are 

ordered to separate children (in green), adult males (in black) and adult females (in 

dark blue) to reflect the different reference ranges for FEur (11 to 29% for children, 5.8 

to 10.6% for men, and 7 to 18.6% for women) (171). 
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Table 8: Demographics of FJHN cases 

Count Patient No. Gender Age Allopurinol Creatinine Feur UUCR 

1 1.2 m 17 no 98 7 0.22 

2 3.1 f 6 no 78 9 0.22 

3 7.1 f 15 yes 116 4 0.11 

4 9.1 f 9 no 79 5 0.24 

5 10.2 m 16 no 71 4 0.2 

6 14.1 m 16 yes 91 4 0.13 

7 16.5 f 6 no 490 13 0.53 

8 16.6 m 4 no 45 15 0.57 

9 17.2 m 15 no 76 4 0.19 

10 17.3 m 12 no 212 11 0.19 

11 2.1 m 26 no 164 6 0.16 

12 5.1 m 58 no 499 14 0.14 

13 6.1 m 30 yes 221 3 0.05 

14 6.1 m 54 no 174 12 0.31 

15 6.2 m 37 no 129 5 0.15 

16 7.2 m 47 yes 556 9 0.57 

17 10.1 m 48 no 184 5 0.16 

18 15.2 m 55 yes 725 11 0.17 

19 16.1 m 41 no 294 8 0.15 

20 16.2 m 40 yes 131 7 0.16 

21 16.3 m 44 yes 150 6 0.2 

22 17.4 m 34 no 91 4 0.2 

23 19.1 m 32 yes 147 7 0.15 

24 19.2 m 37 no 128 6 0.19 

25 1.1 f 20 no 95 5 0.15 

26 4.1 f 23 yes 80 3 0.18 

27 5.2 f 48 no 61 10 0.32 

28 8.1 f 43 yes 728 17 0.04 

29 8.2 f 38 yes 246 6 0.06 

30 8.3 f 26 yes 187 9 0.08 

31 8.4 f 57 no 599 20 0.15 

32 9.2 f 32 no 105 6 0.24 

33 11.1 f 42 yes 563 12 0.11 

34 11.2 f 46 no 65 8 0.3 

35 13.1 f 26 no 104 4 0.21 

36 15.1 f 21 no 104 4 0.17 

37 15.3 f 41 no 125 5 0.19 

38 16.4 f 26 yes 90 11 0.3 

39 16.7 f 45 no 467 17 0.16 

40 17.1 f 27 no 449 8 0.08 

41 18.1 f 19 yes 109 8 0.2 

42 18.2 f 57 yes 86 7 0.22 
For legend, see table 9 
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Table 9: Demographics of FJHN controls 

Count Patient No. Gender Age Allopurinol Creatinine Feur UUCR 

1 1.3 m 4 no 42 14 0.63 

2 1.4 f 3 yes 32 9 0.66 

3 10.3 m 78 no 106 5 0.2 

4 16.8 m 34 no 102 10 0.44 

5 20.1 m 15 no 43 6 0.28 

6 5.3 f 18 no 100 19 0.32 

7 8.5 f 44 no 82 15 0.34 

8 10.4 f 97 no 55 8 0.32 

9 16.8 f 40 no 71 12 0.3 

10 16.9 f 40 no 80 18 0.47 
Patient No.= patient number, first digit= family, second digit= individual; FEur= fractional excretion of 
urate; UUCR= urinary urate creatinine ratio; green=children; black=men; blue=women 

 

Distribution of FEur 

Of the FJHN cases, 19 (45%) had low FEur at presentation; 19 (45%) normal, and 4 

(10%) high FEur. Of the negative controls, 3 had low, 6 normal and 1 high FEur. 

Correlation of FEur and serum creatinine 

For the FJHN cases, FEur values were positively related to serum creatinine (SCr) 

levels in Spearman's correlation (p=0.004, figure 10). The distribution of FEur and 

serum creatinine was non-parametric.  

Figure 10: Correlation of FEur and serum creatinine 

 

The correlation between the fractional excretion of urate (FEur) and serum creatinine levels is shown 
in FJHN cases; Spearman’s correlation coefficient was significant at 0.651, p=10

-6
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When children with lower serum creatinine concentrations, which could be a potential 

confounder, were excluded, the correlation remained significant with a Spearman’s 

correlation coefficient of 0.521, and a p-value of 0.002. 

To illustrate the association of FEur with serum creatinine levels, patients were 

stratified into an approximately normal and a high creatinine group with a cut-off 

creatinine value of 120 μmol/l. 19 of 42 patients (45%) with FJHN had serum creatinine 

levels of under 120 μmol/l. 68% of this group had low FEur, compared to 26% low FEur 

levels in patients with a SCr of over 120 μmol/l (2=7.527, p=0.006, figure 11).  

Figure 11: Association of FEur and serum creatinine categories 

 

Normal serum creatinine levels were significantly associated with low FEur. Chi-Square=7.527, p=0.006  

 

Association of FEur and allopurinol 

Examining allopurinol use in this cohort, 16 of 42 patients (38%) with FJHN were on 

allopurinol. This was significantly associated with normal or high FEur. 41% of patients 

were not on allopurinol, and for 21% allopurinol use was not known. FEur was 

significantly low in 31% of those FJHN cases on allopurinol versus 71% of those 

patients not on allopurinol (2=5.017, p=0.024, figure 12).  

After stratification for normal or high serum creatinine levels, the association was no 

longer significant. In the normal creatinine group, 3 out of 6 patients on allopurinol had 

low FEur versus 10 out of 11 patients not on allopurinol (p=0.099, Fisher’s Exact test).  
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Figure 12: Association of FEur and allopurinol use 

 

Allopurinol use was significantly associated with low FEur. Chi-Square test=5.017, p=0.024 

Logistic regression 

When multifactorial binary logistic regression was applied, allopurinol use was a 

significant independent factor in the association with FEur, as was serum creatinine 

(table 10). There was no significant contribution of age or gender. The strongest 

association was seen with UUCR, which is calculated from some of the same urinary 

measurements as FEur, as described in the methods section. The contribution of each 

variable is indicated by the absolute magnitude of its regression coefficient. 

Table 10: Logistic regression 

Variable in the equation Regression coefficient Significance (p) 

UUCR 79.284 0.01 

Allopurinol use -6.771 0.016 

Serum creatinine 0.055 0.026 

Gender -1.814 0.276 

Age 0.032 0.624 

 

Sensitivity and specificity of FEur 

Low FEur had a specificity of 70% and an overall sensitivity of 45% for the diagnosis of 

FJHN. The sensitivity increased to 68% if the serum creatinine was under 120 umol/l 

(n=19), 71% for those not on allopurinol (n=17), and 77% if the serum creatinine was 

under 120 and the proband was not on allopurinol (n=13). 

 

Distribution of UUCR 

The distribution of UUCR was examined for cases and controls (figures 13 and 14). 
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Figure 13: UUCR in FJHN patients 

 

 

Figure 14: UUCR in controls 

 

Based on the distribution of UUCR in cases and controls, a cut-off level of UUCR of 

0.25 was chosen. This resulted in a specificity of UUCR of 90% and a sensitivity of 

83.3% for FJHN.  

 

Correlation of UUCR with serum creatinine 

For FJHN cases, UUCR was weakly correlated with serum creatinine levels 

(Spearman’s correlation r=0.516, p=0.0005, figure 15). When patients were stratified 

into a high and low UUCR group with a cut-off of 0.25, there was no significant 
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association with serum creatinine (Fisher’s exact test non-significant; p=0.682, figure 

16). 

Figure 15: Correlation of UUCR and serum creatinine 

 

UUCR is correlated with serum creatinine levels. Spearman’s correlation coefficient=-0.516, p=0.0005. 

 

Figure 16: Association of UUCR and serum creatinine categories 

 

Normal and high creatinine categories were not significantly associated with UUCR. Fisher’s Exact test, 
p=0.682. Low UUCR < 0.25, high UUCR ≥ 0.25. 
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Association of UUCR with allopurinol 

UUCR was not significantly associated with allopurinol use (Fisher’s Exact test p=1; 

figure 17).  

Figure 17: UUCR and allopurinol 

 
UUCR was not significantly associated with allopurinol. Fisher’s Exact test (p=1). Low UUCR= 0.25, high 
UUCR≥ 0.25. 

Combining FEur and UUCR 

Finally, it was determined whether the combination of FEur and UUCR improved 

sensitivity levels. This was not the case, as all FJHN patients with a high UUCR also 

had high FEur levels. 
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Section 2: Urinary uromodulin measurements in correlation with 

UMOD gene status 

Methods 

Sample ascertainment 

Urine, blood and/or saliva samples were collected as part of the study on familial 

kidney diseases (REC reference 11/SC/0111). Urine samples were not available for all 

participants, as some participants were (oligo-)anuric and hence unable to produce a 

urine sample when they attended clinic. Furthermore, no urine was obtained from 

participants recruited through the post, who were only asked to return a saliva sample. 

All available urine samples from patients with a family history of kidney disease were 

tested for uromodulin concentrations. The remaining free slots in the test kit were filled 

with urine from patients who were recruited because of their diagnosis of FSGS, but 

who had no family history of renal disease. 

Uromodulin ELISA 

Urinary uromodulin levels were measured using a commercial human uromodulin 

enyzme linked immunosorbent assay (ELISA) from Biovender.  

Urine samples were stored at -20˚C or -80˚C from the time of collection. Repeated 

thawing and freezing was avoided. All samples were defrosted thoroughly on the day of 

the uromodulin assay.   

The test reagents had been stored at 4˚C and were brought to room temperature prior 

to use. The following components were supplied with the kit: antibody coated microtitre 

strips, biotin labelled antibody concentrate, streptavidin-horseradish peroxidase (HRP) 

conjugate, master standard, two quality controls (high and low), dilution buffer, biotin-

antibody diluents, wash solution concentrate, substrate solution and stop solution. All 

lyophilised and concentrated items of stock were reconstituted prior to the assay as per 

the manufacturer’s instructions. 

All urine samples were diluted at 1:200 to 1:2,000 with dilution buffer immediately prior 

to the assay. Different dilutions were used in subsequent assays in an attempt to 

optimize the relative position of absorbance readings to the middle of the standard 

curve. Samples were thoroughly mixed by vortexing prior to and between the dilution 

steps.  

A standard curve was established from the reconstituted master standard by serial 

dilution with dilution buffer. A set of standards of the following concentrations were 

obtained: 16 ng/ml, 8 ng/ml, 4 ng/ml, 2 ng/ml, 1 ng/ml and 0.5 ng/ml.  
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96-well Uromodulin-antibody-coated microtiter strips were used. A worksheet was 

drawn up (table 11).  

Table 11: Worksheet for uromodulin assay 

 A B C D E F G H I J K L 

1 S1 S1 1 1 9 9 17 17 25 25 33 33 

2 S2 S2 2 2 10 10 18 18 26 26 34 34 

3 S3 S3 3 3 11 11 19 19 27 27 35 35 

4 S4 S4 4 4 12 12 20 20 28 28 36 36 

5 S5 S5 5 5 13 13 21 21 29 29 37 37 

6 S6 S6 6 6 14 14 22 22 30 30 38 38 

7 S7 S7 7 7 15 15 23 23 31 31 QC1 QC1 

8 blank blank 8 8 16 16 24 24 32 32 QC2 QC2 
S1-S7 = standards, 1-38 = unknown samples, QC1-2 = quality controls 

In the first step of the assay procedure, 100 μl of standards, dilution buffer as the blank, 

quality controls and diluted samples were pipetted into duplicate wells as indicated on 

the worksheet. The plate was then incubated at room temperature for an hour, while 

shaking on an orbital microplate shaker at approximately 300 revolutions per minute 

(rpm). This was to allow binding of uromodulin to the antibody-coated wells. 

Subsequently the excess urine was discarded by washing the wells three times with 

300 μl wash solution per well. Following this, 100 μl of biotin labelled antibody solution 

were added into each well. As in the previous step, the plate was incubated at room 

temperature for an hour on an orbital micro-plate shaker at approximately 300 rpm. Any 

excess antibody solution was then washed off in three washes with wash solution as 

described before. 100 µl of streptavidin-HRP conjugate were added into each well. To 

allow binding of the streptavidin to the biotin in the wells, the plate was again incubated 

on the micro-plate shaker at 300 rpm, this time for thirty minutes. The horseradish 

peroxidase (HRP) conjugated with the streptavidin served the function of providing 

enzyme activity for detection in the later steps. After three further washes, 100 µl of 

substrate solution were added into each well. This produced a colour reaction with the 

HRP. As this reaction was light-sensitive, the plate was incubated in darkness at room 

temperature without shaking. After ten minutes, the colour reaction was stopped by 

adding 100 µl of stop solution to the wells. The absorbance of each well was 

determined using a microplate reader set to 450 nm, with the reference wavelength set 

to 650 nm. To obtain the final measurement, the readings at 650 nm were subtracted 

from the readings at 450 nm by the machine. The uromodulin concentrations for the 

unknown samples and the quality controls were calculated from the measurements of 

the standard curve (see results). 
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To establish the effect of storage time and temperature on uromodulin levels, repeat 

urine samples were collected for a group of participants and stored in duplicate at -

20˚C and -80˚C. 

UMOD gene sequencing 

DNA extraction 

DNA was extracted from EDTA whole blood stored at -20˚C using a QIAmp DNA Blood 

Midi kit or a salting out method (193). DNA from saliva was extracted using an Oragene 

kit. All samples were equilibrated to room temperature before the procedure. 

I performed the DNA extractions by QIAmp Midi and Oragene kit, whereas an 

experienced DNA technician at the University of Southampton processed 

approximately half the samples for me using the salting out method. This was done for 

time reasons and because there had been recurrent technical problems with the 

commercial kits.  

QIAmp DNA Midi Protocol 

200 ul of QIAGEN protease were pipetted into the bottom of a 15 ml centrifuge tube. 2 

ml of whole blood were added, followed by 2.4 ml lysis buffer AL. The solution was 

mixed thoroughly by multiple inversions and vigorous shaking for 1 minute. The tubes 

were then incubated in a water bath at 70˚C for 10 minutes. 2 ml of 100% ethanol were 

added to the sample, which was again mixed thoroughly. Half of the solution was 

carefully transferred onto a QIAamp Midi column placed in a 15 ml centrifuge tube. The 

tubes were centrifuged at 3,000 rpm for 3 minutes. The DNA was now bound to the 

columns, and the excess filtrate was discarded. The remaining solution was loaded 

onto the columns. The centrifugation step was repeated, and the filtrate was again 

discarded. Two wash steps followed: Firstly, 2 ml of buffer AW1 were added to the 

QIAmp Midi column. The tubes were centrifuged at 5,000 rpm for 1 minute. Secondly, 2 

ml of buffer AW2 were pipetted onto the column, and the tubes were centrifuged at 

5,000 rpm for 15 minutes. The collection tube containing the filtrate was discarded, and 

the QIAamp Midi column was placed in a clean 15 ml centrifuge tube. To elute the DNA 

from the column, 300 ul buffer AE were pipetted onto the column. The sample was 

incubated at room temperature for 5 minutes, and centrifuged at 5,000 rpm for 2 

minutes. To obtain the maximum possible DNA concentration, the eluate was reloaded 

onto the membrane of the column, and the incubation and centrifugation steps were 

repeated. The DNA from each centrifugation tube was aliquoted into three Eppendorfs 

and stored at -20˚C or -60˚C. 



86 
 

Salting out DNA extraction method 

The blood sample was transferred into a 50 ml conical tube and placed on a rotary 

mixer for at least 2 hours in a cold-room at 4ºC (193). 30 ml of erythrocyte lysis buffer 

(ELB) were added to each sample, before they were gently vortexed, placed on ice and 

left on a rotating shaker for 15 minutes. The samples were centrifuged at 1,500 rpm for 

10 minutes at 4ºC. The supernatant was discarded carefully, leaving the pellet at the 

bottom of the tube. The steps of adding ELB with subsequent vortexing, shaking on ice 

and centrifugation, followed by the discarding of the supernatant, were repeated twice 

more. 2 ml of nuclear lysis buffer (NLB) were added to the pellet to re-suspend it, 

before the solution was transferred to a labeled 15 ml conical tube. 200 ul of 10% 

sodium dodecyl sulfate (SDS) were added, followed by 100l 40mg/ml protease or 

20mg/ml proteinase K. The solution was vortexed gently and placed in a shaker 

incubator at 37 ºC overnight. After removal, the sample was left at room temperature 

for 20 minutes. 750l of saturated 6M sodium chloride (NaCl) were added, followed by 

vigorous shaking for 15 seconds, and centrifugation at 4,000 rpm for 30 minutes. The 

clear supernatant was transferred to a new labelled 15 ml conical tube. If the 

supernatant was cloudy or there were any visible particles, it was transferred into a 

labelled 1.5 ml micro-tube and centrifuged at 15,000 rpm for 5 minutes at room 

temperature, before pouring the clear supernatant into the relevant labelled new 15 ml 

conical tube. Twice the volume of cold 100% ethanol was added to the supernatant and 

inverted gently until a DNA pellet was formed. 1ml of cold 70% ethanol was pipetted 

into labelled 1.5 ml micro-tubes. The DNA pellet was carefully transferred into the 70% 

ethanol in the relevant labelled micro-tube. The pellet was left in 70% ethanol for one 

hour, followed by centrifugation for 1 minute at 15,000 rpm. Then the 70% ethanol was 

carefully poured off, ensuring the pellet was not disturbed. The pellet in the micro-tubes 

was left to dry for approximately 30 minutes with the tubes lying on their side. 500l of 

TE buffer were added to re-suspend the pellet and left to dissolve overnight. After 

ensuring that the DNA pellet had fully dissolved, the DNA concentration was quantified 

by using the picogreen method. The samples were stored at -20 ºC or -80 ºC long term. 

DNA extraction from saliva 

Saliva samples were collected in Oragene-250 and Oragene-500 kits (Genotek, 

Ontario, Canada), and the manufacturer’s instructions were followed for DNA 

purification. The samples in the kit were mixed by inversion and gentle shaking for a 

few seconds, before being incubated in a water bath at 50˚C for an hour. This was 

done to ensure adequate DNA release and to inactivate nucleases. 500 μl of the mixed 

Oragene/ saliva sample were transferred into a 1.5 mL micro-centrifuge tube. 20 μl of 

Oragene Purifier PT-L2P were added to the micro-centrifuge tube and mixed by 
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vortexing for a few seconds. The sample was incubated on ice for 10 minutes, before 

being centrifuged at room temperature for 5 minutes at 13,000 rpm. The clear 

supernatant was carefully transferred into a fresh micro-centrifuge tube. The pellet 

containing impurities was discarded. 600 μl of 100% ethanol was added to 500 μl of 

supernatant. This step led to the precipitation of DNA. The sample was mixed gently by 

inversion ten times, before being incubated at room temperature for 10 minutes to 

allow the DNA to precipitate fully. The tube was placed in the micro-centrifuge in a 

known orientation and centrifuged at room temperature for 2 minutes at 13,000 rpm. 

The supernatant was carefully removed and discarded, while ensuring that the DNA 

pellet was not disturbed. A wash step with 70% ethanol followed, where 250 μl of 

ethanol were added and removed without disturbing the pellet. To elute the DNA, 100 

μl of TE buffer were added to the pellet. The sample was vortexed thoroughly before 

incubation for one hour in a water bath at 50˚C to ensure complete rehydration of the 

DNA. The DNA was then aliquoted into three Eppendorf tubes and stored at -20˚C. 

 

UMOD sequencing  

I performed all UMOD sequencing at the Purine Research Laboratory at St Thomas’s 

Hospital, London. Exons 3 to 5 were sequenced in accordance with the vast majority of 

published UMOD mutations lying in these three exons (52, 177). Genbank reference 

sequence NM 003361 was used. 

Polymerase chain reaction (PCR)  

All reagents were prepared in a separate pre-PCR area. A PCR master mix solution 

containing primers, deoxyribonucleotide triphosphates (dNTPs) and other required 

reagents was made up. For 100 μl PCR master mix solution, the following quantities 

were pipetted into a 2 ml tube: 76 μl of sterile PCR water, 1 μl of the forward primer 

(Promega, Madison, Wisconsin, USA) at a concentration of 0.5 μmol/l, 1 μl of the 

reverse primer (Promega, Madison, Wisconsin, USA) at a concentration of 0.5 μmol/l, 4 

μl of dNTPs, 6 μl of 25 mM magnesium, 10 μl of 5xPCR buffer (Promega, Madison, 

Wisconsin, USA), 0.5 μl of DNA polymerase. Depending on the required quantity of 

master mix, this recipe was scaled up. To ensure adequate mixing of all reagents, the 

tube was vortexed and given a pulse spin in the centrifuge. 

35 μl of the master mix solution were pipetted into each well of 8 strip tubes. 1.5 to 2 μl 

of template DNA were added. The plates were centrifuged in the post PCR area using 

a pulse spin. They were set up on the thermal cycler for the PCR reaction following 

separate protocols for exons 3 and 4, and exon 5 as outlined below. A blank containing 

the master mix solution, but no DNA, was run for each primer mix. Exons 3 and 4 were 

amplified together in one PCR reaction using HotStart polymerase, with PCR 
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conditions set at an annealing temperature of 54˚C, 1 minute extension time and 35 

cycles. Exon 5 was amplified using Taq polymerase at 53˚C with 30 seconds extension 

time for 35 cycles. 

Gel electrophoresis 

The quality of the PCR products was analysed in an electrophoresis reaction. For this 

purpose, agarose gels were made using agarose universal, TAE buffer and gel red. 

The size of the gels was chosen based on the number of samples. For a small gel, 0.8 

g agarose universal, 40 ml 1x tris-acetate-ethylenediaminetetraacetic acid (TAE) buffer 

and 1 μl Gered were mixed in a conical flask. For a big gel, 3 g agarose universal, 150 

ml 1xTAE buffer and 2 μl gel red were used. The agarose solution was heated in a 

microwave until the agarose was fully dissolved. The microwave was stopped 

frequently to ensure the gel was not overflowing. When all crystals had disappeared, 

the mixture was cooled by holding the flask under a running tap. The gel red was 

added, and the solution was poured into a gel tray containing combs. The mixture was 

allowed to cool and set. 

The electrophoresis tank was filled with 1x TAE buffer, which was renewed every other 

week. The combs were removed from the dried gel, before inserting the gel into the 

tank. 8 ul of sample were added to each gel pocket. The blanks were run distant from 

the samples to avoid cross-contamination. No ladder was run with the samples as this 

would have been obscured by gel red. The electrophoresis tank was set to 100V, 400 

mA and a run time of 25 to 28 minutes. The bands were read with a Biorad device 

under ultra-violet (UV) light. Before proceeding to the clean-up process, it was ensured 

that the bands for DNA samples were consistent between PCR samples of the same 

exons, and the blank samples showed no false bands indicating contamination. 

PCR clean-up 

For the sequencing reaction, the forward and reverse primers for each sample were 

run separately. In preparation of this step, 5 μl of the PCR product were pipetted into 

new 8-well-strips in duplicate. Exons 3 and 4 were sequenced separately. For the 

cleanup, alkaline phosphatase and exonuclease were mixed in a master mix solution in 

the relation 2:1. The alkaline phosphatase served to remove leftover primers, while the 

exonuclease removed dNTPs. The mixture was vortexed and spun before adding 1.5 μl 

to each well containing 5 μl PCR product. The strips were transferred to the thermal 

cycler, where they were heated to 37˚C for 15 minutes, and then 85˚C for 15 minutes, 

before being cooled to 25˚C for 2 minutes. 
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Sequencing 

For the sequencing reaction, 0.1μM primers were prepared by diluting the PCR primers 

1 in 5. BigDye sequencing terminator (Applied Biosystems, Foster City, CA, USA) was 

used. A master mix solution with 0.8 μl BigDye, 1.6 μl 5xBuffer and 4.6 μl water per well 

was prepared. 7 μl of this solution were added to each well, and 1 μl of the diluted 

primer – either the forward or reverse primer. The sequencing reaction was performed 

on the thermal cycler using an annealing temperature of 48˚C in 50 cycles. The 

denaturation temperature was set at 96˚C, and the extension temperature at 60˚C.  

Sequencing clean-up 

Agencourt magnetic beads (Agencourt, Beverley, MA, USA) were used for the 

sequencing clean-up. The bead solution was vortexed well to ensure the beads were in 

suspension. 10 μl of Agencourt beads were added to each well containing sequencing 

product. Subsequently 52 μl of 85% ethanol were added with a multi-channel pipette, 

and the solution was drawn up and down ten times to help the DNA bind to the beads. 

The 8-strip wells were then placed onto a magnetic plate until all beads had bound to 

the magnet, and the supernatant was clear. Subsequently, the supernatant was 

discarded, and two washes with 100 μl of 85% ethanol per well were performed. Care 

was taken not to disturb the beads, which were stuck to the magnet on the side of the 

wells. All ethanol was removed, and the strips were air-dried under a sterile hood at 

room temperature for 15 minutes. Thereafter, the DNA was re-eluted with EDTA in 

water. For this purpose, 4 μl of 0.5 M EDTA were added to 20 ml of water. 40 μl of the 

mixture were transferred into all wells. The lids were closed, and the strips were 

vortexed to dissolve the beads, before being centrifuged at 1,500 rpm for 5 minutes. 

The centrifugation resulted in the beads accumulating at the bottom of the wells, 

whereas the sequencing product was re-eluted in the supernatant. 20 μl of the 

supernatant from each well were carefully pipetted into a sequencing plate. The plate 

was read in an ABI 3130 XL Genetic Analyser, which uses a fluorescent colour reaction. 

The sequencing files were analysed with the commercial software “Mutation Surveyor” 

(SoftGenetics, State College, PA, USA).   
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Results 

Uromodulin measurement 

Urinary uromodulin levels were determined for 96 urine samples using five separate 

96-well plate ELISAs. Results of the final ELISA (plate 5) are shown in detail to 

exemplify the process. 

 

From the optical absorbance levels measured in the last step of the ELISA, the 

uromodulin concentrations were calculated for each sample. For this purpose, a 

standard curve was drawn from the standards with known concentrations. Table 12 

shows the raw data from plate 5 for the standard curve.   

Table 12: Uromodulin Assay, optical absorbance values 

Concentration 
(ng/ml) Mean standard Standard 1 Standard 2 

0 0 0.002 -0.002 

0.5 0.065 0.094 0.036 

1 0.1095 0.109 0.11 

2 0.29 0.293 0.287 

4 0.7445 0.838 0.651 

8 1.7005 1.756 1.645 

16 2.9065 2.957 2.856 

 

The mean standard optical absorbance value was calculated for the two measured 

values for each standard (standard 1 and 2). A standard curve was drawn in Microsoft 

Excel using the mean standard and the sample concentration (figure 18). A straight line 

was fitted to the curve in Excel. The R2 value of 0.99 shows a good fit of the standard 

curve. 
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Figure 18: Uromodulin Assay, standard curve 

 

The equation for the standard curve was modified according to stochastic principles to 

allow the calculation of the unknown sample values (x) from the optical absorbance 

values (y). The following equation was derived and used for the calculation of the 

concentration for the unknown samples: x = (y+0.0181) / 0.1887. The mean of the two 

measured sample absorbance values was used in the calculation (table 13). For the 

final concentration, sample values were multiplied by a factor of 200 in accordance with 

the dilution of urinary samples in this assay. With some of the other plates, negative 

calculated concentrations below the detection level of the assay occurred and were 

counted as a final concentration of 0 ng/ml. Quality Control (QC) 1 and 2 were included 

to test the reliability of the ELISA, with a reference range of 10 to 15 ng/ml for QC 1, 

and 2.4 to 3.6 ng/ml for QC 2. 
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Table 13: Uromodulin Assay, calculated concentration values 

 Value 1 Value 2 
Mean 
Value Concentration 

Final 
concentration 
[ng/ml] 

1 3.824 3.427 3.6255 19.30895601 3861.79 

2 1.824 1.913 1.8685 9.997880233 1999.58 

3 0.078 0.09 0.084 0.541070482 108.21 

4 3.209 3.778 3.4935 18.60943296 3721.89 

5 2.423 2.495 2.459 13.12718601 2625.44 

6 2.757 2.928 2.8425 15.15951245 3031.90 

7 3.204 3.457 3.3305 17.74562798 3549.13 

8 2.769 2.934 2.8515 15.20720721 3041.44 

9 0.06 0.048 0.054 0.38208797 76.42 

10 2.23 2.213 2.2215 11.86857446 2373.71 

11 3.467 3.346 3.4065 18.14838368 3629.68 

12 2.147 2.24 2.1935 11.72019078 2344.04 

13 0.378 0.407 0.3925 2.175940647 435.19 

14 3.282 3.523 3.4025 18.12718601 3625.44 

15 1.889 1.933 1.911 10.22310546 2044.62 

16 3.287 3.279 3.283 17.49390567 3498.78 

17 0.555 0.574 0.5645 3.087440382 617.49 

18 3.729 3.286 3.5075 18.6836248 3736.72 

19 1.582 1.806 1.694 9.073131955 1814.63 

20 0.9 0.983 0.9415 5.085320615 1017.06 

21 3.23 3.533 3.3815 18.01589825 3603.18 

22 3.268 3.729 3.4985 18.63593005 3727.19 

23 0.014 0.019 0.0165 0.18335983 36.67 

24 3.427 3.421 3.424 18.24112348 3648.22 

25 0.026 0.034 0.03 0.254901961 50.98 

26 1.824 1.872 1.848 9.889242183 1977.85 

27 0.406 0.465 0.4355 2.40381558 480.76 

28 1.242 1.287 1.2645 6.797032326 1359.41 

29 1.766 1.781 1.7735 9.494435612 1898.89 

30 3.398 3.419 3.4085 18.15898251 3631.80 

31 3.701 3.405 3.553 18.92474828 3784.95 

32 0.405 0.399 0.402 2.226285109 445.26 

33 3.036 3.126 3.081 16.42342342 3284.68 

34 1.269 1.251 1.26 6.77318495 1354.64 

35 3.442 3.399 3.4205 18.22257552 3644.52 

36 0.705 0.73 0.7175 3.898251192 779.65 

QC 1 1.861 1.876 1.8685 9.997880233 10.00 

QC 2 0.493 0.507 0.5 2.745627981 2.74 

 

The same calculations were performed on all other plate readings. Table 14 shows the 

R2 values and the quality control measurements for the five assay plates, as a measure 

of intra- and inter-assay consistency. 
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 Table 14: Uromodulin Assays Summary Table 

Assay Number R2 value 

Quality 
Control 1  
[2.4-3.6] 

Quality 
Control 2 
[10-15] 

Order of  
quality 

1 0.93 6.0 9.5 4 

2 0.99 1.8 8.9 3 

3 0.99 1.4 6.3 5 

4 0.97 1.9 9 2 

5 0.99 2.7 10 1 

 

The moderate deviation of some quality control readings from the reference range may 

be explained by suboptimal storage conditions of the test solutions for the earlier 

assays. It was only discovered after the first three assays that the fridge containing the 

solutions was not maintaining its set temperature of 4°C, but was inappropriately cool 

at 1 to 2°C. This may have affected the solutions with enzymatic activity, which require 

a narrow temperature range. The cost of the test kit limited the number of times the 

assay could be repeated. All assays shown were sufficiently close to the quality control 

range to allow comparison across different assay dates. There was no statistically 

significant difference between sample concentrations obtained on different assay dates 

(Related-samples Friedman’s Two-Way Analysis of Variance by Ranks=7.6, p=0.107, 

two-sided test). Where a sample was run more than once, the reading from the best 

quality ELISA was used in the final analysis. Table 15 shows the combined results for 

all participants’ urine samples, with their UMOD mutation status (1 = mutation, 0 = no 

mutation), sample date, sample age and temperature. 
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Table 15: Uromodulin Assays combined results 

Study No 
Uromodulin 
[ng/ml] 

UMOD 
Mutation eGFR CKD status CKD stage 

Assay 
Number 

FN1 302 3488.00 0 20 3 4 2 

FN1 303 137.53 0 20 1 4 4 

FN1 401 5669.00 0 21.8 3 4 2 

FN3 305 14.52 1 7 2 5 3 

FN3 408 36.67 1 5 2 5 5 

FN3 409 3727.19 1 107 1 2 5 

FN4 306 557.00 0 13.6 3 5 1 

FN5 302 148.76 0 6 2 5 3 

FN6 512 12193.00 0 140 3 2 1 

FN6 305 1898.89 0 10 3 5 5 

FN6 406 1435.47 0 60 1 3 4 

FN7 404 1814.63 1 93 3 2 5 

FN8 303 3201.00 0 66.3 3 2 2 

FN9 304 108.21 1 4 2 5 5 

FN10 301 1346.57 0 43 2 3 4 

FN12 409 353.85 0 108 1 2 3 

FN13 303 1842.00 0 12.2 1 5 2 

FN14 402 3549.13 1 39 1 3 5 

FN15 401 363.85 0 49 1 3 3 

FN15 503 2471.00 0 54 3 3 1 

FN16 406 15572.00 0 55 3 3 2 

FN16 407 5251.00 0 102.8 3 2 2 

FN17 303 458.00 0 44.8 3 3 2 

FN17 401 2661.00 0 54.1 1 3 1 

FN20 302 3736.72 1 42 1 3 5 

FN20 403 617.49 1 29 3 4 5 

FN21 301 1395.50 0 68 1 2 4 

FN22 503 2143.00 0 77.6 3 2 2 

FN23 302 2020.00 0 38.3 1 3 1 

FN24 305 3784.95 0 53 1 3 5 

FN25 308 351.96 0 17 3 4 3 

FN25 406 28061.00 0 67.8 3 2 1 

FN25 528 15081.00 0 65 3 2 1 

FN26 301 2344.04 1 14 1 5 5 

FN27 304 50.98 1 27 3 4 5 

FN27 306 76.42 1 17 3 4 5 

FN28 401 779.65 1 24 2 4 5 

FN29 301 3631.80 0 57 1 3 5 

FN30 307 709.00 0 7.8 2 5 1 

FN30 402 43438.00 0 >90 3 2 2 

FN31 403 339.26 0 28 1 4 3 

FN32 305 343.92 0 33 1 3 3 

FN32 404 35.27 0 5 2 5 3 
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FN33 405 2041.00 0 17.2 3 4 2 

FN35 403 3625.44 1 54 1 3 5 

FN35 501 3041.44 1 37 1 3 5 

FN36 303 1260.94 0 50 1 3 4 

FN41 302 3047.00 0 38 1 3 1 

FN41 401 371.14 0 47 1 3 3 

FN42 404 3648.22 0 53 1 3 5 

FN44 PL 657.00 0 56.6 1 3 2 

FN45 404 2250.00 1 26 3 4 2 

FN45 404 3031.90 1 24 3 4 5 

FN45 405 3721.89 1 41 1 3 5 

FN46 303 1634.69 0 80 3 2 4 

FN48 405 6082.00 0 37.1 1 3 2 

FN49 312 2075.00 0 60.6 1 2 2 

FN51 302 1385.67 0 32 1 3 4 

FN52 302 1280.00 0 30.1 2 3 1 

FN53 302 40.00 0 62.8 1 2 1 

FN53 404 1977.85 0 10 1 5 5 

FN55 303 137.13 0 7 3 5 3 

FN55 304 1445.74 0 36 1 3 4 

FN56 403 2044.62 0 11 3 5 5 

FN57 307 1511.27 0 40 3 3 4 

FN61 306 695.00 0 27 3 4 2 

FN63 308 348.44 0 63 1 2 3 

FN64 303 3284.68 1 23 1 4 5 

FN65 201 1359.41 1 11 3 5 5 

FN65 202 435.19 1 7 3 5 5 

FN65 JD 2625.44 1 17 3 4 5 

FN67 402 349.14 0 17 3 4 3 

FN67 403 3270.00 0 29.5 1 4 2 

FN68 401 3644.52 1 104 3 2 5 

FN76 302 3603.18 0 66 1 2 5 

FN77 301 3498.78 1 10 3 5 5 

FN78 402 3629.68 0 78 1 2 5 

FN80 301 34425.00 0 13.8 3 5 2 

FN82 301 315.18 0 8 3 5 3 

FN82 AH 1999.58 0 120 3 2 5 

FN83 301 445.26 1 120 3 2 5 

FSGS1 1017.06 0 8 3 5 5 

FSGS2   6125.00 0 60.8 1 2 2 

FSGS3 2711.00 0 26.5 1 4 2 

FSGS5 831.50 0 19.7 3 4 2 

FSGS6 3036.00 0 6.7 3 5 2 

FSGS7 1550.59 0 120 1 2 4 

FSGS8 1387.64 0 54 1 3 4 

FSGS10 1458.63 0 12 1 5 4 
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FSGS27 945.52 0 117 1 2 4 

FSGS33 545.00 0 52 3 3 2 

FSGS47 3901.00 0 70.9 1 2 2 

FSGS55 3564.00 0 50.9 1 3 1 

FSGS63 480.76 0 6 2 5 5 

FSGS67 18340.00 0 90 3 2 2 

FSGS69 1650.42 0 72 1 2 4 

 

In order to establish a possible effect of storage temperature, a set of urine samples 

were stored in parallel at -20°C and -80°C and measured in the same assay. Table 16 

shows uromodulin concentrations following storage at -20°C and -80°C. 

Table 16: Uromodulin concentrations at different urine storage temperatures 

Study Number -80°C -20°C 

FN20 302 1342.72608 1311.92661 

FN36 303 1264.74443 1395.58759 

FSGS10 1408.69375 1462.42901 

FN1 303 141.32809 1527.08606 

FN64 303 1340.97859 1513.76147 

FN6 406 1502.4028 1439.27479 

FSGS7 1395.36916 1554.39056 

FN55 304 1432.72171 1449.54128 

FN21 301 1448.23067 1399.30101 

FSGS27 949.32285 16.3827 

FSGS69 1329.61992 1654.21582 

FSGS8 830.05679 1391.43731 

 

There was no statistically significant difference between uromodulin concentrations 

after urine storage at different temperatures (Wilcoxon Signed Rank Test=57, n=12, 

p=0.158, two-sided test). The marked differences in uromodulin concentrations for 

samples FN1 303 and FSGS27 are likely due to either incomplete mixing of the urine 

sample prior to aliquoting and storage, or due to a pipetting error during the ELISA.  

To establish a possible influence of storage time on results, a selection of samples was 

assayed on two dates. Table 17 shows the uromodulin concentrations obtained at 

different sample ages (1 and 2). The sample age ranged from 1 to 1187 days, with a 

median of 220; the difference in sample age ranged from 42 to 876 days, median 148. 

There was no significant difference between uromodulin concentrations at different 

sample ages (Wilcoxon Signed Rank Test=100, p=0.248, two-sided test). 
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Table 17: Uromodulin concentrations at different urine sample ages 

  

Sample No 

Uromodulin 
concentration 1 
(ng/ml) 

Uromodulin 
concentration 2 
(ng/ml) 

Age  
sample 1 

Age  
sample 2 

Sample age 
difference 

FN21 301 1222.89 1395.5 1 50 49 

FN20 302 1471.24 1308.13 8 57 49 

FN36 303 1769.88 1391.79 8 57 49 

FSGS10 1757.31 1458.63 8 57 49 

FN6 406 2121.97 1435.47 9 58 49 

FSGS7 2656.4 1550.59 9 58 49 

FN3 305 14.52 2373.71 15 891 876 

FN1 303 176.05 315.12 16 65 49 

FN77 301 1303 1377.81 29 175 146 

FN64 303 1509.96 3284.68 62 210 148 

FN57 307 4435 1511.27 180 336 156 

FN51 302 4367 1385.67 206 352 146 

FN45 404 2250 3031.9 219 513 294 

FN45 405 3017 3721.89 219 513 294 

FN20 403 69 617.49 221 515 294 

FN36 303 2922 1387.2 223 379 156 

FN35 403 22968 3625.44 233 527 294 

FN29 301 15592 3631.8 503 808 305 

FN14 402 9996 3549.13 554 848 294 

FN27 306 60.23 76.42 631 828 197 

FN20 302 1474.79 9113.6 687 793 106 

FN65 201 1305.29 1359.41 807 955 148 

FN26 301 8718.93 2344.04 1145 1187 42 
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UMOD sequencing 

DNA samples from 131 participants were sequenced for exons 3-5 of the UMOD gene. 

Eleven distinct gene mutations were found in 30 participants from 17 families (table 18). 

All were found in a heterozygous genotype. The study achieved a new diagnosis of 

UAKD in twelve individuals from seven families. Figures 18 a-g show the Sanger 

mutation traces of the individual mutations.  

Of the eleven distinct mutations (table 18), eight were listed in the Wake Forest 

Inherited Kidney Disease database (194) for uromodulin associated kidney disease, 

and three of these were also present in the Human Gene Mutation Database 

(HGMD)(195). The remaining three mutations were novel and considered at least 

probably pathogenic based on the evidence quoted below.  

Mutation p.G88V occurred in a patient with a diagnosis of medullary cystic kidney 

disease. A UMOD mutation had been found in a relative from another region, although 

the exact nature of the relative’s mutation was unknown. Polyphen and SIFT scores 

indicate a high likelihood of pathogenicity of the mutation found in our patient.  

Mutation F205S was found in a participant with a strong family history of autosomal 

dominant kidney disease. Unfortunately the majority of affected relatives live abroad, 

and thus it was not possible to perform segregation analysis of the variant in the family. 

The amino acid change occurs in a highly conserved region as indicated by a Polyphen 

score of 1 and a SIFT score of 0, indicating a high likelihood of pathogenicity.  

C287Y was found in a patient with a diagnosis of FJHN and a strong family history of 

kidney disease. The same mutation was confirmed in her teenage daughter, who has 

hyperuricaemia. Polyphen and SIFT scores again suggest a high likelihood of 

pathogenicity. 

Of the mutations present in the Wake Forest Inherited Kidney Disease Registry, 

mutation T62P was listed as possibly clinically silent. In our study, it occurred in a 

patient with an unknown familial kidney disease. Based on a thorough investigation of 

the patient’s casenotes, enquiries were made at a UK clinical genetics centre, which 

had tested an affected relative. With the relative’s consent, the centre confirmed that 

the relative had tested positive for a UMOD mutation, but unfortunately did not reveal 

the exact mutation. The mutation identified in our participant has been found 

independently by an external laboratory in an unrelated affected individual from our 

region. This laboratory interpreted the mutation as disease-causing as it occurs in a 

highly preserved region of the gene. Reflecting this, SIFT and Polyphen scores indicate 

a high likelihood of deleteriousness.  
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Table 18: UMOD mutation table 

Number Mutation Protein Alteration Known FJHN Age at RRT 

FN14 402 c.184A>C** T62P no 45 

FN68 301 c.G202A E68K yes  

FN9 304 c.263G>T G88V yes 64 

FN2 302 del c.272-274 S91del yes 42 

FN3 301 del c.272-274 S91del no 38 

FN3 305 del c.272-274 S91del no 27 

FN3 408 del c.272-274 S91del no 44 

FN3 409 del c.272-274 S91del no 59 

FN26 301 del c.272-274 S91del no 50 

FN45 304 del c.272-274 S91del yes  

FN45 404 del c.272-274 S91del yes 36 

FN45 405 del c.272-274 S91del yes 46 

FN65 203 del c.272-274* S91del yes 42 

FN65 201 del c.272-274* S91del yes 56 

FN65 202 del c.272-274* S91del yes  

FN65 301 del c.272-274* S91del yes  

FN24 305 indel c.278-289 V93_G97del/insAASC no 57 

FN47 404 indel c.278-289 V93_G97del/insAASC yes  

FN20 302 c.G443A C148Y yes 57 

FN20 403 c.G443A C148Y yes 42 

FN64 303 614T>C F205S no 45 

FN23 302 c.628A G210D no  
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FN23 303 c.628A G210D no 37 

FN27 304 c.688T>C W230R no 49 

FN27 306 c.688T>C W230R no 42 

FN28 302 c.688T>C* W230R yes 59 

FN28 401 c.688T>C* W230R yes 66 

FN7 305 c.860G>A* C287Y yes 59 

FN35 403 c.917G>A* C306Y yes  

FN35 501 c.917G>A* C306Y yes 41 

RRT = renal replacement therapy, Known FJHN= a previous diagnosis of FJHN 
*external confirmation in another affected relative, **found by an external laboratory in another 
patient from the region. 
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Table 19 – Mutation characteristics 

 

Mutation Protein alteration 

Wake 
Forest 
Registry HGMD Polyphen SIFT 1KG ESP 

c.184A>C** T62P (194) yes# no 
0.662  0.030.03 0. --  0.0006.006  

c.G202A E68K (194) yes no 
0.999  0  -  -  

c.263G>T G88V no no 
1  0  -  -  

het del c.272-274 S91del (194) yes no 
  

-  -  

het indel c.278-289 V93_G97del/insAASC (196) yes yes 
  

-  -  

c.G443A C148Y(44) yes yes 
1  0.31  -  -  

614T>C F205S no no 
1  0  -  -  

c.628A G210D (194) yes no 
1  0  -  -  

c.688T>C W230R (197) yes yes 
1  0  -  -  

c.860G>A C287Y no no 
1  0  -  -  

c.917G>A C306Y (194) yes no 
1  0  -  -  

 

 
 
Mutation= UMOD mutation, Wake Forest Registry= inclusion in the Wake Forest School Registry of Inherited Kidney Diseases, HGMD= inclusion in the 
Human Gene Mutation Database. Polyphen and SIFT= predictive scores of deleteriousness, 1 KG / ESP = occurrence in the large sequencing projects 
of populations with European ancestry 1,000 Genomes (1KG) and Exome Sequencing Project (ESP).  **found by external laboratory in another patient 
from the region, 

#
may be clinically silent 
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Figure 19: UMOD mutations 

a) 

 

G88V 

Figures 19 a – i show the chromatograms for the individual mutations. The top line 
depicts the amino acid reference sequence, with the participant’s sequence shown below. 
The top chromatogram shows the reference DNA sequence, and the chromatogram 
beneath the participant’s sequence. The numbers at the top of the chromatogram 
represent consecutive g.DNA numbering, whereas the report in table 18 quotes the more 
conventional c.DNA position, which was looked up from the reference sequence 
NM003361. The bottom track depicts peaks which cross the analysing software’s 
standard threshold line, above which the software interprets a change from the reference 
sequence as significant. Where there are six tracks contained in a figure, this represents 
bidirectional sequencing of the same position, with the bottom three tracks forming a 
mirror image of the first three, i.e. track four represents the software’s variant analysis of 
the reverse sequence, track five the participant’s reverse sequence, and track six the 
reference sequence. In the case of heterozygous deletions or insertion/deletions in 
figures 18 b and c, these are recognized by clear single peaks in the participant’s 
chromatogram changing into two superimposed peaks per base position – representing 
the reading of the normal strand and the strand with the deletion or insertion/deletion 
superimposed upon each other. The analysing software is incapable of determining the 
resulting amino acid change from this, which was done manually. The relevant amino 
acid change is written beneath each individual figure.   
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b) 

 

S91del 
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c) 

 

V93_G97del VCPEG / insAASC 
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d) 

 

C148Y 
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e) 

 

F205S 
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f) 

 

G210D 
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g) 

 

W230R 
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h) 

 

C287Y 
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i) 

 

C206Y 
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Clinical correlation and significance testing 

Participants’ urinary uromodulin levels and clinical data were correlated with the 

presence of UMOD mutations (the UMOD status). Uromodulin levels were also 

compared between participants with different CKD status (transplant, dialysis or CKD), 

different stage of CKD, and eGFR values. 

UMOD status 

Urinary uromodulin concentrations were stratified according to the UMOD status (table 

20). As the urinary uromodulin levels in transplant patients with UAKD are known to be 

determined by their kidney transplant, and not their UMOD status, only UMOD positive 

patients without a transplant were used for comparison. Urinary uromodulin levels were 

significantly lower in patients with UMOD mutations compared to those with no 

mutations (Mann-Whitney U test, p=0.024). 

 

Table 20: UMOD status and uromodulin concentrations 

UMOD 
status 

Number Median 
uromodulin 

Mean 
uromodulin 

Uromodulin 
Range 

Statistics 

Positive 
(including 
transplants) 

27 2,225 1,986 0 – 3, 785  

Positive 
(without 
transplants) 

17 617.5 1,222.9 0 – 3,645 Mann-
Whitney 
U=390, 
p=0.024 Negative 71 1,634.7 4,000.7 35 – 43,438 

 

To establish sensitivity and specificity levels for low uromodulin in UAKD at different 

cut-off points, a receiver operator characteristic (ROC) curve was drawn in SPSS 

(figure 20). The area under the curve was calculated at 0.695, indicating overall low 

sensitivity and specificity. The uromodulin cut-off with the best sensitivity and specificity 

was determined to be 805 ng/ml, giving a sensitivity of 70%, and a specificity of 62.5%.    
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Figure 20: ROC curve of low uromodulin levels in UAKD 

 
 

Figure 20 shows the sensitivity for low uromodulin in UAKD plotted against 1 - specificity at different 
uromodulin levels. The area under the curve is 0.695. 

 

CKD status 

To investigate whether the CKD status was associated with a difference in uromodulin 

levels, the groups of CKD, transplant and dialysis patients were compared (table 21). 

CKD patients were more likely to have higher uromodulin levels than transplant and 

dialysis patients. This difference was significant using the Kruskall-Wallis test (p=0.001). 
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Table 21: CKD status and uromodulin levels  

CKD Status Number Median 
uromodulin 

Mean 
uromodulin 

Uromodulin 
Range 

Statistics 

CKD 43 1,999.6 5,316.4 0 – 43,438  Kruskall-
Wallis 
test=13.393, 
p=0.001 

Transplant 45 2,075 2,314 40 – 6.125 

Dialysis 10 314.8 493.9 15 – 1,347  

 

CKD stage 

Furthermore, it was assessed whether the stage of CKD was associated with a 

difference in uromodulin levels (table 22). Uromodulin levels were statistically higher, 

the lower the stage of CKD (corresponding to better kidney function; with little 

difference between stages 4 and 5). This difference was significant. (p=0.001).  

 

Table 22: CKD stage and uromodulin levels 

CKD Stage Number Median Mean Range Statistic 

Stage 1- 2  27 2,656.4 6,268.5 40 – 43,438  Kruskall-
Wallis 
test=14.45, 
p=0.002 

Stage 3 29 2,020 2,687.9 344 – 15,572 

Stage 4 20 805.6 1,630 0 – 5,669 

Stage 5 22 863 2,630.9 15 – 34,425  

 

eGFR 

Accordingly, a positive correlation of uromodulin with eGFR levels was determined. As 

the distributions of uromodulin and eGFR were non-parametric, Spearman’s correlation 

was used. Spearman’s correlation coefficient of 0.36 was significant at a level of 

p=0.0003. 

 

UMOD status stratified according to CKD stage 

It was tested whether UMOD status was associated with uromodulin after stratification 

for CKD stage. The numbers per group were small, and the association remained non-

significant. 

Comparison of clinical parameters 

Clinical parameters were compared between patients with and without UMOD 

mutations (table 23). After Bonferroni correction to adjust for multiple testing, 

differences in proteinuria (Urine dipstix ≥ 2+ on two occasions, 24-hour urine protein ≥ 

3g or PCR ≥ 200), urinary protein creatinine ratio, and haematuria (≥ 2+ on dipstix or > 

10 RBC/μl without evidence of a urinary tract infection on at least two occasions) 

remained significant, with UMOD patients having less proteinuria (p=0.0003), lower 
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protein creatinine ratios (p<0.001) and less haematuria (p=0.0003). There was a trend 

towards less anaemia (defined as a haemoglobin <100 g/l) before renal replacement 

therapy (RRT; p=0.049), which lost its significance after Bonferroni correction. There 

was no statistically significant association between UMOD status and age at 

presentation, age at RRT, gout, allopurinol, hypertension, hyperuricaemia, uric acid, the 

presence of renal cysts or renal size. 
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Table 23: Comparison of clinical parameters between UMOD positive and negative 

patients  

Clinical parameter UMOD pos UMOD neg Significance level 
(p<0.0038) 

Age at presentation 
[years] 

9-57, median 38, 
n=23 

0-80, median=37, 
n=55 

Mann-Whitney U=586, 
p=0.610 

Age at RRT [years] 27-66, median=47, 
n=25 

9-84, median=39.5, 
n=50 

Mann-Whitney U=750, 
p=0.16 

Gout 18/33 patients patients 
2=0.573, p=0.449 

Allopurinol use 23/35 patients patients 
2=0.222, p=0.637 

Hypertension at 
presentation 

6/35 patients 11/64 patients 
2=0.00003, p=0.996 

Hyperuricaemia (Uric 
acid≥0.35 μmol/l) 

24/26 patients 44/51 patients Fisher’s Exact test, p=0.71 

Uric Acid [μmol/l] 0.28-0.79, 
median=0.45, n=26 

0.12-0.85, 
median=0.5, n=50 

Mann-Whitney U=555.5  
p=0.301 

Proteinuria 9/24 patients patients 
2=13.343, N=71 p=0.0003 

Protein Creatinine 
Ratio 

0-312, median 28, 
n=18 

0-2305, 
median=222, n=39 

Mann-Whitney U=121, 
p<0.001 

Anaemia pre RRT 
(Hb<100 g/l) 

3/25 patients patients 
2=3.864, p=0.049 

Haematuria 1/29 patients patients 
2=12.93, p=0.0003 

Renal cysts 2/17 patients 9/42 patients Fisher’s Exact test, P=0.708 

Normal renal size at 
presentation (renal 
diameter≥9 cm) 

11/22 patients patients 
2=3.961, p=0.047 

 

Effect of different UMOD mutation groups 

UMOD mutations were characterised according to their location in one of the eight 

domains of the uromodulin protein (see figure 21). Patients with mutations in the 

epidermal growth factor (EGF) -like domains, which have been shown to be more 

deleterious (198), were compared to mutations in cystein-rich domains. There was no 

statistical difference in age at renal replacement therapy between the two mutation 

groups (Mann-Whitney U=38, n=23, p=0.249), nor in uromodulin levels (Mann-Whitney 

U=40, n=20, p=0.699). 
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Figure 21: Amino Acid structure of Uromodulin with UAKD causing mutations from Wake Forest Registry of Inherited Kidney Diseases 

(194), based on the original models of Dr J.J. Turner and van Rooijen et al.(199), and models of the EGF-like domains in thrombomodulin (200) 

and fibrillin (200).
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Discussion 

The study of a historic cohort of patients tested for FJHN shows the limitations of using 

FEur as a diagnostic test for the condition.  

The question why FEur levels tend to be low in FJHN has not been answered 

conclusively (36). It is thought that greater amounts of urate are reabsorbed in the 

proximal tubule due to increased water reabsorption (36). This is considered to be a 

passive rather than an active process caused by relative volume contraction (36), 

possibly due to a reduction in uromodulin polymers ensuring the water tightness of the 

thick ascending limb of Henle (177).      

In the largest published cohort of patients with UAKD to date (52), the urinary uric acid 

excretion fraction (UAEF) was calculated differently from FEur, in that it did not take 

account of urine volume and collection time. FEur corresponds to the standard 

evaluation of fractional urate excretion described in the literature (170). UAEF is still 

similar enough to FEur to draw comparisons, in that it also relates uric acid excretion to 

creatinine excretion. In the published series, UAEF showed a similar sensitivity for 

FJHN as FEur for patients with normal renal function in the presented study. The 

sensitivity of UAEF was 70.6%, albeit in a smaller number of 27 patients, who all had 

confirmed UMOD mutations (52). The authors also assessed patients meeting 

diagnostic criteria for FJHN in whom no UMOD mutations could be identified. They 

found no significant difference in UAEF in this cohort to patients with confirmed UAKD 

(52). The sensitivity of FEur for the total cohort of patients in the present study was 

significantly lower at 45% than that of UAEF of 70.6% in the published study. This 

discrepancy could be due to different patient characteristics, with more advanced renal 

impairment seen in the cohort from St Thomas’s Hospital. The difference in the 

determination of fractional uric acid excretion could also be relevant. 

This study confirmed the finding that FEur is positively correlated with serum creatinine 

concentrations in CKD (201). Elevated creatinine concentrations were significantly 

associated with higher FEur values. The observed correlation and associations are no 

proof of causality, but it is still possible to hypothesize possible causes. One can 

speculate that, with worsening renal dysfunction, tubulo-interstitial scarring may lead to 

a reduction in tubular urate reabsorption, and thus a rise of FEur.     

Additionally, this study showed that higher levels of FEur were associated with 

allopurinol use. This finding has not been described in the literature before, and it has 

no obvious pathophysiological explanation. Allopurinol inhibits the formation of uric acid 

in the purine metabolic pathway through the inhibition of xanthine oxidase (172). This 

reduces the overall uric acid load, but it is unclear why it would affect its fractional 
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excretion. The patients receiving allopurinol may have been significantly different from 

those not on the medication, which may have led to confounding. Some nephrologists 

consider allopurinol to be nephroprotective in FJHN (51) and may use it 

indiscriminately in all patients. However, there is currently no evidence that allopurinol 

is truly beneficial except as treatment for gout (202). It can therefore be expected that 

allopurinol is given preferentially to patients with gout, who may also have more renal 

impairment. This is because gout is generally more likely to develop in patients with 

renal impairment (172).  It is therefore possible that impaired renal function was a 

confounder in our study. When patients were stratified according to their level of renal 

function, the statistical significance of the association between allopurinol use and FEur 

disappeared. Although this may simply be because the numbers in each category were 

too small to reach significance, it seems more likely that renal function was indeed a 

significant confounder. Allopurinol use did, however, lower the sensitivity of FEur further 

than impaired renal function alone, and it was an independent factor in the logistic 

regression analysis. It would therefore seem likely that allopurinol use may have an 

independent effect, but the size of this is not known, and it would need to be validated 

in a larger cohort. 

Several limitations of this study need to be discussed. Due to FJHN being a relatively 

rare disease, the absolute patient numbers are small. To increase patient numbers, 

data were obtained from a regional diagnostic centre, and the study period was 

prolonged. The problem of low study numbers can be mitigated by studying patients 

with rare diseases in national or supra-national registers, which is the plan of the UK 

RaDaR initiative (159).  

Numbers in the control group were even smaller than the number of FJHN cases. 

Furthermore, it would have been preferable to assess healthy, unrelated individuals as 

controls rather than unaffected relatives. The group of relatives was chosen as they 

were the only healthy people who had undergone the biochemical tests of interest, and 

no other control group was available.  

The length of the retrospective study period is a further limitation of the study, which 

was accepted as the time was needed to increase patient numbers. There were no 

changes of biochemical assays during the study period, so results should have 

remained comparable.  

The study’s results suggest that UUCR may have higher sensitivity and specificity than 

FEur in the diagnosis of FJHN. This finding was based on an empirically chosen cut-off 

value of UUCR of 0.25, based on the distribution of UUCR in the presented cohort. 

UUCR has not been used as a diagnostic tool for FJHN in the literature, and no formal 
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cut-off value currently exists, which is why an empirical value had to be established. 

This empirical value matched the expectations for a cut-off value of the Principal 

Biochemist in the Purine Laboratory (203). The study suggests that UUCR is less 

vulnerable to changes in renal function, and not associated with allopurinol use.  

Furthermore, the measurement of UUCR is easier than that of FEur. UUCR levels can 

be established from urine values alone, without the need for a blood test. In the present 

study, UUCR was determined from 24-hour urine levels. It has been suggested that the 

measurement of spot UUCR values is also acceptable (174) and that would make the 

determination of UUCR levels significantly easier. 

Our UMOD mutation analysis revealed 11 distinct mutations in 30 participants from 17 

families. Three mutations were previously unpublished. The presence of affected 

relatives with a UMOD mutation in two of the individuals with these mutations makes it 

highly likely that these are pathogenic mutations, even in the absence of a complete 

segregation analysis. The third individual had a strong family history of autosomal 

dominant kidney disease consistent with uromodulin associated kidney disease 

(UAKD). Polyphen and SIFT scores of all three mutations lend further support to this 

interpretation. 

The mutation analysis allows us to estimate the prevalence of UAKD in our catchment 

population (2 million) at 8.5 per million, which is much higher than the previously 

published 1.7 per million (115). The prevalence derived at the start of the study based 

on 18 patients from 10 families was 5 per million, but this study has firmly established a 

much higher prevalence. 

The relative frequency of the deletion S91del found in several unrelated families 

suggests a founder effect of this mutation. However, there was a wide spectrum of 

other mutations in our population. While there may be some increase in prevalence in 

our region due to factors such as founder effects within a relatively sessile population, it 

is very likely that UAKD is generally more prevalent than previously assumed due to 

under-recognition and under-diagnosis. Additionally, the true prevalence in our 

catchment area is likely to be higher than the observed figure as we were only able to 

screen those patients with significant CKD who had been referred to tertiary renal 

services.     

Concerning the investigation of urinary uromodulin in UAKD, our results confirm that 

UMOD mutations are associated with lower uromodulin levels. 

Uromodulin levels were measured reasonably reliably by the test kit as confirmed by 

the included quality controls. The Biovender kit used by this study is regarded as one of 
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the standard kits in the literature (192). Uromodulin values were determined for spot 

urine values, which is acceptable practice (192). We did not find a significant reduction 

in uromodulin levels if urine samples had been stored for over five months at either -

20˚C or  -80˚C, as shown in a recent publication (192). Due to the part-time nature of 

this research project, many samples had been stored at -20˚C for over a year. The fact 

that we did not observe a statistically significant decline in uromodulin levels, or a 

difference according to the storage temperature like the published study (192) may be 

due to the different test kits used.  

UAKD was associated with lower uromodulin levels, both when assessing the 

continuous distribution of uromodulin concentrations, and when comparing high and 

low uromodulin groups. This is consistent with previous literature reports (184).  

Furthermore, the results presented here confirm that eGFR was positively correlated 

with uromodulin levels, which is also consistent with the literature (187). Similarly, the 

stage of CKD was significantly associated with uromodulin levels. Therefore it is not 

surprising that dialysis patients with the lowest eGFR had lower uromodulin levels than 

transplant and CKD patients pre renal replacement therapy (RRT). The fact that 

transplant patients had lower uromodulin levels than CKD patients could be explained 

by the fact that the calcineurin inhibitor ciclosporin has been associated with reduced 

levels of uromodulin (188). Similar effects may exist for the newer calcineurin inhibitor 

tacrolimus, but this association has not yet been described in the literature. 

There was a wide range in urinary uromodulin levels in patients with UAKD. The ROC 

curve for low uromodulin in UAKD displayed an area under the curve of 0.695 

indicating overall low sensitivity and specificity. At the optimal empirically chosen cut-off 

value of 805 ng/ml, the sensitivity and specificity for low uromodulin in UAKD were only 

70% and 62.5% respectively. The reason for this is open to speculation. There are 

other factors such as renal impairment and medication use that influence uromodulin 

levels, as demonstrated for the former by this study. Furthermore it has been shown 

that some UMOD mutations result in less retention of uromodulin in the endoplasmic 

reticulum, and these mutations are also considered less pathogenic (196, 198). This 

would imply that more normal urinary uromodulin levels could be associated with 

certain mutation types and a better prognosis. 

This study did not reveal an influence of the mutation type on uromodulin levels or the 

age at RRT. The numbers were probably too small to observe such an effect. 

Furthermore, in the interest of getting sufficient numbers, it was necessary to combine 

different mutations found in similar domains, which may actually have very different 

effects. A direct observation of the effect of each mutation on uromodulin trafficking in 
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vitro would have been very enlightening, but was not possible as part of this research 

project. There may also have been other modifying factors, such as family fragility (198) 

or environmental factors. In a larger study, it would be interesting to determine if lower 

urinary uromodulin levels stratified by eGFR might be associated with a worse 

prognosis in UAKD, whereas the reverse is known to be true for CKD (204). In the 

meantime, urinary uromodulin remains an unsuitable diagnostic test in UAKD, not only 

because of the technical difficulties in its measurement, but also because of its 

relatively low sensitivity and specificity. 

Regarding the clinical comparison of patients with and without UMOD mutations, it is 

not surprising that patients with UAKD had less proteinuria and haematuria, as the 

typical clinical features of UAKD consist of a bland urine sediment associated with a 

picture of an interstitial nephropathy.  

On the other hand, it is unexpected that UAKD patients did not have significantly more 

hyperuricaemia or gout. This did not change when men and women were assessed 

separately (data not shown). The finding is likely to reflect the fact that hyperuricaemia 

and gout are very common in CKD. In UAKD, hyperuricaemia and gout are known to 

develop early (42, 202). Therefore our results are likely to have been different if we had 

compared UAKD patients with near normal renal function with a suitable control cohort. 

There was a trend towards less anaemia in the UAKD group, although this finding was 

non-significant. It is unclear why UAKD patients should be less prone to develop 

anaemia pre RRT. It is well established that patients commonly develop anaemia 

before they reach end-stage renal disease. The relationship of haemoglobin 

measurements to renal function is therefore crucial, but it was not possible to adjust for 

a possible confounding effect of differences in renal function at time of haemoglobin 

measurement in the context of this study. Therefore it remains unclear if the observed 

trend is in any way relevant.   

In summary, this study confirms that FEur and urinary uromodulin need to be 

interpreted with caution in the diagnosis of FJHN. Both measurements display a wide 

range in UAKD, and are susceptible to confounding factors such as renal impairment 

and medication use. UUCR may be a superior and easier test, but this will need to be 

confirmed by validation in a different cohort. In the meantime, mutation testing remains 

the most reliable diagnostic test for FJHN/UAKD.  
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Outlook 

In the search to improve patient outcomes, there is currently conflicting, and only 

anecdotal evidence that urate lowering therapies may delay disease progression in 

FJHN. Randomised controlled trials of allopurinol, or other urate lowering therapies 

such as benzbromarone or febuxostat are needed to address this question. As we 

understand the genetics and pathophysiology of the disease better, genetic therapy 

may become another option in the future. 

Currently, the gene mutations underlying the as yet unknown 50% of FJHN are still left 

to be discovered. It is likely that large next generation sequencing studies such as the 

100,000 Genomes Project will lead to advances in this field in the not too distant future. 

Whole genome sequencing presents the challenge of interpreting vast amounts of 

genetic data. As our abilities in this field grow, further gene discoveries in FJHN should 

follow. 
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5. FSGS targeted study 

Introduction 

Focal segmental glomerulosclerosis (FSGS) is not a single entity, but a clinico-

pathological diagnosis, which encompasses a spectrum of underlying disorders. It is 

characterized by the presence of proteinuria and eponymous findings on renal biopsy. 

FSGS has a large overlap with the paediatric diagnosis of steroid resistant nephrotic 

syndrome (SRNS), for which FSGS is the most common biopsy finding (205). 

Mutations in several podocyte genes are causative, with an estimated 8-14% of adult 

onset FSGS explained by podocyte gene mutations (206, 207), as outlined in chapter 1.  

Alport disease (AD) is characterized by haematuria and progressive renal impairment, 

often in association with sensorineural hearing loss, anterior lenticonus and retinopathy. 

Biopsy appearances are diverse, and often non-diagnostic (208). Electron microscopy 

(EM) changes include thinning and thickening of the glomerular basement membrane 

(GBM), splitting and lamellation, which are neither completely sensitive nor specific 

(208, 209). Immunofluorescence studies for the absence of the collagen alpha 5 chain 

can improve diagnostic accuracy (209), but are not 100% sensitive, nor routinely 

available in clinical practice.   

COL4A5 mutations with X-linked inheritance are responsible for approximately 85% of 

AD (210, 211). Homozygous or compound heterozygous COL4A3 and COL4A4 

mutations cause autosomal recessive AD (212). Heterozygous COL4A3 and COL4A4 

mutations are found in 40% of patients with thin basement membrane nephropathy 

(TBMN) and have also been proposed as a cause of autosomal dominant AD (62).  

Collagen mutations causing AD have recently been found in FSGS in a number of 

studies, including a homozygous COL4A4 mutation in a patient with SRNS uncovered 

by targeted next generation sequencing (NGS) (71), a COL4A5 mutation found in a 

multiplex kindred with familial FSGS by exome sequencing (75), and other similar 

reports (154, 213). Earlier studies demonstrated the development of FSGS in a 

proportion of cases with TBMN due to heterozygous COL4A3/4 mutations (214-217). A 

recent series of 70 families with familial FSGS revealed COL4A3/4 mutations in 10% 

(218). COL4A3 mutations were also found in five of 40 Chinese families with FSGS 

(12.5%), and in one of 50 sporadic cases (219). Furthermore, COL4 mutations have  

been proposed as modifier mutations in FSGS (220). 

The collagen genes COL4A3-5 are very large, thus sequencing by conventional 

methods is both time-consuming and expensive. NGS can be faster and more efficient, 
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by allowing the simultaneous sequencing of multiple genes for a fraction of the cost of 

conventional sequencing. NGS has already been applied successfully to patients with 

AD (62, 221). 

In recent years, several targeted NGS panels have been used to investigate SRNS (71, 

156). The most comprehensive panel included 27 SRNS genes, and identified disease-

causing mutations in 29.5% of 1783 families with disease onset under age 25 (156). 

Only small numbers of patients have been included in targeted adult FSGS panels 

(154).  

The list of genes implicated in the development of FSGS is growing rapidly. Therefore 

targeted panels need to be updated continuously (222-225). To date, there has been 

no NGS panel testing an extensive list of genes in a large adult cohort with FSGS. It 

also remains unclear to what extent collagen mutations underlie FSGS, although two 

very recent publications (218, 219) provide estimates for COL4A3/4 mutations in 

familial FSGS. To uncover the distribution of disease-causing gene mutations in an 

adult FSGS/SRNS population, we designed an NGS panel covering 39 genes, and 

applied this panel to 81 adult patients with FSGS or SRNS. 

Methods 

Patient ascertainment 

Eighty-one patients with primary FSGS or SRNS registered with the Wessex Kidney 

Centre (catchment population 2.3 million) were recruited, after prioritizing those with a 

family history (FHx) of renal disease. Clinical data were recorded from patient 

interviews and clinical records.   

Ethics 

All study procedures had full UK Research Ethics Committee and local Research and 

Development approval (REC reference 11/SC/0111), and adhered to the Declaration of 

Helsinki.   

Gene panel design 

A gene panel containing 39 genes was designed on the Illumina TruSeq Custom 

Amplicon platform using the vendor DesignStudio software. Gene coverage was 

manually optimized. The genes for inclusion on the panel (table 24) were chosen 

based on a comprehensive literature review and information from the Human Gene 

Mutation Database (HGMD) Professional 2013.1 and 2013.3 (195).  
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Table 24: Gene list and coverage 

Gene CH
R 

Exo
ns 

Size 
(bp) 

Targeted 
(%) 

Source 

ACSL4 X 15 2364 99.6 HGMD(195) 

ACTN4 19 21 2736 99.5 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

ALG1 16 13 1395 91.2 McCarthy(71) 

APOE 19 3 954 99.9 Chatterjee(154) 

APOL1 22 7 1289 99.8 McCarthy(71), Chatterjee(154) 

ARHGAP24 4 12 2478 99.2 HGMD(195), Kopp(224) 

ARHGDIA 17 6 683 100.0 Kopp(224) 

CD2AP 6 18 1920 99.2 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

CFH 1 23 3710 94.1 HGMD(195), Kopp(224)
 

COL4A3 2 52 5013 99.1 HGMD(195), McCarthy(71), Chatterjee(154) 

COL4A4 2 47 5073 99.1 HGMD(195), McCarthy(71), Chatterjee(154) 

COL4A5 X 53 5383 99.2 HGMD(195), McCarthy(71), Chatterjee(154) 

COQ2 4 7 1266 99.5 Kopp(224), McCarthy(71) 

COQ6 14 13 1495 99.5 Kopp(224) 

INF2 14 23 3817 99.7 HGMD(195), Kopp(224) 

ITGB4 17 40 5628 99.6 Kopp(224), McCarthy(71)
 

LAMA5 20 80 11088 99.8 Chatterjee(154)
 

LAMB2 3 32 5397 99.9 Kopp(224), McCarthy(71), Chatterjee(154) 

LMNA 1 18 2452 91.4 Thong(223)
 

LMX1B 9 10 1453 99.8 Kopp(224), McCarthy(71) 

MYH9 22 40 5883 99.5 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

MYO1E 15 28 3327 99.2 HGMD(195), Kopp(224), McCarthy(71) 

NEIL1 15 11 1865 87.1 Kopp(224) 

NPHP4 1 31 4505 99.4 HGMD(195), Kopp(224) 

NPHS1 19 29 3726 99.7 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

NPHS2 1 8 1152 99.5 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

NXF5 X 14 1098 99.5 Kopp(224) 

PDSS2 6 8 1200 99.4 McCarthy(71) 

PLCE1 10 33 7300 99.6 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

PMM2 16 8 741 99.2 McCarthy(71) 

PODXL 7 9 1677 94.0 Barua(222)
 

PTPRO 12 27 3655 99.3 Kopp(224), McCarthy(71) 

SCARB2 4 12 1437 99.2 Kopp(224), McCarthy(71) 

SMARCAL1 2 16 2865 99.5 HGMD(195), Kopp(224), McCarthy(71) 

SYNPO 5 5 7560 100.0 HGMD(195), Kopp(224) 

TRPC6 11 13 2796 99.6 HGMD(195), Kopp(224), McCarthy(71) 

WT1 11 12 1648 99.5 HGMD(195), Kopp(224), McCarthy(71), 
Chatterjee(154) 

ZEB1 10 11 3445 99.8 HGMD(195) 

ZMPSTE24 1 10 1428 99.4 McCarthy(71) 

Table 24: Gene list and coverage 
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All genes for FSGS and AD listed in HGMD 2013.1 and 2013.3 were included, with the 
exception of COL4A6, excluded due to size limitations on the panel, and the fact that X-
linked AD with leiomyomatosis only occurs in the presence of contiguous deletions of 
COL4A5 and COL4A6. All genes from an NGS panel for SRNS(71) and a recent review of 
FSGS genes(224) were included.  Additional genes were selected from another recent 
NGS panel(154) if genes were linked to AD or FSGS in the literature. Recently identified 
candidate genes for FSGS were also included, (222, 223) even if their role in FSGS was 
still speculative, and not fully confirmed. CHR=chromosome 

 

In vitro methods 

DNA extraction 

Genomic DNA extraction from saliva was performed by Oragene kit (DNA Genotek, 

Ontario, Canada), and from whole blood by QIAamp DNA Blood Midi kit (Qiagen, Venlo, 

Netherlands) or the salting out method (193) as described in detail in the previous 

chapter.  

Custom Amplicon Library preparation 

The TSCA kit was processed and sequenced as per the manufacturer’s instructions. 

The following steps in the preparation of the Truseq Custom Amplicon were performed 

by myself in the Wessex National Genetics Reference Laboratory at Salisbury District 

Hospital under close supervision of an experienced laboratory technician. The TruSeq 

Custom Amplicon Library Preparation protocol was followed closely, and Truseq 

consumables were used as per protocol. 

Hybridisation of the oligo  pool 

In this step, the specified custom pool containing upstream and downstream oligos 

(adapter sequences) specific to the targeted regions of interest, was hybridized to the 

genomic DNA samples. For this purpose, two 96-well hybridisation plates were 

prepared in parallel, one for each custom amplicon panel. Two custom panels were 

needed for the optimal coverage of all desired target regions. 15 μl of each of the 81 

genomic DNA samples were added to the same well position on both plates. The final 

well on each plate was used for a DNA control sample supplied with the kit. 

Subsequently, 5 μl of a control oligo pool were added to the well containing the control 

DNA on both plates. Similarly, 5 μl of the custom amplicon oligo tube containing the 

primers were added to the wells containing genomic DNA. A multichannel pipette was 

used for this step, and pipette tips were discarded after each column to avoid cross-

contamination. As the subsequent steps were identical for both plates, they are 

described for a single plate for ease of reading. 
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35 μl of a hybridisation buffer were added to each well on the plate. This buffer was rich 

in salt giving it a positive charge to enable it to bind to the negatively charged DNA. 

Additional formamide in the buffer had the role of decreasing the melting temperature 

of the DNA. The plate was sealed with adhesive foil and centrifuged to 1,000 g for one 

minute. The plate was then placed in a thermocycler at a starting temperature of 95°C. 

This temperature was maintained for one minute before a stepwise gradual cooling to 

40°C. The themocycler was programmed to perform 55 cycles, each lowering the 

temperature by a degree every 90 seconds. The final temperature of 40°C was 

achieved after 82.5 minutes. 

Removal of unbound oligos 

This step was performed to remove unbound oligos from genomic DNA using a filter 

capable of size selection. Two wash steps were included to ensure complete removal 

of unbound oligos. A third wash step using a universal buffer was performed to remove 

residual wash buffer and to prepare the samples for the subsequent extension-ligation 

step. 

A 96-well filter plate unit was assembled using a filter plate with lid, an adapter collar 

and a MIDI plate. The filter plate unit was pre-washed using wash buffer SW1. For this 

purpose, 45 μl of the wash buffer were pipetted onto each well of the filter plate unit. 

The plate unit was covered with the lid and centrifuged at 2,400 * g at 20˚C for ten 

minutes. There was no significant amount of residual buffer in any of the wells after this 

pre-wash step, which would have required discarding the filter unit and starting again 

with a new unit. 

The hybridisation plate from the previous step was removed from the thermocycler and 

was centrifuged to 1,000 * g for one minute to collect condensation. The entire volume 

of each sample was then transferred to the pre-washed wells of the filter unit plate. 

This was done using a multichannel pipette, and pipette tips were exchanged after 

each column to avoid cross-contamination. 

Subsequently, the filter unit was centrifuged at 2,400 * g at 20°C for two minutes. Using 

a multichannel pipette, 45 μl of wash buffer SW1 were added to each sample well. The 

filter unit was then centrifuged again at 2,400 * g for two minutes. This wash step was 

repeated by pipetting 45 μl of wash buffer SW1 onto each well before centrifuging the 

plate unit again to 2.400 * g for two minutes. 

After the second wash, all flow-through containing unbound oligos and formamide was 

discarded in a hazardous waste container. The same MIDI plate was reused for the 

rest of the pre-amplification process. 45 μl of universal buffer UB1 were added to each 
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sample well to remove remaining wash buffer SW1 from the membrane. The filter plate 

unit was covered and centrifuged at 2,400 g for two minutes, and the filtrate was 

discarded.  

Extension-ligation of bound oligo primers 

This process was performed to connect the hybridized upstream and downstream 

oligos. A DNA polymerase extended from the upstream oligos through the targeted 

region before ligating to the 5' end of the downstream oligo using a DNA ligase. This 

extension-ligation achieved the formation of products containing the targeted regions of 

interest flanked by sequences required for amplification. 

For this step, 45 μl of the extension-ligation mix ELM4 were added to each sample well 

of the filter unit plate. The plate was then sealed with adhesive foil and covered with its 

lid before being incubated in a pre-heated incubator at 37°C for 45 minutes. 

PCR amplification 

In this step, the extension-ligation products were amplified using primers which added 

sample multiplexing index sequences and common adapters required for cluster 

generation. 

Primers, DNA polymerase and a PCR master mix were defrosted to room temperature. 

Fresh 50 mM Sodium Hydroxide (NaOH) was diluted from 10 M NaOH in sterile water 

in two dilution steps: 1:10 followed by 1:20. 

Index primers i5 were arranged vertically in a rack, aligned with rows A through to H. 

Index primers i7 were arranged horizontally in a rack, aligned with columns 1 through 

to 12. The position of all index primers was recorded in the datasheet. Using a 

multichannel pipette, 4 μl of i5 primers were added to each column of a 96-well indexed 

amplification plate. Subsequently, 4 μl of i7 primers were added to each row of the 

plate. 

The filter unit plate from the previous step was removed from the incubator once the 45 

minute extension-ligation reaction was complete. 25 μl of 50 mM NaHO were added to 

each sample well on the filter unit plate and pipetted up and down five to six times to 

denature the DNA. The filter unit plate was then incubated at room temperature for five 

minutes. 

56 μl of Truseq DNA Polymerase 1 (TDP1) were added to 2.8 ml of PCR mastermix 2 

(PMM2) containing deoxyribonucleoside triphosphates (dNTPs) and a buffer solution. 

While the filter plate unit was incubating, 22 μl of the PMM2/TDP1 PCR master mix 
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were transferred to each well of the indexed amplification plate containing index 

primers. 

Subsequently samples eluted from the filter unit plate were transferred to the indexed 

amplification plate using a multichannel pipette set to 20 μl. To improve transfer of the 

eluted DNA, the NaHO was pipetted up and down five to six times before being 

transferred onto the indexed amplification plate, where it was pipetted up and down five 

to six times again to combine the DNA with the PCR master mix. Tips were changed 

after each column to avoid index and sample cross-contamination. After completing 

sample transfer, the indexed amplification plate was covered with microseal film. It was 

centrifued to 1,000*g at 20°C for one minute. 

The indexed amplification plate was then transferred to the post-amplification area, 

where PCR was performed on a thermal cycler. PCR cycling conditions were 

determined by the amplicon size and number of amplicons in the custom amplicon 

oligo tubes. As the amplicon size was between 225 and 275 base pairs (with a design 

target of 250), and the amplicon numbers for both panels were 1,093 and 381 

respectively, 23 PCR cycles were performed. The thermal cycler was programmed to 

start at 95°C for three minutes, followed by 23 cycles of 95°C for 30 seconds, 66°C for 

30 seconds and 72°C for 60 seconds. Finally it was set to remain at 72°C for five 

minutes, before holding at 10°C. The plate stayed on the thermal cycler overnight. 

PCR clean-up 

This process used AMPure XP beads to purify the PCR products from the other 

reaction components. After removal from the thermal cycler, the indexed amplification 

plate was centrifuged at 1,000 * g at 20°C for one minute to collect condensation. 

To confirm that library amplification was successful, a 1ul aliquot of the controls from 

both plates and seven other test samples was run on a 1,000 chip bio-analyser. The 

bio-analyser resolved the products according to size using electrophoresis through a 

gel matrix. Peaks of the expected size were observed for all test samples. 

 To purify the PCR products, 45ul of magnetic AMPure XP beads were added to each 

well of the CLP plate. The plate was sealed with adhesive seal and shaken on a 

microplate shaker at 1,800 rpm for two minutes. Afterwards it was incubated at room 

temperature for ten minutes to improve binding of the PCR DNA product to the 

magnetic beads. The plate was placed on a magnetic stand for two minutes until the 

supernatant had cleared. With the plate on the magnetic stand, the supernatant 

containing unwanted PCR reaction components was carefully removed and discarded 



130 
 

using a multichannel pipette set at 100 μl. The pipette tips were changed between 

samples. 

The plate remained on the magnetic stand, while the beads were washed with freshly 

prepared 80% ethanol. For this purpose, 200 μl of 80% ethanol were added to each 

sample well by a multichannel pipette. The plate was incubated on the magnetic stand 

for 30 seconds until the supernatant appeared clear, before the supernatant was 

removed and discarded. The wash step was repeated using fresh 80% ethanol. Finally 

a multichannel pipette set to 20 μl was used to remove excess ethanol. The plate was 

then removed from the magnetic stand, and the beads were allowed to air-dry for ten 

minutes. 

The PCR products bound to the cleaned beads were then eluted in elution buffer with 

tris (EBT). For this purpose, 30 μl of EBT were added to each well of the plate. The 

plate was sealed and shaken on a microplate shaker at 1,800 rpm for two minutes. 

Some samples had not resuspended after shaking and were gently pipetted up and 

down before the plate was placed back on the microplate shaker for another two 

minutes. The plate was then incubated at room temperature for two minutes. It was 

placed on the magnetic stand until the supernatant had cleared. The cleaned PCR 

product in the supernatant was then transferred to a new 96-well MIDI library 

normalisation plate. The plate was sealed with microseal film and centrifuged at 1,000 

g for one minute. Plate 2 was stored in the freezer at this stage for further processing at 

a later stage. 

Library normalisation 

This process normalised the quantity of each library to ensure more equal library 

representation in the pooled sample. 

Fresh 0.1M NaOH was prepared from 10 M NaOH through two consecutive dilution 

steps of 1:10 in sterile water. Library normalisation solutions were prepared by bringing 

all items to room temperature. The library normalization beads LNB1 were vortexed 

until all beads were well resuspended. 4.4 ml of library normalisation additives LNA1 

were pipetted into a fresh 15 ml conical tube. 800 μl of library normalisation beads 

LNB1 were added to this and mixed well by inverting the tube 20 times. 45 μl of this 

bead mix LNA1/LNB1 were added to each well of the library normalisation plate 

containing the cleaned PCR products. The plate was sealed with adhesive microseal 

film and shaken on a plate shaker at 1,800 rpm for 30 minutes. This allowed a 

normalised amount of each PCR product to bind to the normalisation beads. All excess 

PCR products were then discarded in the next step. For this purpose, the plate was 
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placed on a magnetic stand for two minutes until the supernatant had cleared. The 

supernatant containing any unwanted excess PCR products was then discarded using 

a multichannel pipette set to 80 μl. 

In an ensuing wash step, the library normalisation plate was removed from the 

magnetic stand and the beads were washed with library normalisation wash buffer 

LNW1. 45 μl of LNW1 were added to each sample well. The plate was sealed with 

microseal film and shaken on a microplate shaker at 1,800 rpm for five minutes. Then 

the plate was placed back on the magnetic stand for two minutes until the supernatant 

had cleared. The supernatant was discarded, and the LNW1 wash step was repeated 

using 45 μl of fresh wash buffer LNW1 per well. Finally any excess LNW1 was 

removed using a multichannel pipette set to 20 μl. 

The library normalisation plate was removed from the magnetic stand and 30 μl of 0.1 

M NaOH were added to each well to elute the sample. The plate was sealed with 

microseal film and shaken on a microplate shaker at 1,800 rpm for five minutes. 

A new 96-well storage plate was prepared by adding 30 μl library normalisation storage 

buffer LNS2 to each well.  After ensuring that all samples in the library normalisation 

plate were resuspended completely, the plate was placed back on the magnetic stand 

for two minutes. The supernatant containing the cleaned normalised PCR product was 

then transferred to the storage plate using a multichannel pipette set to 30 μl. The 

storage plate was sealed with microseal film and centrifuged to 1,000*g for one minute. 

Library Pooling and MiSeq Sample Loading 

In preparation for cluster generation and sequencing, equal volumes of normalised 

library were combined, diluted in hybridisation buffer and heat denatured before 

sequencing on the MiSeq sequencer. The MiSeq reagent cartridge was thawed in a 

water bath at room temperature. Using a multichannel pipette, 5 μl of each sample well 

from the storage plate were transferred to a PCR eight-tube strip. Tips were changed 

after each column to avoid cross-contamination. The storage plate was sealed with 

microseal and set aside. The contents of the PCR eight-tube strip were combined and 

transferred into a pooled amplicon library Eppendorf tube. This was mixed well. 

A diluted amplicon library Eppendorf tube was created by combining 6 μl of the pooled 

amplicon library tube with 594 μl of hybridisation buffer HT1. The diluted amplicon 

library tube was vortexed at maximum speed. A PhiX control sample (a viral genome of 

approximately 7 kB length) was prepared to add to the pool. For this purpose, 375 μl of 

20 pmol PhiX were mixed with 225 umol hybridisation buffer HT1 to achieve 12.5 pmol 

PhiX. 6 l of the 600 μl diluted amplicon library Eppendorf tube were discarded, and 6 μl 
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of 12.5 pmol PhiX control added to achieve a PhiX concentration of 1% in the pool.  

This diluted amplicon library was then incubated at 96°C on a heat block to denature 

the DNA. After the incubation, the tube was inverted a couple of times and immediately 

placed in an ice-water bath for five minutes. The diluted amplicon library Eppendorf 

was then loaded into a thawed MiSeq reagent cartridge in the “load samples” reservoir. 

Following this, the library was sequenced on the MiSeq system (Illumina, San Diego, 

CA, USA). 

A sample tracking SNP panel was utilized to ensure final data provenance (226). For 

this, SNPs from a replicate plate were compared with SNPs from the NGS plate. Since 

SNP profiles were identical for all sample positions across both plates, any potential 

sample switches during wet lab processing were ruled out. 

Pathogenic variants identified following the sequence data analysis with a read depth 

≤80 were confirmed by Sanger sequencing. 

In silico data processing 

The in silico data processing steps were performed by another PhD student with 

programming expertise. Firstly, the raw NGS reads generated by the MiSeq system 

were subjected to initial quality check using FastQC (227) and aligned to reference 

genome GRCh37 (hg19) using NovoalignMPI v3.01.00 (228); coverage statistics were 

collated with BEDTools v2.17 (229). Variants deviating from the reference sequence 

were called individually using SAMtools v0.1.19 (230), and filtered with VCFtools 

v0.1.12 (231). Called variants were annotated with variant coding effects, minor allele 

frequencies (MAF) for populations of European descent from the 1000 Genomes 

Project (1KG) (232) and Exome Sequencing Project (ESP) (233), and predictive 

metrics of deleteriousness, including Polyphen-2 (234), with ANNOVAR v2013Aug23 

(235). 

Splicing variants within 10 base pairs of an intron/exon boundary were scored using a 

Maximum Entropy (MaxEnt) model (236). A difference cut-off in MaxEnt score of |>3| 

was used to predict disruption of pre-mRNA splicing (237). 

Assignment of pathogenicity categories 

Recommendations by the American College of Medical Genetics (ACMG)(238) were 

followed to allocate variants into the categories “definitely pathogenic”, “probably 

pathogenic”, and “possibly pathogenic”. “Definitely pathogenic” mutations were listed in 

HGMD, consistent with the phenotype, and individually assessed to establish the 

strength of evidence for pathogenicity in the literature. “Probably pathogenic” mutations 
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included novel splice site, frame shift and nonsense mutations, and mutations listed as 

disease-causing in HGMD with insufficient or conflicting evidence in the literature to 

determine their definite pathogenicity. “Possibly pathogenic” mutations consisted of 

nonsynonymous mutations with a minor allele frequency (MAF) <0.05.  Mutation 

zygosity had to match its known pattern of inheritance, and be present in all affected 

relatives in the panel to be considered disease-causing. 

Clinical parameters associated with pathogenic mutations 

Clinico-pathological parameters were compared between patients with pathogenic 

collagen mutations and the remaining cohort. Statistical significance was determined 

by the 2, Fisher’s Exact test, or Mann-Whitney-U test as appropriate, using SPSS 

version 21 (IBM, Armonk, NY, USA). 
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Results 

Data quality 

 98.9% of the coding region was targeted successfully across 39 genes (table 24). 

Following sequencing and alignment, >94% of the targeted region was covered to a 

depth of at least 10x, with a mean depth of >300x.  

Patients 

Eighty patients with FSGS and one with SRNS were recruited into the study (table 25). 

The cohort included nine individuals from the Wessex region belonging to four families. 

To the best of our knowledge, the remaining individuals were unrelated, resulting in 76 

independent families. All but two patients were Caucasian (one Black African and one 

Asian). The diagnosis of FSGS was based on eponymous biopsy findings in 

combination with proteinuria; except in five patients, where no biopsies were taken, and 

two patients with minimal change disease on biopsy. Their diagnosis of FSGS was 

supported by biopsies in similarly affected relatives and/or the clinical picture. A 

diagnosis of “familial FSGS”, requiring the diagnosis of FSGS in at least one relative, 

was established in 12 individuals from eight families. 

Called variants 

562 on-target variants across the 39 genes were identified in the 81 patients. After 

filtering for functional effects and a MAF ≤5% in 1000 Genomes, the Exome 

Sequencing Project, and the cohort itself, and ≤10 variants in our in-house database, 

266 variants remained (figure 22). 17 definitely pathogenic variants, five probably 

pathogenic variants (236) (table 26), and 242 possibly pathogenic variants were 

identified. The participant-centric table 27 shows only those definitely or probably 

pathogenic variants which occurred in the zygosity reported in the literature to be 

disease-causing. As indicated in tables 26 and 27, pathogenic variants with a read 

depth ≤80 were confirmed by Sanger sequencing. 
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Table 25: Clinical information 

   No of 
patients 

Gender  male 51 

  female 30 

Diagnosis FSGS total 80 

  (familial FSGS) (12) 

 SRNS  1 

Age at presentation  0-84 [years], median 37  

 childhood onset 1-12 [years] 3 

 adolescent onset 12-18 [years] 8 

 adult onset >18 [years] 70 

Age at RRT RRT 6-85 [years], median 47.5 62 

 pre RRT 25-81 [years], median 46 23 

Urinary PCR Maximum 13-2740, median 505  

 Nephrotic  64 

 Subnephrotic (<200)  17 

Nephrotic 
syndrome 

Yes  35 

 No  46 

Haematuria Microscopic  19 

 intermittently macroscopic 7 

Biopsy diagnosis FSGS Biopsy-proven 73 

  Biopsy diagnosis FSGS in 
similarly affected relative 

5 

  Minimal change disease 2 

 SRNS not biopsied 1 

EM Total  37 

 abnormal GBM  9 

FHx   29 

 

Clinical information on all study participants  
RRT=renal replacement therapy, PCR=protein creatinine ratio, EM=electron microscopy, 
FHx=family history of renal disease. 
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Figure 22: Filtering Steps 

 

 

 

Filtering steps of the reported on-target variants: *The 1000 Genomes Project (1KG) and 
Exome Server Project (ESP) are large genomic databases including populations with 
European ancestry. Variants with a frequency of >5% in these databases were excluded 
from further study as they are likely to be common population polymorphisms with no 
significant functional consequences. **Variants found to be common in our own genetic 
non-disease database of unrelated whole-exome sequenced individuals (n=292) 

#
Variants 

with a minor allele frequency (MAF) in the cohort of >5% were excluded as they were 
likely to represent common local population polymorphisms or batch effects (artefacts).  
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Diagnostic rates 

Definitely pathogenic mutations were found in 12 patients from 10 of 76 families. In 

order to establish diagnostic rates for a pure adult FSGS/SRNS cohort, we excluded a 

family with suspected AD from the statistics, leaving 75 families. Thus we achieved 

molecular diagnoses in 12% of families and 13% of the case series (table 28). 

Definitely and probably pathogenic mutations combined were identified in 16 patients 

from 15 families, giving a diagnostic rate of 20%. Diagnostic rates for patients with and 

without FHx, and according to the age of disease onset are shown in table 28.   

Patients with collagen mutations 

Eight participants from six families with disease-causing collagen mutations were 

identified (table 29), including one family with suspected AD (F2). Excluding this family, 

collagen mutations represented 56% of all definitely pathogenic mutations. The 

discovered COL4 mutations confirmed the diagnosis of AD in two patients (F2 brother 

and sister), changed it to AD in four (F1 mother and son, I1 and I3), and TBMN in two 

patients (I2 and I6). All participants had heavy proteinuria, resulting in nephrotic 

syndrome in I1.There was no documented microscopic haematuria in F1 mother, I1 

(male) and I3 (female). Only one participant presented with hearing loss (F2 brother). 

In two others, hearing loss developed post-transplantation and was attributed to 

external factors. Ophthalmic tests are only documented in I1 and were normal. Light 

microscopy showed FSGS in all biopsied participants, with the exception of F2 sister 

(normal light microscopy). As shown in table 6, F1 mother’s first EM was normal, the 

second revealed GBM lamellation possibly compatible with AD, but she had no 

associated clinical features or FHx at the time. The EM in F1 son was not diagnostic, 

but showed widespread podocyte foot process fusion, lamellation and splitting of the 

GBM. Clinical testing for AD was arranged at the time, but not completed. The two 

participants with single COL4A3/4 mutations (I2 and I6) had microscopic haematuria 

(with a FHx in I2), nephrotic range proteinuria, and FSGS on light microscopy. EM in I2 

was normal.       
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Table 26: Pathogenic Variants 

Patho
genic 

CHR Location Gene Variant 
type 

Variant info Disease 1KG ESP Polyp
hen 

ΔMa
xEnt 

def 1 5926503 NPHP4 ns c.C3574T:p.R1192W
##

 Nephronophthisis 4 0.0009 0.0023 1.00  

def 1 5933335 NPHP4 ns c.G3292A:p.A1098T Nephronophthisis 4 0.0018 0.0009 0.00  

def 1 5935064 NPHP4 ns c.A2914G:p.S972G
##

 Nephronophthisis 4 0.0046 0.0036 0.65  

def 1 5940243 NPHP4 ns c.C2542T:p.R848W Nephronophthisis 4 0.0100 0.0219 1.00  

def 1 196709816 CFH ns c.G2850T:p.Q950H HUS 0.0032 0.0062 0.81  

def 2 227917083 COL4A4 stop-gain c.C2906G:p.S969X AD . 0.0001 0.83  

def 2 228145686 COL4A3 ns c.G2452A:p.G818R AD . . 1.00  

def 2 228172594 COL4A3 ns c.T4421C:p.L1474P AD 0.0014 0.0041 0.96  

def 6 47544838 CD2AP ns c.A902T:p.K301M
##

 Nephrotic syndrome . 0.0003 1.00  

def 14 105169777 INF2 ns c.G653A:p.R218Q FSGS . . 1.00  

def 19 36322018 NPHS1 ns c.C3418T:p.R1140C Congenital nephrotic syndrome, Finnish t. . . 0.97  

def 19 36332686 NPHS1 ns c.G2746T:p.A916S Minimal change nephrotic syndrome 0.0009 0.0036 0.93  

def 19 36340009 NPHS1 ns c.C881T:p.T294I Minimal change nephrotic syndrome 0.0046 0.0119 0.79  

def 19 36340187 NPHS1 ns c.C791G:p.P264R Congenital nephrotic syndrome, Finnish t. 0.0100 0.0157 0.95  

def 22 36682873 MYH9 ns c.T4952C:p.M1651T MYH9 related disease 0.0009 0.0014 0.84  

def X 107826150 COL4A5 ns c.G973A:p.G325R
##

 AD . . 1.00  

def X 107909779 COL4A5 ns c.G3508A:p.G1170S
##

 AD . . 1.00  

prob 11 32413517 WT1 splicing c.1432+1G>C (Frasier Syndrome, c.1432+1G>A) . .  8.27 

prob 14 105174341 INF2 splicing c.1735+2T>G  . .  7.65 

prob 19 39218649 ACTN4 ns c.G2401A:p.V801M* FSGS 0.0018 0.0053 0.85  

prob 20 60884427 LAMA5 ns c.G11053A:p.G3685R*
,#

#
 

FSGS . 0.0088 1.00  

prob X 101093170 NXF5 splicing c.860+2T>C
##

  . .  7.75 

All definitely and probably pathogenic variants are shown with their chromosomal location (CHR=chromosome), variant type (ns=nonsynonymous), variant 
info, disease listed in HGMD (where applicable), frequency in the genomic databases 1,000 Genomes Project (1KG) and Exome Server Project (ESP), 
PolyPhen-2 score (a predictive measure of deleteriousness based on evolutionary conservation and structural models), and Δ Maximal Entropy Score 
(ΔMaxEnt) for splice-site variants. *listed in the Human Gene Mutation Database (HGMD), but inconsistencies in literature for causality (154, 239), 
##

confirmed by Sanger sequencing as read depth≤
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Table 27: Participant-Centric Table of Pathogenic Variant

Participant-centric table of definitely (def) and probably (prob) pathogenic variants.  The table takes into account zygosity and relatedness. 
1
The FHx 

score represents the sum of affected blood relatives, with the relative’s score contribution halved for each increase in the degree of separation, i.e. 1st 
degree affected relatives contribute 1 to the score, 2nd degree relatives 0.5, 3rd degree 0.25 etc.. Participant numbers starting with the letter “F” have 
relatives in the cohort; “I” stands for individual. *biopsy proven, 

#
excluded from statistics, 

##
confirmed by Sanger sequencing as read depth≤80, 

dom=dominant, rec=recessive, RRT=renal replacement therapy. While some unrelated individuals share pathogenic mutations, we are unable to discern 
reliably whether these are from a common source, or have arisen independently, due to the punctuate nature of the targeted sequencing data. 

  

Participan
t No 

Patho-
genici
ty Chr Gene Mutation 1 Mutation 2 

Inheritan
ce Gender 

FHx
1
s

core 
Clinical 
diagnosis 

Age at 
RRT 

Age at en-
rolment 

F1 mother def X COL4A5 c.G3508A:p.G1170S
##

  X-linked female 2.5 FSGS* 39 64 

F1 son def X COL4A5 c.G3508A:p.G1170S
##

  X-linked male 2.5 FSGS* 35 45 

F2 brother
#
 def 2 COL4A3 c.G2452A:p.G818R c.T4421C:p.L1474P rec male 1 likely AD*  33 

F2 sister
#
 def 2 COL4A3 c.G2452A:p.G818R c.T4421C:p.L1474P rec female 1 

hereditary 
nephritis*  

42 

I1 def X COL4A5 c.G973A:p.G325R
##

  X-linked male 3.75 FSGS* 36 49 

I2 def 2 COL4A4 c.C2906G:p.S969X  rec female 2 FSGS*  43 

I3 def X COL4A5 c.G3508A:p.G1170S  X-linked female 1.5 FSGS 64 66 

I4 def 14 INF2 c.G653A:p.R218Q  dom female 1 FSGS*  36 

I5 def 2 COL4A3 c.T4421C:p.L1474P  rec male 0 FSGS*  57 66 

I6 def 1 NPHP4 c.C3574T:p.R1192W
##

 c.C2542T:p.R848W rec male 0 FSGS*  28 

I7 def 6 CD2AP c.A902T:p.K301M
##

  dom female 0 FSGS*  30 34 

I8 def 22 MYH9 c.T4952C:p.M1651T  dom male 0 FSGS*  60 66 

I9 prob 20 LAMA5 c.G11053A:p.G3685R
##

  dom male 0.5 FSGS*    28 

I10  prob 20 LAMA5 c.G11053A:p.G3685R  dom male 0 FSGS*  59 66 

I11 prob 19 ACTN4 c.G2401A:p.V801M  dom female 0 FSGS* 30 47 

I 12  prob 11 WT1 c.1432+1G>C  dom female 0 SRNS  16 44 

I13 prob 14 INF2 c.1735+2T>G  dom male 0 FSGS*  40 52 

I 14 prob X NXF5 c.860+2T>C
##

  X-linked female 0 FSGS*  67 67 
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Table 28: Diagnostic rates 

 Total 
 
(of families) 

Total  
 
(of case series) 

With family 
history 
(of families) 

Without 
family 
history   
(of families) 

Adult onset 
 
(of case series) 

Childhood 
onset  
(of case series) 

Adolescent 
onset 
(of case series) 

definitely 
pathogenic 
mutations 

9/75 =12% 10/79 =13% 5/23 =22% 5/52 =10% 9/69 =13% 1/3 =33% 0/7 =0% 

definitely or 
probably pathogenic 
mutations 

15/75 =20% 16/79 =20% 6/23 =26% 10/52 =19% 14/69 =20% 1/3 =33% 1/7 =14% 

Diagnostic rates for the total cohort; patients with and without family history; and according to age of onset; are shown for definitely pathogenic 
mutations alone, and for definitely pathogenic mutations in combination with probably pathogenic mutations.  
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Table 29: Participants with collagen mutations 

Participant Original 
clinical 
diagnosis 

Mutation Haem
aturia 

Nephrotic 
range 
Proteinuria 

Nephrotic 
syndrome 

Hearing loss 
at 
presentation 

Hearing 
loss after 
ESRD 

Biopsy diagnosis 
Light microscopy 

Biopsy diagnosis 
Electron Microscopy 

F2 
brother

#
 

?FSGS/?AD COL4A3 
p.G818R 
p.L1474P 

+ +  +  ?FSGS Some thinning, widening and 
splitting of GBM, diameter of 
130-720 nm (non-diagnostic) 

F2 sister
#
 Familial GN COL4A3 

p.G818R 
p.L1474P 

+ +    Normal light-
microscopy 

No diagnostic material obtained 

F1 mother Familial 
FSGS 

COL4A5 
p.G1170
S 

 +    FSGS (on first and 
second biopsy, a 
decade apart) 

First EM normal, second EM 
showed GBM lamellation 

F1 son Familial 
FSGS 

COL4A5 
p.G1170
S 

+ +   + FSGS Widespread foot process 
fusion, lamellation and splitting 
of GBM (non-diagnostic) 

I1 (male) Familial 
FSGS 

COL4A5, 
p.G325R 

 + +  + FSGS Retrospectively done: 
Focal GBM areas with internal 
laminations and irregular 
contouring, other areas within 
normal limits 

I3 (female) Familial 
FSGS 

COL4A5 
p.G1170
S 

 +    Patient refused 
(diagnosis based 
on affected 
mother) 

n/a 

I2 (female) FSGS COL4A4 
p.S969X 

+ +    FSGS Normal 

I6 (male) FSGS COL4A3 
p.L1474P 

+ +    FSGS n/a 

Clinical and histopathological features of all participants with collagen mutations are shown. Participant numbers starting with “F” for family indicate the 
presence of relatives in the panel, whereas numbers starting with “I” represent individuals. 

#
excluded from statistics, ESRD=end stage renal disease, 

GN=glomerulonephritis. 
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Patients with other confirmed pathogenic mutations 

Pathogenic mutations in INF2 and CD2AP causing autosomal dominant disease were 

found in patients I4, and I7; both had biopsy-proven FSGS.  Compound heterozygosity 

for two NPHP4 mutations in I6 with sporadic biopsy-proven FSGS and nephrotic range 

proteinuria changed his diagnosis to nephronophtisis. The MYH9 mutation M1651T in 

I8 with sporadic FSGS and intermittent macroscopic haematuria at presentation causes 

May Hegglin anomaly, characterized by platelet anomalies with the possible 

development of renal failure. There was no clinical suspicion of this diagnosis prior to 

genetic testing, and no platelet abnormalities were noted, but the clinical picture was 

confused by recurrent bleeding on anticoagulants, requiring multiple blood transfusions. 

Patients with probably pathogenic mutations 

Probably pathogenic splice-site mutations in WT1, INF2 and NXF5 were discovered in 

three individuals (I12 – I14), all with biopsy-proven FSGS.  We took the conservative 

approach of classifying the nonsynonymous mutations in LAMA5 in I9 and I10, and in 

ACTN4 in I11 as probably pathogenic, instead of pathogenic despite their listing in 

HGMD, due to either conflicting or insufficient evidence in the literature regarding their 

pathogenicity. 

Mutations in families 

No reported pathogenic mutations were identified in two of the four families on the 

panel. F4 sisters 1 and 2 both have the novel LAMB2 variant D181N, which would be 

expected to be recessive. No common mutations were found for F3 father, daughter 1 

and daughter 2. Apart from two pathogenic COL4A3 mutations, F2 brother and sister 

also share the ACTN4 variant R310Q and the APOL1 variant S324G.   

Clinical characteristics associated with pathogenic mutations 

Clinical and histological features were analyzed for patients with pathogenic collagen 

mutations, compared to the remaining patients (table 30). Differences in gender, 

proteinuria, age at renal replacement therapy (RRT), RRT requirement, renal 

transplantation, and biopsy findings were not significantly different. COL4 mutation 

patients were significantly more likely to have FHx, haematuria, GBM abnormalities, 

and younger age at presentation.  
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Table 30: Comparison of clinico-pathological features 

 COLLAGEN NON-COLLAGEN COLLAGEN versus        
NON-COLLAGEN 

Pts with collagen 
mutations 

Pts with other definitely 

pathogenic mutations 

Pts with probably 
pathogenic mutations 

Remaining pts Significance level 

n=8 n=4 n=6 n=57  

Male Gender  4/8 pts 2/4 pts 3/6 pts 39/57 pts p=0.448 

Age at present. 5-56, median 23 23-53, median 27 15-54, median 30 2 – 81, median 41 p=0.029  

Age at RRT 35-64, median 39 30-60, median 59 16-67, median 35 10 – 85, median 52.5 p=0.744  

Urinary PCR 300-900, median 500 53 – 1,352, median 329 212 - 2,000, median 
434.5 

13 – 2,740, median 
730.5 

p=0.867  

Nephrotic syndrome 1/8 pts 0/4 pts 3/6 pts 29/57 pts p=0.071  

Haematuria 5/8 pts 1/4 pts 1/6 pts 9/57 pts p=0.009   

Hearing deficit <40 y 2/8 pts 1/4 pts 0/6 pts 1/57 p=0.054  

Biopsy consistent 
with FSGS 

6/7 pts 4/4 pts 5/5 pts 54/54 pts p=0.1   

GBM abnormalities 3/4 pts 0/1 pts 1/3 pts 5/26 pts p=0.041  

ESRD 5/8 pts 2/4 pts 5/6 pts 43/57 pts p=0.433   

Transplant 4/8 pts 1/4 pts 5/6 pts 30/57 pts p=1   

Transplant 
recurrence 

0/4 0/1 pts 0/5 pts 5/30 pts p=1    

Family History 7/8 pts 1/4 pts 1/6 pts 17/57 pts p=0.001   

Comparison of clinical and histological features between patients (pts) with pathogenic collagen mutations, patients with other definitely pathogenic 
mutations, patients with possibly pathogenic mutations and the remaining patients. Statistical significance is calculated to compare the distribution of 
clinico-pathological features for patients with collagen mutations compared to all other patients. Significant P-values are highlighted in bold (p<0.05). 
RRT=renal replacement therapy, PCR=protein creatinine ratio, y=years, GBM=glomerular basement membrane, ESRD=end-stage renal disease. 
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Discussion 

We designed a customized NGS panel for the investigation of FSGS/SRNS, which is 

the first comprehensive FSGS gene panel in an adult cohort. Targeted panels have 

been recognized as a promising approach in the investigation of FSGS (155). We have 

shown that this technique works well with excellent coverage of the targeted genes 

after manual optimization, and a high diagnostic rate. We resolved 12-20% of all 

FSGS/SRNS cases. This represents 22-26% of families with family history and 10-19% 

of those without. We solved 13-20% of adult onset cases, which is higher than the 

previously reported 8-14% (206, 207), and explained by our use of NGS allowing the 

testing of a comprehensive gene panel.  

Of strong clinical relevance is the frequency with which COL4 mutations were found to 

underlie FSGS. Pathogenic COL4 mutations were discovered in five of nine families 

(56%) with a definitely pathogenic gene mutation, and 7% of families in the cohort, 

representing the highest prevalence of any mutation. They were found in 38% of 

families with familial FSGS (3/8), and 3% of sporadic FSGS/SRNS (2/67). AD or TBMN 

had only been suspected in one family (F2) not included in the statistics.  

Our prevalence of COL4 mutations in familial FSGS is higher than the recently reported 

10-12.5% (218, 219), which is likely explained by our inclusion of COL4A5, where over 

half of our COL4 mutations occurred. This is more consistent with the mutation 

distribution in AD (211). Our cohort included more patients with sporadic than familial 

FSGS, thus also giving an estimated prevalence of COL4 mutations in sporadic FSGS.  

The simultaneous sequencing of 36 podocyte genes allowed us to rule out potential 

modifier mutations in NPHS1/2. The ACTN4 variant R310Q in F2 brother and sister is 

thought to predispose to FSGS (239, 240) and may have acted as a modifier. 

Theoretically others could have been missed by less than complete coverage and the 

unknown effect of novel variants.    

We established six new diagnoses of AD in our FSGS cohort. AD can be difficult to 

diagnose due to variations in diagnostic features, both clinical and histological (241-

243). Diagnostic criteria for AD have been published recently (244). They rely on the 

presence of (familial) haematuria with or without renal impairment, in combination with 

either characteristic EM biopsy changes, or specified COL4 mutations - which 

established the diagnosis in all patients in our cohort. FSGS has been found to be the 

most common misdiagnosis in female patients with X-linked AD (241). In these cases it 

can be difficult to distinguish biopsy changes of AD mimicking FSGS (called phenocopy) 

from a development of secondary FSGS.  
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There is evidence that FSGS occurring in our patients with AD is more likely to 

represent FSGS phenocopy than merely the late development of secondary FSGS. 

The first biopsy per family was taken 0-3 years after presentation when the excretory 

renal function was still (near) normal. GBM thickness was largely within normal limits in 

all four EMs, with normal GBM appearance on F1 mother’s first biopsy and FSGS on 

light microscopy.  Phenocopy is likely to have developed by chance consistent with 

AD’s diverse biopsy features, or there could be yet unknown modifying factors. 

Relevantly, the clinical features of the patients with COL4 mutations were atypical for 

AD. Three patients (one male, two female) with COL4A5 mutations had no 

documented haematuria. The absence of haematuria is reported in 5% of females 

(243), but 0% of males with X-linked AD (242). It is possible that haematuria was 

present intermittently in male I1, but missed at clinical sampling, with his clinical 

records being incomplete following transfer from another unit. Hearing loss developed 

late in two of three males, and was not present in any female. This is compatible with 

90% of males and 10% of females developing hearing loss before the age of 40 (242, 

243). The severe phenotype in F1 mother and female I5 with progression to ESRD 

occurs in 15% of female carriers (243), and is likely due to skewed X-inactivation (245).  

Several pathogenic mutations were encountered in other patients in CD2AP, INF2, 

LAMA5 and ACTN4 reported to cause autosomal dominant FSGS of adult onset. We 

are only the second group to describe mutations in LAMA5 in FSGS (154), with mouse 

models demonstrating LAMA5’s role in the formation and maintenance of the 

glomerular filtration barrier (246, 247). The mutation p.G6358R found in two of our 

patients was also identified by a previous targeted NGS panel (154). Further work is 

needed to confirm the exact role of LAMA5 in FSGS.  

The discovery of two NPHP4 mutations changed the diagnosis of I6 from FSGS to 

nephronophthisis, also known to be associated with biopsy findings of FSGS. (248) 

MYH9 mutations causing May Hegglin anomaly can present with features similar to AD, 

(249) as was the case in I8. 

Assigning variants to the category “probably pathogenic” is fraught with difficulty.(238) 

The probably pathogenic splice-site mutations we identified in INF2, NXF5 and WT1 

have a high ΔMaxEnt score, which indicates a high probability of disrupting canonical 

splicing (237). One variant in female I12 occurred in the same position as a published 

splicing change in WT1 (250), known to cause isolated SRNS in females, and Frasier 

syndrome in males (251). Without extensive functional studies, we cannot prove if all 

altered splice products are definitely pathogenic. The absence of a family history in 
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some patients with presumed dominant pathogenic mutations may be explained by de 

novo mutations, incomplete penetrance, or a false negative family history. 

We have  performed confirmatory Sanger sequencing for all pathogenic variants with 

read depths below 80, confirming the validity of our NGS data, since targeted NGS has 

been shown to be equally reliable as conventional sequencing for read depths above 

30 (252). Before any variants are reported back to participants, fresh blood samples 

will be sent to an approved National Health Service (NHS) laboratory for confirmatory 

sequencing to meet current diagnostic standards. 

By comparing patient and biopsy characteristics between participants with and without 

pathogenic or collagen mutations, we demonstrated that these features poorly predict 

the underlying pathology. As could be expected, the presence of a positive FHx and 

younger age at presentation make a genetic aetiology more likely. When haematuria, 

hearing and GBM abnormalities are present, this can suggest an underlying COL4 

mutation. Our case histories confirm that EM can raise suspicion and guide genetic 

testing, and should become routine practice in all cases of FSGS (213). A normal EM, 

however, should not give false reassurance as the typical changes have been found in 

only approximately 60% of AD (209).  

The discovery of gene defects can have significant benefits for patients and their 

relatives, including genetic counseling, screening, avoiding unnecessary 

immunosuppression, and slowing the progression of renal disease through early 

treatment, with known benefits of early renin-angiotensin system blockade in AD (253, 

254). The risk of graft loss in renal transplantation can be predicted as very low, due to 

disease recurrence for patients with podocyte mutations (255) or anti-GBM disease in 

AD (256).  

Our targeted NGS panel produces fast, affordable and reliable results, verified by 

confirmatory sequencing. The cost was approximately £200 per participant for all 39 

genes, compared to conventional sequencing costs of £800 for a single collagen gene. 

Limitations of the technique are the poor coverage of intronic regions (also missed by 

conventional sequencing), and being restricted to genes previously associated with the 

disease. Furthermore, the interpretation of novel variants remains challenging. We 

have chosen a conservative approach likely to under-diagnose pathogenic variants, 

rather than risk over-diagnosis. The identified 242 possibly pathogenic variants are 

likely to contain further disease-causing mutations and non-functional polymorphisms. 

This distinction cannot be clarified without extensive functional studies. The above 

reasons combined can explain why we did not identify pathogenic mutations in all of 
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the investigated cases with family history. These families may benefit from further 

genetic analysis by whole exome or whole genome sequencing. 

In summary, NGS, as a targeted panel or whole exome sequencing, is an ideal 

approach for the genetic testing of FSGS with multiple possible underlying aetiologies. 

We have demonstrated that not only COL4A3/4, but also COL4A5 mutations should be 

considered in patients with FSGS, especially in the presence of a positive FHx, even if 

clinical and biopsy features are atypical.  
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6. Exome data on patients with an unknown genetic disorder 

Introduction 

This research study has identified many patients with unknown genetic disorders who 

will benefit from further genetic work-up. Of these, the family with the largest pedigree 

was chosen for exome sequencing as part of this project. This was a father and son 

pair with an extensive family history of autosomal dominant renal disease, who were 

negative for UMOD mutations, and in whom no mutations were identified in the 

targeted sequencing study. Testing for Fabry disease had not been performed as the 

family’s mode of inheritance with male to male transmission was incompatible with an 

x-linked disorder. 

Exome sequencing is a common application of next generation sequencing (NGS). As 

opposed to targeted NGS panels where specific genes are chosen, in whole exome 

sequencing (WES), all exons are amplified and sequenced. It is thought that 85% of 

gene mutations lie within the human exome (33), which is the summation of all protein-

coding DNA regions called exons (122). Exome sequencing produces large quantities 

of data, and the appropriate filtering and analysis of these data is one of the largest 

challenges of the technique (146). As outlined in the general introduction, exome 

sequencing has led to the identification of several new renal disease-causing genes 

(148, 150, 151), and is often used in the analysis of unknown genetic disorders (148).    

Methods 

Patient ascertainment 

Study participants were chosen for exome sequencing from those participants tested 

for FSGS/SRNS mutations and for UMOD mutations, in whom no disease-causing 

mutations had been found. Furthermore, to improve the chances of success, DNA had 

to be available for more than one family member. All conditions were met by three 

families, of which the chosen family had the largest pedigree (see figure 23) and 

displayed an autosomal dominant pattern of inheritance with male to male transmission. 

DNA from the only two surviving affected candidates FN53 302 and FN53 404 was 

used for exome sequencing as no DNA was available from the deceased more 

distantly related family members.  

Clinical data from all family members were collected from patient interviews and/or a 

review of their clinical records. 
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Exome sequencing 

In vitro methods 

The DNA was extracted from whole blood by the salting out method as previously 

described. The exome sequencing was performed using the exome capture kit Agilent 

SureSelect v5.0 (51 Mb) as per the manufacturer’s instructions, without my direct 

involvement. The exome library was sequenced on the HiSeq 2000 Sequencer at the 

Wellcome Trust Centre for Human Genetics, Oxford. 

Confirmatory sequencing 

After the data analysis, confirmatory Sanger sequencing of candidate variants was 

carried out in affected and unaffected family members for segregation analysis at the 

Wessex Regional Genetics Laboratory, the University of Southampton and Source 

Bioscience Sequencing, Nottingham, again without my direct involvement. 

In silico methods 

Following the sequencing, Southampton University’s established Mendelian disease 

software pipeline (75) was used for analysis by a researcher experienced in 

bioinformatics and programming. First the reads obtained by the HiSeq 2000 

Sequencer were aligned to reference genome GRCh37 (hg19) using NovoAlign 

v2.08.02 (257). Duplicate reads likely to skew variant calling results were marked and 

removed by Picard (http://picard.sourceforge.net). The depth of coverage for target 

regions was determined using BEDTools v2.17 (229). After alignment, variants from the 

reference genome were called using SAMtools v0.1.18 (258). Subsequently the called 

variants were annotated with population allele-frequencies and functional effect 

predictions using ANNOVAR v2013Feb21 (235). A separate SNP based identity panel 

was used to ensure no sample mix up had occurred during wet-lab processing (16).  

A filtering approach of the called variants was employed to ascertain possible disease-

causing variants. As part of a tiered approach, the quality-filtered variant data were first 

interrogated for variants in renal candidate genes. Variants had to be non-synonymous 

and present in any zygosity in both sequenced individuals. For this purpose, a list of 

189 renal candidate genes was drawn up from an interrogation of the Human Gene 

Mutation Database (HGMD) 2015.1 (195) and an extensive literature search (table 31). 

All 39 genes from the targeted NGS panel (see chapter 5) were contained in this list of 

candidate genes. Genes were searched for under the following phenotype headings: 

renal failure, glomerulosclerosis, nephrotic syndrome, proteinuria, nephritis, and 

haematuria. Additionally, all genes from a recently published list of renal disease genes 

were included (259). Table 31 shows the gene size and the percentage of target 

coverage for each gene.  
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In the next step, the segregating variants in renal candidate genes were filtered to 

remove those with a minor allele frequency (MAF) greater than 0.01 in the 1000 

Genomes Project or the Exome Sequencing Project. These are large genomic datasets 

of populations of European descent, and renal disease-causing variants are expected 

to be very rare in these cohorts.  Equally, variants seen ten or more times in the local 

Soton database (n~300) were removed. 

As the search in renal candidate genes failed to reveal a candidate variant, a wider 

unbiased filtering approach was used. Firstly, variants not present in heterozygosity in 

both sequenced individuals (as required for an autosomal dominant disorder) were 

excluded. The next step removed synonymous variants unlikely to be disease-causing. 

Subsequently, variants were filtered to remove those with a minor allele frequency 

(MAF) greater than 0.1% in the 1000 Genomes Project and the Exome Sequencing 

Project. Furthermore, variants seen five or more times in the local Southampton 

database (n~300) were removed. For the remaining variants, a literature search was 

performed, looking for any association with previously published renal phenotypes 

similar to those observed in family FN53. 
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Table 31: Renal Candidate Gene list 

Gene  Phenotype  Size (bp) Targeted (%) 

CLDN19  Renal failure  5797 94.0 

GLA  Renal failure  1418 100.0 

GTPBP4  Renal failure  2517 100.0 

MCM4  Renal failure  5811 76.0 

NOD2  Renal failure  4485 100.0 

NR0B1  Renal failure  1585 100.0 

NR5A1  Renal failure  3095 94.4 

SARS2  Renal failure  2206 82.9 

SCARB2  Renal failure  4767 97.8 

SLC22A12  Renal failure  4244 100.0 

SLC2A9  Renal failure  2079 94.3 

STAR  Renal failure  2695 70.5 

TINAG  Renal failure  1804 100.0 

UMOD  Renal failure  2442 98.9 

MUC1  Renal failure  2887 99.0 

REN  Renal failure  1465 100.0 

HNF1B  Renal failure  3023 100.0 

PKD1  Renal failure  14188 48.3 

PKD2  Renal failure  5079 100.0 

PKHD1  Renal failure  17407 98.9 

NPHP1  Renal failure  2878 100.0 

INVS  Renal failure  4185 93.3 

NPHP3  Renal failure  5398 83.8 

NPHP4  Renal failure  5004 95.4 

IQCB1  Renal failure  2594 92.2 

CEP290  Renal failure  7955 96.0 

GLIS2  Renal failure  3705 100.0 

RPGRIP1L  Renal failure  6182 66.8 

NEK8  Renal failure  2858 80.7 

SDCCAG8  Renal failure  2617 100.0 

TMEM67  Renal failure  5521 94.3 

TTC21B  Renal failure  5477 98.0 

WDR19  Renal failure  4520 92.8 

ZNF423  Renal failure  4818 86.2 

CEP164  Renal failure  5628 97.8 

ANKS6  Renal failure  7147 100.0 

IFT172  Renal failure  5360 100.0 

CEP83  Renal failure  2750 100.0 

MKS1  Renal failure  2542 100.0 

MKS3  Renal failure  2542 100.0 

BBS1  Renal failure  3370 100.0 

BBS2  Renal failure  2814 87.3 

ARL6  Renal failure  1453 73.5 

BBS4  Renal failure  3001 100.0 

BBS5  Renal failure  3157 60.6 
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Gene  Phenotype  Size (bp) Targeted (%) 

MKKS  Renal failure  3202 72.7 

BBS7  Renal failure  4406 100.0 

TTC8  Renal failure  2203 100.0 

BBS9  Renal failure  4019 87.5 

BBS10  Renal failure  3583 100.0 

TRIM32  Renal failure  7355 98.9 

BBS12  Renal failure  3432 89.2 

OFD1  Renal failure  3651 99.7 

SLC4A1  Renal failure  4953 97.3 

SLC41A1  Renal failure  4854 95.3 

AGXT  Renal failure  1598 100.0 

GLA  Renal failure  1418 100.0 

ACE  Glomerulosclerosis  5219 88.0 

ACTN4  Glomerulosclerosis  3954 100.0 

ANLN  Glomerulosclerosis  4770 100.0 

ARHGAP24  Glomerulosclerosis  5682 87.7 

C3  Glomerulosclerosis  5101 100.0 

CAPN12  Glomerulosclerosis  3129 94.0 

CD2AP  Glomerulosclerosis  5409 100.0 

CFH  Glomerulosclerosis  4375 100.0 

COL4A3  Glomerulosclerosis  8097 100.0 

INF2  Glomerulosclerosis  5603 97.6 

LAMA5  Glomerulosclerosis  11426 100.0 

LMNA  Glomerulosclerosis  5024 91.3 

LMX1B  Glomerulosclerosis  6041 31.5 

MMP14  Glomerulosclerosis  3538 100.0 

MPV17  Glomerulosclerosis  1007 94.9 

MYH9  Glomerulosclerosis  7505 97.0 

MYO1E  Glomerulosclerosis  5110 100.0 

NPHP1  Glomerulosclerosis  2878 100.0 

NPHP4  Glomerulosclerosis  5004 95.4 

NPHS1  Glomerulosclerosis  5024 77.9 

NPHS2  Glomerulosclerosis  1871 100.0 

NXF5  Glomerulosclerosis  2233 67.3 

PAX2  Glomerulosclerosis  6589 100.0 

PLCE1  Glomerulosclerosis  8295 96.7 

PODXL  Glomerulosclerosis  5984 36.8 

SYNPO  Glomerulosclerosis  10611 96.6 

TRPC6  Glomerulosclerosis  4612 99.4 

TTC21B  Glomerulosclerosis  5477 98.0 

WT1  Glomerulosclerosis  3398 100.0 

WT1-AS  Glomerulosclerosis  2338 21.0 

ADCK4  Nephrotic syndrome  2497 69.5 

APOL1  Nephrotic syndrome  3119 84.7 

ARHGDIA  Nephrotic syndrome  3408 59.0 

CD2AP  Nephrotic syndrome  5409 100.0 

COQ2  Nephrotic syndrome  1641 100.0 
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Gene  Phenotype  Size (bp) Targeted (%) 

COQ6  Nephrotic syndrome  1846 100.0 

EMP2  Nephrotic syndrome  5181 93.4 

GSN  Nephrotic syndrome  3363 95.4 

INF2  Nephrotic syndrome  5603 97.6 

ITGA3  Nephrotic syndrome  5027 85.8 

LAMB2  Nephrotic syndrome  5808 100.0 

MPV17  Nephrotic syndrome  1007 94.9 

MYO1E  Nephrotic syndrome  5110 100.0 

NPHS1  Nephrotic syndrome  5024 77.9 

NPHS2  Nephrotic syndrome  1871 100.0 

PLCE1  Nephrotic syndrome  8295 96.7 

PTPRO  Nephrotic syndrome  10139 83.0 

SMARCAL1  Nephrotic syndrome  3318 90.3 

STS  Nephrotic syndrome  6377 100.0 

TRPC6  Nephrotic syndrome  4612 99.4 

WT1  Nephrotic syndrome  3398 100.0 

ANLN  Nephrotic syndrome  4770 100.0 

ACTN4  Nephrotic syndrome  3954 100.0 

ITGB4  Nephrotic syndrome  6165 94.5 

CD151  Nephrotic syndrome  1620 87.2 

PDSS2  Nephrotic syndrome  3552 96.8 

MTTL1  Nephrotic syndrome  4977 56.2 

NXF5  Nephrotic syndrome  2233 67.3 

LMX1B  Nephrotic syndrome  6041 31.5 

SCARB2  Nephrotic syndrome  4767 97.8 

ARHGAP24  Nephrotic syndrome  5682 87.7 

KANK1  Nephrotic syndrome  6696 74.9 

KANK2  Nephrotic syndrome  5335 54.0 

KANK4  Nephrotic syndrome  5477 81.7 

CDC42  Nephrotic syndrome  3155 86.2 

CRB2  Nephrotic syndrome  5641 100.0 

IQGAP1  Nephrotic syndrome  7210 100.0 

IQGAP2  Nephrotic syndrome  5769 100.0 

IQGAP3  Nephrotic syndrome  6052 100.0 

MYH9  Nephrotic syndrome  7505 97.0 

ITBG4  Nephrotic syndrome  3060 70.9 

ACACB  Proteinuria  9249 99.4 

APOA5  Proteinuria  1989 97.9 

CFTR  Proteinuria  6131 100.0 

CLCN5  Proteinuria  10385 91.9 

COL4A3  Proteinuria  8097 100.0 

COL4A4  Proteinuria  10341 95.8 

CUBN  Proteinuria  11933 99.6 

NPHS2  Proteinuria  1871 100.0 

WT1  Proteinuria  3398 100.0 

C3  Nephritis  5101 100.0 

CCL2  Nephritis  747 100.0 
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Gene  Phenotype  Size (bp) Targeted (%) 

CD46  Nephritis  3393 100.0 

CFH  Nephritis  4375 100.0 

CFHR5  Nephritis  2828 100.0 

CFI  Nephritis  2161 100.0 

COL4A3  Nephritis  8097 100.0 

COL4A4  Nephritis  10341 95.8 

CXCR1  Nephritis  2486 96.5 

DNASE1  Nephritis  3098 32.0 

FAN1  Nephritis  6253 71.6 

FCGR2A  Nephritis  2684 99.6 

FCGR3B  Nephritis  2549 93.3 

LRP2  Nephritis  15735 100.0 

MEFV  Nephritis  3707 89.6 

MIF  Nephritis  561 100.0 

MTHFR  Nephritis  7150 95.3 

MYH9  Nephritis  7505 97.0 

NR3C1  Nephritis  11755 69.5 

TINAG  Nephritis  1804 100.0 

TLR1  Nephritis  2851 92.7 

TLR4  Nephritis  5781 89.3 

UMOD  Nephritis  2442 98.9 

WT1  Nephritis  3398 100.0 

COL4A3  Haematuria  8097 100.0 

COL4A4  Haematuria  10341 95.8 

COL4A5  Haematuria  6832 100.0 

MYH9  Haematuria  7505 97.0 

CFHR5  Haematuria  2828 100.0 

RET renal gene list (259) 6545 100.0 

HPSE2 renal gene list 4419 56.4 

KAL1 renal gene list 6314 100.0 

DIS3L2 renal gene list 6522 91.9 

GPC3 renal gene list 2499 100.0 

INPP5E renal gene list 3380 100.0 

AHI1 renal gene list 5898 74.8 

TMEM237 renal gene list 5763 100.0 

CEP41 renal gene list 9529 71.4 

TMEM138 renal gene list 1992 68.2 

TCTN3 renal gene list 2739 100.0 

CSPP1 renal gene list 4718 95.4 

PDE6D renal gene list 1118 100.0 

TCTN2 renal gene list 3105 97.6 

B9D1 renal gene list 2269 85.7 

B9D2 renal gene list 1031 68.1 

IFT80 renal gene list 5161 84.8 

DYNC2H1 renal gene list 13699 100.0 

NEK1 renal gene list 6287 81.9 

WDR60 renal gene list 3772 100.0 
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Gene  Phenotype  Size (bp) Targeted (%) 

IFT140 renal gene list 5268 97.3 

WDR34 renal gene list 1818 100.0 

PTHB1 renal gene list 2713 100.0 

WDPCP renal gene list 3309 100.0 

LZTFL1 renal gene list 3398 100.0 

ALMS1 renal gene list 12922 100.0 

IFT122 renal gene list 4438 100.0 

IFT43 renal gene list 2068 90.0 

PAX6 renal gene list 7708 84.4 

FGA renal gene list 5297 100.0 

SLC5A2 renal gene list 2273 100.0 

SLC1A1 renal gene list 3739 100.0 

SLC7A7 renal gene list 2912 67.5 

SLC4A4 renal gene list 8146 49.1 

CA2 renal gene list 1666 100.0 

PHEX renal gene list 2861 100.0 

DMP1 renal gene list 2686 96.9 

CTNS renal gene list 7274 56.6 

SLC2A2 renal gene list 3439 97.2 

SLC12A1 renal gene list 4805 99.4 

CLCNKB renal gene list 3191 94.2 

SLC12A3 renal gene list 5762 79.1 

CASR renal gene list 5265 93.8 

TRPM6 renal gene list 8632 100.0 

FXYD2 renal gene list 669 55.5 

CLDN16 renal gene list 3273 97.2 

EGF renal gene list 5583 88.6 

CNNM2 renal gene list 4472 100.0 

KCNA1 renal gene list 7983 21.0 

SCNN1G renal gene list 3499 97.3 

SCNN1A renal gene list 4292 100.0 

WNK1 renal gene list 12151 100.0 

CUL3 renal gene list 6927 100.0 

KCNJ10 renal gene list 5306 95.5 

ATP6V0A4 renal gene list 3357 90.3 

ATP6V1B1 renal gene list 1939 100.0 

SLC3A1 renal gene list 2320 100.0 

 

Table 31 shows the renal candidate gene list from HGMD 2015.1 and a literature search for the 
phenotypes renal failure, glomerulosclerosis, nephrotic syndrome, proteinuria, nephritis, and 
haematuria. Included are all genes from a recently published renal gene list (259), which is cited for 
those genes not ascertained through HGMD. The size of each gene (bp = base pairs), and the 
percentage of gene coverage by the Agilent V5 capture kit are shown. The median gene capture was 
97.8%.  
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Results 

Clinical information 

The family’s pedigree is shown in figure 23. Available clinical data from all family 

members are described below: 

Figure 23: Family pedigree 

 

Figure 23 shows the Pedigree for family FN53. Males are depicted by a square and females by a circle. 
Affected members are shown in black, unaffected in white; and gray indicates an unknown disease 
state. For deceased individuals, a single diagonal line is drawn through the symbol. All individuals 
share the family number “FN53”, which is followed by a unique three-digit identifier depicted below 
their symbol, with the first number indicating the generation. The two circled individuals underwent 
exome sequencing. 

  

FN53 302 

The patient was referred to the tertiary renal center at age 20 with advanced chronic 

renal failure. The year before, he had had an open renal biopsy showing 

glomerulosclerosis with marked changes of secondary hypertension. He started 

haemodialysis almost immediately upon his transfer. He was transplanted the same 

year, and his first renal transplant lasted ten years. After a few months on 

haemodialysis, he received a second renal transplant, which is still functioning perfectly 

after 21 years.  

Likely mode of inheritance: Dominant.  
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FN53 404 

In view of his family history, the patient’s urine sediment was monitored six monthly 

from birth, and was normal until the age of nine. 

At age nine, he was admitted for an episode of asthma, when an incidental finding of 

proteinuria, haematuria and glycosuria was made. At this time, he had a history of 

problems with recurrent ear infections, and an ear infection had preceded the asthma 

attack. An audiogram approximately two months prior to the admission had been 

normal. His only other past medical history was an episode a few years earlier of being 

unable to stand due to painful and weak legs with spontaneous recovery over a few 

days. His father had also had an episode of transient paralysis aged nine. 

He was normotensive, and had normal-sized kidneys on renal ultrasound. A 

radionuclide dimercaptosuccinic acid (DMSA) scan showed approximately equal 

divided renal function. His glomerular filtration rate (GFR) was below normal at 48 

ml/min/m2. A renal biopsy was performed and showed diffuse mesangio-proliferative 

glomerulonephritis with segmental sclerosis in some glomeruli. There was no evidence 

of any GBM duplication or thinning.  

The available paediatric notes were incomplete beyond this point, but the patient was 

later classed as having steroid-resistant nephrotic syndrome. He developed 

hypertension and progressive renal failure and received a preemptive living related 

renal transplant from his mother at age 15. This failed recently after 14 years at age 29, 

when the patient started dialysis. 

FN 53 406  

The patient was referred to renal services at the age of 15 with proteinuria and 

moderate renal impairment (creatinine 151 mol/l). His blood pressure was normal at 

the time. His renal biopsy showed ”a mixed picture of some completely sclerosed 

glomeruli, others partly sclerosed and others showing mild proliferation of mesangial 

cells with thickening of the mesangium. The base of the membrane was normal 

throughout. There were some course granules of C3 in some of the capillary walls. 

There was marked tubular atrophy with some interstitial fibrosis and abundant cell 

infiltration. The intermediate vessels showed no abnormality. The appearances of the 

biopsy therefore were not diagnostic but were compatible with a form of hereditary 

nephritis.” 

He was found to have “moderate hyperuricaemia” and was started on prophylactic 

allopurinol. He started dialysis at age 16. He received a first renal transplant at age 17, 

which failed within seven months. His second transplant at the age of 19 failed after 18 
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months. His third transplant at age 21 lasted two-and-a-half years. His fourth transplant 

at age 24 lasted four years. The graft failures were attributed to vascular or cellular 

rejection, associated with poor concordance with his transplant medication, and 

ciclosporin toxicity with his second transplant. He had multiple other medical problems, 

including an ostium secundum atrial septal defect with atrial fibrillation and pulmonary 

hypertension, hypothyroidism, tertiary hyperparathyroidism requiring a 

parathyroidectomy, and hypersplenism requiring a splenectomy. He also had 

hypoplastic bone marrow, and a possible micro-prolactinoma. He died on 

haemodialysis aged 34. 

FN53 304 

The patient was referred to renal services at age 36 at end stage renal disease with 

malignant hypertension. There was a history of long standing recurrent urinary tract 

infections, leading to a presumptive diagnosis of reflux nephropathy. She also received 

treatment for a prolactinoma. She started haemodialysis immediately and received a 

successful renal transplant 6 months later. She died with a working graft aged 61.  

FN53 202 

The patient was referred to renal services at age 56 with a longstanding history of 

hypertension, gout and renal failure with a creatinine of 295 mol/l. He also had a 

history of epilepsy on carbamazepine and polycythaemia. His urinalysis revealed 

proteinuria (3+ on dipstix), but no microscopic haematuria. A renal biopsy at this time 

showed “severe interstitial inflammation, i.e. an interstitial nephritis”. Treatment with 

corticosteroids did not improve his renal function.  Within 18 months, he progressed to 

end-stage renal disease. He underwent renal transplantation aged 60. On a couple of 

occasions, he received treatment for rejection, but on the second occasion, there was 

some diagnostic confusion about possible obstruction of the transplant kidney causing 

his decline in renal function. He died with a working graft two and a half years later. He 

had had an anterior myocardial infarct five months prior to his death.  

Data quality 

Data on the coverage statistics are shown in table 32. Any reads with a phred score of 

under 20 indicating an error probability of >1% were excluded. 99.5% of the target 

bases were covered at least one time, and 98% of target bases at least ten times, with 

an average read depth of 68, representing good coverage. 
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Table 32: Coverage statistics 

 FN53_302 FN53_404 

total_reads 46894793 48054628 

mapped_to_target_reads 41735415 42658634 

percentage 89 88.8 

mapped_to_target_reads_plus_150bp 43149646 44150182 

percentage 92.0 91.9 

mean_coverage 67.4 69.0 

accessible_target_bases 49659552 49659552 

accessible_target_bases_1x 49419443 49427275 

percentage 99.5 99.5 

accessible_target_bases_5x 49197470 49199497 

percentage 99.1 99.1 

accessible_target_bases_10x 48713156 48728351 

percentage 98.1 98.1 

target_bases_20x 46477659 46582929 

percentage 93.6 93.8 

Table 32 shows the percentage of target reads of the total reads, the mean coverage, and the 
percentage of coverage of target bases at 1 – 20x.  

 

The number of called variants and their percentage of heterozygosity are shown in 

table 33.  

Table 33: Variant calls and heterozygosity 

Sample Variants % Het % X Het App. Gender 

FN53-302 24,805 60.13 19.89 Male 

FN53-403 25,083 60.63 13.9 Male 
Table 33 shows the total called variants found in the two participants, the genome-wide percentage of 
heterozygous variants (% Het), the percentage of heterozygous variants on the X-Chromosome (% X 
Het), and the apparent gender (App. Gender) based on the heterozygosity on the X-chromosome. 
 

A low percentage of heterozygosity on the X-Chromosome served to confirm the 

participants’ chromosomal male gender. First degree relatedness was indicated by 

59.52 % genotypic concordance between the two samples.  

First tier variant filtering in candidate genes 

355 variants were found to be present in candidate genes in both individuals combined. 

After excluding synonymous variants unlikely to have functional significance, 166 

variants remained. Of these, 105 variants were present in both individuals. After 

filtering out variants that were common in the large population databases 1000 

Genomes and Exome Sequencing Project (>0.01), and common variants from the in-

house Southampton database (≥10x), only seven variants remained (table 34).  
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Analysis of variants in candidate genes 

Seven variants remained after the filtering steps described above (table 34). Of these, 

CEP290:p.E994K, APOL1:p.W145G, and the two CFTR variants could be excluded as 

candidates as they were all reported to be recessive in renal disease, and they 

occurred in heterozygosity. In the case of the two CFTR variants, the possibility of 

disease-causing compound heterozygosity was ruled out as both variants are predicted 

to be benign. 

Of the remaining variants, the PKD1 variant p.A1871T is considered to be likely benign 

(260, 261). Furthermore, the family’s phenotype does not fit with polycystic kidney 

disease. SLC5A2 mutations can cause renal glycosuria with no impairment of excretory 

renal function (262), thus also poorly fitting the family’s phenotype. Confirmatory 

sequencing was performed for both the PKD1 and the SLC5A2 variants in case these 

variants had caused an unusual disease phenotype. As described below, they both 

failed to segregate with the disease in the family.  

Finally, the PODXL variant was revealed to be common at 0.23 in the follow-up cohort 

of the exome sequencing project. The variant had been falsely annotated as rare by 

the software pipeline due to informatics issues in the annotation of non-frame shift 

deletions.  
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Table 34: Table of candidate variants from first tier analysis  

CHR Gene Zygosity 
FN53 302 

Zygosity 
FN53 404 

Published 
phenotype 

Variant type Variant info SIFT Polyphen-2 MaxEnt 1KG ESP 

7 CFTR het het proteinuria Splicing c.744-9_-6delGATT - - 0 - - 

7 CFTR het het proteinuria n.s. p.N417K 0.35 0.0  - - 

7 PODXL het het glomeruloscler
osis 

Non-frameshift 
deletion 

p.22_24del - -  - - 

16 SLC5A2 het het Renal 
glycosuria 

n.s. p.G77C 0.0 0.998  - 0.00012 
 

12 CEP290 het het renal failure n.s. p.E994K - -  0.0027 0.002935 

16 PKD1 het het renal failure n.s. p.A1871T 0.43 0.985  - 0.005718 

22 APOL1 het het nephrotic  
syndrome 

n.s. p.W129G 0.67 0.999  - - 

Table 34 shows the seven variants which remained after filtering in candidate genes, with their chromosomal (CHR) and gene location, the zygosity in each participant 
(het=heterozygous), the published phenotype of gene mutations in this gene, the variant type (n.s.=non-synonymous), the variant info with the predicted protein alteration, 
predictive scores of deleteriousness SIFT, Polyphen-2 and MaxEnt (for the splice-site variant), and frequencies in the large genomic databases 1,000 Genomes (1KG) and Exome 
Sequencing Project (ESP).   
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Table 35: Table of candidate variants from second tier analysis  

CHR Gene 
Zygosity 
FN53 302 

Zygosity 
FN53 404 Variant type 

Variant 
info SIFT 

Polyphe
n-2 1KG ESP 

2 NRP2 het het n.s. p.D649N 0.19 0.998 . 0.000116 

9 GPSM1 het het frameshift deletion p.P414fs . . . . 

6 RREB1 het het n.s. p.E1228K 0.04 0.305 . 0.00093 

6 AKAP12 het het 

nonframeshift  p.D1434d
elinsED . . . . insertion 

11 IGHMBP2 het het n.s. p.L543V 0.4 0.011 . . 

16 FTO het het n.s. p.L146M 0.05 0.85 0.0005 0.000116 
Table 35 shows the six variants which remained after the second tier analysis, with their chromosomal (CHR) and gene location, the zygosity in each participant 
(het=heterozygous), the variant type (n.s.=non-synonymous), the variant info with the predicted protein alteration, predictive scores of deleteriousness SIFT, and Polyphen-2, 
and frequencies in the large genomic databases 1,000 Genomes (1KG) and Exome Sequencing Project (ESP).  
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Second tier variant filtering 

A total of 30,204 variants were found across both participants. 7,676 were present in 

both individuals in heterozygosity. After excluding synonymous variants, 4,257 variants 

remained. Removing variants with a MAF >0.1% in 1000 Genomes and the Exome 

Sequencing Project left 582 variants. After excluding variants present in five or more 

individuals in the Soton non-disease database, 204 variants remained. 

Analysis of second tier variants 

A literature review of all 204 variants revealed only six variants to be associated with 

human renal phenotypes (table 35). The two most promising variants in NRP2 and 

GPSM1 were chosen for family segregation analysis. NRP2 up-regulation has been 

demonstrated in FSGS (263), and GPSM1 over-expression in cystic kidney diseases 

(264). 

The remaining four genes have been identified as possible candidate genes for renal 

disease in GWAS with no functional evidence of pathogenicity to date. RREB1 is a 

candidate gene for Diabetes mellitus Type 2 associated end-stage renal disease 

(ESRD) (265). FTO gene polymorphisms have been associated with an increased risk 

of CKD and ESRD (266, 267). AKAP12 gene polymorphisms have been found in 

association with CKD in a Japanese GWAS alone. IGHMBP2 polymorphisms have 

been associated with IgA nephropathy in a Japanese GWAS (268), but not in UK or 

Han Chinese populations (80).   

Confirmatory sequencing 

Confirmatory gene sequencing was performed in the affected individuals FN53 302 and 

FN53 404, and their unaffected relatives FN53 201, FN53 301, FN53 303, and FN53 

404 (table 36). No DNA was available from any deceased affected individuals.  

The PKD1 and the SLC5A2 variants identified in the first tier analysis were examined 

by confirmatory sequencing, even though their published phenotype was not a good 

match. Neither variant segregated with the disease in the family. The PKD1 variant was 

found in FN53 302 and FN53 404, but also in the unaffected FN53 405. The SLC5A2 

variant was confirmed in the affected FN302 and FN404, but was also present in the 

unaffected FN53 201. 

Confirmatory sequencing was also performed for the GPSM1 and NRP2 variants from 

the second tier analysis. Neither of these variants segregated with the disease in the 

family, either. The GPSM1 variant was confirmed in FN53 302 and FN53 404, but was 

also present in FN53 301, and FN53 405. The NRP2 variant was present in the 

affected FN53 302, FN53 404, and the unaffected FN53 301 and FN53 405. 
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Table 36: Confirmatory sequencing results 

 
AFFECTED UNAFFECTED 

 
FN53 302 FN53 404 FN53 201 FN53 301 FN53 303 FN53 405 

PKD1 pos pos neg neg neg pos 

SLC5A2 pos pos pos neg neg neg 

GPSM1 pos pos neg pos neg pos 

NRP2 pos pos neg pos neg pos 
 

Discussion 

This study highlights the challenges that can be encountered in the clinical 

interpretation of variants generated by whole exome sequencing. Challenging areas 

include the quality of coverage of the target DNA regions, the accuracy of the variant 

calling, and most importantly, the selection and interpretation of possible disease-

causing variants.  

No next generation sequencing platform offers 100% coverage of the targeted genetic 

regions. The exome capture kit Agilent SureSelect v5.0 used by this study showed 

overall good coverage of the renal candidate genes, with a median gene coverage of 

97.8%, but the coverage for some individual renal candidate genes was significantly 

lower as shown in table 31. The study’s quality control data showed good depth of 

coverage, with 98% of base pairs covered at least ten times, and an average depth of 

coverage of 68.  

While the overall coverage of the targeted regions was very good, it is still possible that 

a disease-causing mutation could have been missed through incomplete coverage by 

the capture kit.  

A phred-quality score was used to ensure accurate base calls, where any calls with an 

error probability of >1% were discarded.  Any sample mix-up during processing was 

ruled out through the utilisation of a separate SNP panel. Finally, sample gender and 

relatedness were confirmed by heterozygosity mapping. While not impossible, it is 

therefore unlikely that the study’s results were influenced by sample switching errors or 

inaccurate variant calling. This leaves the area of variant selection and interpretation to 

be examined in detail.  

The vast number of variants generated by exome sequencing necessitates a stringent 

filtering approach to uncover disease-causing variants. This filtering approach seeks to 

discard common single nucleotide variants (SNVs) representing benign inter-individual 

variation, and to retain rare potentially disease-causing variants. Hence variants with a 

significantly high prevalence in genomic databases of healthy individuals are removed, 
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as common variants are very unlikely to be pathogenic for rare phenotypes. Another 

filtering step is the use of segregation analysis to remove any non-segregating variants 

that could not explain the family’s phenotype. Furthermore, in silico prediction tools 

assessing evolutionary conservation and possible changes in protein structure are 

employed in the selection of possible disease-causing variants. 

Exome sequencing has the highest chance of success if disease-causing mutations 

are present in genes known to be associated with the relevant phenotype. This is why 

this study used a two-tier approach. Gene variants in known renal disease genes were 

examined in the first instance. For this purpose, a renal candidate gene list was drawn 

up (table 36). Every effort was made to generate an up to date gene list from both 

HMGD and the literature. However, it is recognized that such a list can never be 100% 

complete, since new genes are being discovered continuously (224).  

The seven variants that remained after the first tier analysis of renal candidate genes 

represented a manageable number. Four variants were dismissed easily as their 

heterozygous state did not match the published disease-causing zygosity. Of these, the 

CEP290 (NPHP6) variant is possibly causative for Leber’s Congenital Amaurosis and 

nephrological ciliopathies in a recessive fashion. CEP290 mutations have been 

associated with blindness or retinitis pigmentosa present at birth (269), which does not 

fit the family’s clinical picture. Apolipoprotein L1 (APOL1) variants can be causal of 

FSGS or act as an FSGS risk-allele in a recessive manner (270), but they are not 

known to cause autosomal dominant renal disease. Furthermore, the variant p.W145G 

was predicted to be benign by a SIFT score of 0.67. No other APOL1 variants were 

present in both individuals. The cystic fibrosis transmembrane conductance regulator 

(CFTR) variants are also likely to be benign. The N417K (rs4727853) variant is 

reported as likely non-pathogenic based on in silico prediction tools (271), and the 

splice variant c.744-9_-6delGATT is a four base-pair deletion within a tract of a repeat 

of the deleted sequence. Consequently, the Δ MaxEnt score predicts a non-altered 

splice product. 

Of the variants in renal candidate genes occurring in the right zygosity, the polycystic 

kidney disease 1 (PKD1) variant A1871T is considered to be benign (260, 261, 272). 

Furthermore, polycystic kidney disease has a distinct phenotype, with renal failure 

caused by a growing number of cysts that replace healthy renal tissue (40). These 

cysts are seen on renal ultrasound or other imaging modalities, but were not observed 

in any members of family FN53. Finally segregation analysis revealed that the variant 

did not segregate with the disease. 
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The second variant in a renal candidate gene occurring in a possibly disease-causing 

zygosity was found in the solute carrier family 5 (sodium/glucose) cotransporter, 

member 2 gene (SLC5A2). Variants in SLC5A2 have been described to cause renal 

glycosuria in a co-dominant fashion with variable penetrance (273). Renal glycosuria is 

characterised by excessive urinary glucose excretion with normal blood glucose 

concentrations and no signs of other generalised tubular dysfunction (274). While 

urinary concentrating defects with resulting extracellular volume depletion and 

activation of the renin angiotensin sytem have been described in renal glycosuria, 

patients do not progress to ESRD (262). Patients with heterozygous mutations as 

occurring in our family have been found to have much lower levels of urinary glucose 

excretion than homozygotes or composite heterozygotes. Most discovered mutations 

are private, meaning that they are unique to a single family (262). Renal glucose 

exretion was not formally measured in family FN53. Proband FN53 404 was found to 

have glycosuria on urine dipstix at his original presentation. No comprehensive dipstix 

information was available for the other family members. While it is possible that the 

SLC5A2 variant caused a mild phenotype of renal glycosuria in family FN53, this would 

not explain the renal phenotype. Furthermore, the variant does not segregate with the 

renal disease, and hence is extremely unlikely to be the disease-causing mutation. 

The podocalyxin (PODXL) variant was the final variant in the renal candidate gene 

which occurred in the appropriate zygosity. This variant seemed very promising initially, 

before it became apparent that it was common and was only reported as rare because 

of an annotation error in the software pipeline.  

PODXL has recently been identified as a candidate gene in renal disease. There is 

functional evidence that PODXL is required for podocytes to work correctly as 

glomerular filters (275, 276). The podocalyxin protein is thought to function as an anti-

adhesin, which keeps the filtrations slits between adjacent podocytes patent through 

negative charge repulsion (277, 278). PODXL expression has been shown to be 

diminished in several glomerular diseases characterised by proteinuria (279-283). 

Furthermore, PODXL-deficient mice develop defective podocyte foot processes, 

leading to anuric renal failure and death within 24 hours of birth (284). In combination, 

this evidence suggests that deranged PODXL activity is common to some kidney 

diseases, and normal podocalyxin is necessary for podocytes to function properly (222).  

To date, a single family with FSGS and a podocalyxin like (PODXL) mutation has been 

published (222). In this family, the variant segregated with renal disease, with the 

exception of one mutation carrier who remained asymptomatic, but passed the disease 

on to her children, suggesting incomplete penetrance. The family’s mutation occurred 
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in the transmembrane region of the podocalyxin protein. It was shown to result in 

partial dimerisation of the PODXL protein in a cell model, with the abnormal protein 

dimer thought to affect function. However, the non-synonymous mutation did not affect 

protein expression, stability, cell surface localisation or glycolysation. A number of non-

functional polymorphisms in PODXL have been found in the 1,000 Genomes Project, 

indicating that not all PODXL variants are pathogenic. On review, our PODXL variant 

turned out to be one of these common non-functional polymorphisms.  

Interestingly, the PODXL variant was missed in the analysis of the targeted NGS panel 

for FSGS/steroid resistant nephrotic syndrome, which had included the PODXL gene. 

On review, it became apparent that the variant was present in the raw targeted NGS 

data. The gene region was amplified as part of three different amplicons. In two of the 

amplicons, the mutation lay at their margins. Therefore all mutation calls in these 

amplicons were discarded by the software as a likely artefact. The correct calls from 

the remaining amplicon constituted only a small proportion of all calls and were thus 

also dismissed by the software. This highlights some of the technical limitations of 

targeted NGS panels. The exome study was superior in this regard, but the annotation 

software erroneously called the PODXL variant rare due to small discrepancies in how 

the software calls the base positions of three-base pair deletions.  

When the first-tier exome analysis had failed to identify a candidate mutation, a 

second-tier analysis needed to be performed looking at pan-genomic variants. This is 

an objective approach, but necessitates harsh filtering, which was performed for minor 

allele frequencies in large genomic databases and our own in-house genomic database. 

It is expected that any autosomal dominant variant causing the severe renal phenotype 

observed in family FN53 must be very rare. Furthermore, any variants not occurring in 

heterozygosity as expected for an autosomal dominant variant were unlikely to be 

disease-causing. A literature review of the 204 gene variants that remained after 

filtering identified only six variants with a published association with human renal 

disease. 

Only two of these six variants had any functional evidence for a role in renal disease. 

This was the case for NRP2 and GPSM1. Up-regulation of tubular and interstitial 

neuropilin-2 (NRP2) protein expression has been demonstrated in FSGS (263). 

Furthermore, elevated NRP2 mRNA expression in renal biopsies in FSGS, minimal 

change disease and membranous nephropathy inversely correlated with estimated 

glomerular filtration rate at the time of biopsy, and was associated with faster post-

biopsy decline of renal function (263). No NRP2 mutations have been described in 

renal disease yet. Our NRP2 variant was predicted to be likely tolerated by SIFT, and 
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pathogenic by Polyphen-2. The variant was considered a possible disease-causing 

candidate, which is why segregation analysis was performed, before its non-

segregation with the renal disease in the family led to its dismissal. 

The other variant with functional evidence for renal pathogenicity in humans was G-

protein signaling modulator 1 (GPSM1). As a frame-shift deletion, the observed variant 

P414fs was very likely to lead to an altered GPSM1 protein. Abnormal over-expression 

of GPSM1 has been demonstrated in humans and rodents with autosomal dominant 

and autosomal recessive polycystic kidney disease (264). GPSM1 is uniquely 

expressed in distal tubular segments in both normal and cystic kidneys (264), and its 

expression correlates with renal size as an index of severity of cystic kidney diseases 

(264). In rodents, loss of GPSM1 has been shown to accelerate cystic disease and 

renal failure (285), and to impair renal tubular regeneration following acute kidney injury 

(286). As the GPSM1 variant also failed to segregate with the disease in the family, it 

was dismissed as a possible candidate.  

The remaining four variants have been identified as possible candidate genes for renal 

disease in GWAS with no functional evidence of renal pathogenicity to date. The ras 

responsive transcription factor 1 (RREB1) has been found to be a candidate gene for 

Diabetes mellitus Type 2 associated end-stage renal disease (ESRD) in European 

Americans and African Americans (265). While the RREB1 variant observed in family 

FN53 is predicted to be pathogenic by SIFT and possibly pathogenic by Polyphen-2, 

the phenotype does not match, with no Diabetes present in family FN53.  

Polymorphisms in the fat-mass and obesity-associated gene (FTO) have been found in 

association with an increased risk of CKD of varying severity in four independent Italian 

cohorts (266). Furthermore, they have been associated with the presence of CKD and 

the earlier onset of ESRD in two independent Czech cohorts (267). The observed 

variant in family FN53 was considered as tolerated by SIFT, and possibly pathogenic 

by Polyphen-2, thus not providing strong evidence of pathogenicity.  

A kinase anchor protein 12 (AKAP12) gene polymorphisms have been associated with 

CKD in a single Japanese GWAS (287), but no European cohorts, making the AKAP12 

variant a very unlikely candidate. The same can be said for polymorphisms in 

immunoglobulin mu binding protein 2 (IGHMBP2). IGHMBP2 polymorphisms have 

been associated with IgA nephropathy in a Japanese GWAS (268), but this was not 

replicated in two GWAS of UK and Han Chinese populations (288).   

Hence, in summary, a review of the four variants with no functional evidence for renal 

disease makes it unlikely that one of these variants could be disease-causing.  
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When examining the family’s phenotype more closely, it becomes apparent that the age 

at disease onset and at end-stage renal disease has decreased with subsequent 

generations. While a younger age at presentation in the younger generations could be 

due to an ascertainment bias, the same cannot be said for the more objective age at 

renal replacement therapy. Therefore it is possible that the family could be displaying 

anticipation. Genetic anticipation is caused by varying numbers of trinucleotide repeats, 

which would not be captured by exome sequencing. It is equally possible that other 

moderating factors such as variations in modulator genes could be responsible for the 

younger age at RRT in subsequent generations.  

The examination of the pedigree reveals another apparent inconcistency: In an 

autosomal dominant disorder, individual FN53 203 should have been affected, as she 

passed on the disease to her daughter and grandson. It is unknown if she died young, 

or her renal disease was not diagnosed for other reasons. Theoretically, it is also 

possible that the disease has incomplete penetrance in the family, and as stated above, 

it could require the presence of other moderating factors. 

In summary, this exome study has failed to find the family’s underlying gene mutation at 

this point in time. The most likely explanation for this is that the mutation could lie in a 

yet-unidentified renal disease-causing gene. The disease-causing variant could also 

have been erroneously removed by the filtering strategy.  Furthermore, it is possible 

that the mutation could have been missed due to incomplete gene coverage by the 

exome capture kit, especially if it occurred in a GC rich region, which is notoriously 

difficult to cover. Alternatively, the mutation could be located in an intronic or intra-gene 

regulatory region not covered by exome sequencing. If anticipation was present, this 

would equally have been missed. Theoretically, incomplete disease penetrance could 

mean that one of the variants examined by segregation analysis, which was also 

present in non-affected family members, could still be disease-causing.  

If more DNA from more distantly affected family members were to become available, 

this would increase the chances of making a successful diagnosis through exome 

sequencing, since these individuals would share fewer single nucleotide variants with 

the affected probands. As more renal disease genes are discovered, we may be able to 

solve this study using the existing exome data by increasing the renal candidate gene 

list. Functional studies of candidate variants may be required to determine their 

disease-causing potential. The family may also benefit from whole genome sequencing, 

which would cover intronic and intra-gene regions, but would be very challenging in 

terms of the required interpretation of a vastly greater number of segregating variants. 
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This study serves as an example of the systematic and comprehensive approach 

required for exome sequencing. The fact that the study has remained unresolved is not 

unusual, since to date, exome sequencing only leads to diagnoses in about 25% of 

cases with unknown underlying diagnoses (289). With an increased knowledge and 

understanding of genetic diseases through studies such as the 100,000 Genomes 

Project, this diagnostic rate can be expected to improve in the future.  
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7. Overall discussion and conclusions 

This research project has shown that genetic kidney diseases are more prevalent than 

previously known. They are often under-recognized and underrepresented in national 

disease registries and in local renal databases. The study demonstrates how a simple 

screening questionnaire combined with a systematic search of a regional database can 

uncover many additional cases of genetic kidney disease, fully recognising that an 

even larger number is likely to have been missed. 

Of the genetic kidney diseases identified by this study before genetic testing, the 

largest group other than polycystic kidney disease (PKD) was formed by genetic 

diseases of unknown aetiology. This demonstrated a need for further genetic 

investigation of these patients, in order to determine underlying diagnoses for 

prognostication, the development of targeted treatments, and the screening of relatives. 

After genetic testing, uromodulin associated kidney disease was shown to be the most 

common genetic kidney disease after PKD. The total number of patients with UAKD 

was 36, including six previously diagnosed patients not recruited to the study, and the 

total number of patients with Alport disease was 31, including the patients identified by 

the targeted NGS panel. Genetic testing reduced the number of patients with an 

unknown genetic nephropathy from 38 to 26. These 26 patients are likely to benefit 

from further genetic investigation. 

This study exemplifies the different genetic techniques that can be used in the 

investigation of monogenic diseases, depending on disease phenotypes. Where there 

is a high likelihood of one or two genes harbouring causative mutations, the first step 

can be conventional sequencing, as demonstrated for UMOD in the present study. 

UMOD gene sequencing of 126 patients identified 11 different mutations in 30 patients 

from 17 families, resulted in novel diagnoses in twelve individuals from seven families, 

and confirmed uromodulin associated kidney disease (UAKD) to be the most prevalent 

genetic kidney disease after PKD in our cohort of CKD patients. The study increased 

the total prevalence estimate for UAKD from 1.7 per million in the published literature 

(115) to 8.5 per million. 

Furthermore, this study has confirmed that biochemical tests available in the diagnosis 

of UAKD need to be interpreted with caution, namely urinary urate excretion, whether 

measured in the form of the fractional excretion of urate or urinary urate creatinine ratio; 

and urinary uromodulin concentrations. Combined with the genetic heterogeneity of 

autosomal dominant tubulo-interstitial kidney diseases, this means that genetic testing 

remains the only reliable means of obtaining a diagnosis.   
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Gene sequencing has its own diagnostic challenges, as demonstrated by the 

interpretation of novel UMOD variants in this study. The pathogenicity of these variants 

can be assessed by performing segregation analysis within affected families, and by 

obtaining predictive scores of deleteriousness, which take into account evolutional 

conservation and/or modelling of the altered protein structure. Functional laboratory 

studies combined with segregation analysis remain the most reliable way of predicting 

the effect of novel gene mutations, but in practice, they can be very difficult to obtain. 

Further steps are the pooling of data on phenotype and genotype in national and 

international disease registries, such as the RaDaR initiative and international disease-

specific databases (194). 

The second genetic technique demonstrated by this research project was a targeted 

next generation sequencing (NGS) panel. This was shown to be a reliable investigation 

with a high diagnostic yield for patients with a specific renal syndrome, namely focal 

segmental glomerulosclerosis (FSGS) or steroid resistant nephrotic syndrome. The 

technique can be cost-effective when a large number of patients are tested in parallel. 

It is much less labour-intensive than conventional sequencing, especially when dealing 

with large genes with multiple exons. Targeted NGS requires that many gene mutations 

underlying the condition are already known, and it does not allow the discovery of new 

causative genes. Intronic mutations or mutations in intra-gene regulatory elements are 

also not captured.  

The same problems exist for the interpretation of novel variants as discussed for 

conventional gene sequencing. This challenge is magnified as the number of novel 

gene variants is generally much larger due to the simultaneous screening of multiple 

genes. At the same time, these numbers are still much more manageable than in whole 

exome or whole genome sequencing.  

The final technique employed by this study was whole exome sequencing in the case 

of an unknown genetic disorder. The interpretation of the vast amount of data 

generated by this type of study relies on making correct assumptions as to the mode of 

inheritance of the disease, and choosing an appropriate filtering approach, including a 

list of candidate genes. This would be similar, yet on a much larger scale, for whole 

genome sequencing as undertaken by the 100,000 Genomes Project. Apart from 

choosing the correct filtering strategy, the main problems remain the interpretation of 

novel variants and dealing with incidental findings in disease-unrelated genes. In the 

context of this study, exome sequencing did not achieve a genetic diagnosis, 

emphasizing the need for furthering our genetic knowledge through future genetic 

investigations.  
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This study has highlighted the importance of clinicians and genetic scientists working 

together to achieve new diagnoses for patients. This is not helped by the fact that the 

disease-specific clinical language may be impenetrable to scientists, and phenotypic 

disease classifications can be very complicated, and often incompatible with more 

recently discovered gene defects. On the other hand, the growing complexity of 

genomic medicine is often incomprehensible to clinicians. The differences were 

exemplified in this research project by the differing use of the terms “familial” and 

“genetic”. “Familial” is commonly used by clinicians to characterize diseases which run 

in families, whereas “genetic” is preferred by genetic scientists to indicate that there is 

an underlying genetic disorder.  Integrating these different viewpoints and technical 

languages will be a challenge for the future, which can only be met by improving 

training, trying to unify terminology, and increasing opportunities for collaboration.  

The results of our targeted NGS panel exemplify how clinical and histological features 

can be highly variable in renal disease, leading to common clinical misdiagnoses. In 

these cases, genetic investigations alone may uncover the true underlying diagnosis. 

As in the present study, genetic investigations can also be successful in patients 

without a family history, either because the family history was not ascertained, the 

condition is recessive, disease penetrance is incomplete, or mutations are sporadic.  

The fact that we cannot fully rely on family histories or the clinical phenotype when 

seeking a genetic diagnosis highlights the difficulty of deciding who to screen 

genetically, and which mutations to include.  Sequencing everyone would be too 

expensive currently, unmanageable in terms of the required manpower, and also likely 

to lead to many false positive diagnoses. As our understanding of genetic conditions 

and their underlying gene mutations increases, we will be able to refine more targeted, 

rational approaches, which uncover the maximum number of unknown genetic 

diagnoses. One example of this is the need to screen all FSGS/SRNS patients for 

Alport gene mutations before starting aggressive immunosuppressive treatments as 

demonstrated by our targeted NGS study. This may become technically feasible in the 

near future as the cost of NGS continues to decrease. 

In future, exome sequencing of clinically relevant genes with optimised gene coverage 

and high throughput could be the most cost-effective approach for establishing genetic 

diagnoses. The successful analysis of these clinical exomes requires the interrogation 

of targeted gene panels for the relevant phenotypes. Limiting the analysis to relevant 

genes will reduce the number of variants and incidental findings to deal with. The 

advantage of this approach lies in its superior flexibility compared to the investigation 

by targeted panels. Once novel disease-causing genes have been discovered, the 
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interrogation of existing studies can be refined. Thus it will be possible to establish 

diagnoses in previously sequenced individuals, as may well be the case for the whole 

exome study of family FN53. The logistics of organising and delivering this will be a 

great challenge for genomic medicine in the future, requiring the ongoing collaboration 

of clinicians and scientists.  
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Appendix 1: EDTA codes 

  EDTA Primary ESRF codes 

CODE TITLE 

0 Chronic renal failure, aetiology uncertain 

10 Glomerulonephritis, histologically NOT examined 

11 Severe nephrotic syndrome with focal sclerosis (Paediatric) 

12 IgA nephropathy proven by immunofluorescence 

13 Dense deposit disease, membrano-prolif. GN type II 

14 Membranous nephropathy 

15 Membrano-proliferative GN type I 

16 Rapidly progressive GN without systemic disease (crescentic 

17 Focal segmental glomerulosclerosis with nephrotic syndrome in adults 

19 Glomerulonephritis, histologically examined 

20 Pyelo/Interstitial nephritis - cause not specified 

21 Pyelo/Interstitial nephritis - with neurogenic bladder 

22 Pyelo/Interstitial nephritis - congen. obst. uropathy +/- reflux 

23 Pyelo/Interstitial nephritis - acquired obst. Uropathy 

24 Pyelo/Interstitial nephritis - vesico-ureteric reflux no obstruction 

25 Pyelo/Interstitial nephritis - due to urolithiasis 

29 Pyelo/interstitial nephritis due to other cause (please specify) 

30 Tubulo interstitial nephritis (not pyelonephritis) 

31 Nephropathy due to analgesic  drugs 

32 Nephropathy  due to cis-platinum 

33 Nephropathy due to Cyclosporin A 

34 Lead induced nephropathy (interstitial) 

39 Nephropathy caused by other specific drug 

40 Cystic  kidney  disease - type unspecified 
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41 Polycystic kidneys - adult  type (Dominant) 

42 Polycystic kidneys - infantile (Recessive) 

43 Medullary cystic disease - including nephronophthisis 

49 Cystic kidney disease - other specified type 

50 Hereditary/Familial nephropathy - type unspecified [50] 

51 Hereditary nephritis with nerve deafness (Alport's Syndrome) [51] 

52 Cystinosis 

53 Primary oxalosis 

54 Fabry's  disease 

59 Hereditary nephropathy – other 

60 Congenital renal  hypoplasia - type unspecified 

61 Oligomeganephronic hypoplasia 

63 Congenital renal dysplasia +/- urinary tract malformation 

66 Syndrome of agenesis of abdo. muscles - Prune Belly Syndrome 

70 Renal Vascular disease - type unspecified 

71 Renal Vascular disease due  to  MALIGNANT  hypertension 

72 Renal Vascular disease due  to  hypertension 

73 Renal Vascular disease due to  polyarteritis 

74 Wegener's  granulomatosis 

75 Ischaemic renal disease/cholesterol embolism 

76 Glomerulonephritis related to liver cirrhosis 

78 Cryoglobulinaemic glomerulonephritis 

79 Renal vascular disease - classified (please specify) 

80 Diabetes Type 1 (Insulin  dependent) 

81 Diabetes  Type 2 (Non-insulin dependent) 

82 Myelomatosis 

83 Amyloid 
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84 Systemic Lupus Erythematosus 

85 Henoch-Schonlein  purpura 

86 Goodpastures Syndrome 

87 Scleroderma 

88 Haemolytic Uraemic  Syndrome 

89 Multi-system  disease - type unspecified 

90 Cortical  or tubular  necrosis 

91 Tuberculosis 

92 Gout 

93 Nephrocalcinosis / Hypercalcaemic nephropathy 

94 Balkan  nephropathy 

95 Kidney tumour 

96 Traumatic or surgical loss of kidney 

99 Other identified renal disorders - please specify 
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Appendix 2: Mendelian disorders of the kidney (32) 

Inherited Disorders With Primary Renal Involvement  

List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

Primary glomerular disease    

   Alport's syndrome, X-linked  Type IV collagen, 

alpha5 

COL4A5, Xq22 301050 

   Alport's syndrome, autosomal Type IV collagen, 

alpha3 

COL4A3, 2q26-

q37 

203780 

      Recessive Type IV collagen, 

alpha4 

COL4A4, 2q26-

q37 

203780 

   Benign familial hematuria Type IV collagen, 

alpha4 

COL4A4, 2q26-

q37 

141200 

   Glomerulopathy with fibronectin 

deposits 

? 1q32 601894 

   Congenital nephrosis I (Finnish 

type) 

Nephrin NPHN, 19q13. 256300 

   Focal segmental glomerulosclerosis 

I 

? 19q13 603278 

   Focal segmental glomerulosclerosis 

II 

? 11q21-q22, ? 

other 

603965 

   Nail patella syndrome LIM-

homeodomain 

protein 

LMX1B, 9q34.1 161200 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

   Familial nephrotic syndrome ? 1q25-q31 600995 

   Familial mesangial sclerosis Wilms' tumor 

suppressor 1 

WT1, 11p13 256370 

   Familial IgA nephropathy ? ? 161950 

Cystic renal diseases    

   Polycystic kidney disease 1  Polycystin I PKD1, 16p13.3 601313 

   Polycystic kidney disease 2  Polycystin II PKD2, 4q21-q23 173910 

   Infantile severe polycystic kidney 

disease with tuberous sclerosis 

Polycystin I and 

tuberin 

PKD1 and TSC2, 

16p13.3 

600273 

   Autosomal recessive polycystic 

kidney disease  

? 6p21.1-p12 263200 

   Medullary cystic kidney disease 1 ? 1q21 174000 

   Medullary cystic kidney disease 2 ? 16p12 603860 

   Familial juvenile nephronophthisis 1 

 

MAL-like protein NPHP1, 2q13 256100 

   Infantile nephronophthisis ? 9q22-q31 602088 

Renal tubular diseases    

   Distal renal tubular acidosis Anion exchanger 

1 

SLC4A1, 17q21-

q22 

179800 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

   Primary hypomagnesemia Paracellin-1 PCLN1,3q 248250 

   Renal tubular acidosis with neural 

deafness 

beta1 subunit, H+ 

ATPase 

ATP6B1, 2cen-q13 192132 

   Renal tubular acidosis with 

osteopetrosis 

Carbonic 

anhydrase II 

CA2, 8q22 259730 

   Renal glycosuria ? 16p11.2, 6p21.3 233100 

   Dent's disease Cl channel, ClC-5 CLCN5, Xp11.22 300009 

   X-linked recessive nephrolithiasis 

with renal failure 

Cl channel, ClC-5 CLCN5, Xp11.22 310468 

   X-linked recessive 

hypophosphatemic rickets  

Cl channel, ClC-5 CLCN5, Xp11.22 307800 

   Fanconi renotubular syndrome ? ? 134600 

   Proximal renal tubular acidosis ? ? 312400 

   Nephrogenic diabetes insipidus (X-

linked)  

Vasopressin 

receptor type 2 

AVPR2, Xq28 304800 

   Nephrogenic diabetes insipidus 

(autosomal) 

Aquaporin 2 

water channel 

AQP2, 12q13 125800 

   Familial hypocalcuric hypercalcemia Ca2+ -sensing 

receptor 

CASR, 3q13.3-q21 145980 

   X-linked hypophosphatemia  Endopeptidase 

homolog 

PEX, Xp22.1 307800 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

   Pseudovitamin D deficiency rickets 1alpha-

hydroxylase 

CYP27B1, 12q14.1 264700 

   Autosomal dominant 

hypophosphatemic rickets 

? 12p13.3 193100 

   Bartter's syndrome type 1 Na-K-2Cl 

cotransporter 

SLC12A1, 15q15-

q21 

241200 

   Gitelman's syndrome Na-Cl 

cotransporter 

SLC12A3, 16q13 263800 

   Bartter's syndrome type 2 ROMK K channel KCNJ1, 11q24 601678 

   Bartter's syndrome type 3 Cl channel, ClC-Kb CLCNKB, 1p36 602023 

   Pseudoaldosteronism (Liddle 

syndrome) 

Epithelial Na 

channel beta, 

gamma subunits 

SCNN1B, SCNN1G, 

16p13-p12 

177200 

   Recessive 

pseudohypoaldosteronism type 1 

Epithelial Na 

channel alpha, 

beta, gamma 

subunits 

SCNN1A, 12p13; 

SCNN1B, SCNN1G, 

16p13-p12 

264350 

   Dominant 

pseudohypoaldosteronism type I 

Mineralocorticoid 

receptor 

MLR, 4q31.1 177735 

   Pseudohypoaldosteronism type 2 

(Gordon syndrome) 

? 1q31-q42, 17p11-

q21 

145260 

   Apparent mineralocorticoid excess 11beta-

hydroxysteroid 

HSD11B2, 16q22 218030 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

dehydrogenase 

   Familial idiopathic hypercalciuria ? 4q33-qter 143870 

   Cystinuria, type I Cystine 

transporter 

SLC3A1, 2p16.3 220100 

   Cystinuria, non-type I Cystine 

transporter 

SLC7A9, 19q13.1 600918 

   Lysinuric protein intolerance ? amino acid 

transporter 

SLC7A7, 4q11.2 222700 

   Hartnup disease ? 11q13 234500 

   Iminoglycinuria ? ? 242600 

Inherited renal neoplasms    

   Wilms' tumor 1, 2  Transcription 

factor 

WT1, 11p13; 

11p15.5 

194070 

   Wilms' tumor 3  ? 16q 194090 

   Wilms' tumor 4  ? 17q12-q21 601363 

   Renal cell carcinoma Translocation-

related gene 

TRC8, 8q24.1 144700 

   Papillary renal cell carcinoma 

(translocation-related)  

Gene fusion PRCC, 1q21; TFE3, 

Xp11.2 

179755/312390 

   Hereditary papillary renal MET proto- MET, 7q31 164860 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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List collated from Online Mendelian Inheritance in Man (OMIM) database 

Disease/Category Protein Gene/Locus OMIM * 

carcinoma  oncogene 

   Von Hippel-Lindau syndrome  Tumor suppressor VHL, 3p26-p25 193300 

*Online Mendelian Inheritance in Man database (http://www.ncbi.nlm.nih.gov/Omim). 

Indicates availability of clinical molecular genetic testing (see http://www.genetests.org). 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

http://www.mdconsult.com/das/article/body/257563188-4/jorg=journal&source=&sp=11300339&sid=0/N/213455/1.html?issn=0272-6386#TS160001.001
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Appendix 3: Congenital abnormalities of the kidney and urinary tract 

(CAKUT)(33) 

 CAKUT OMIM MOI Renal features Extrarenal features Gene 

CAKUT *601090 AD CAKUT iridiodysgenesis FOXC1, forkhead 

transcription 

factor C1 

Renal agenesis 

(RA) 

#191830 AD Renal 

agenesis/dysplasia, 

VUR 

Allelic with MEN2A; 

Facial defects 

RET, ret 

protooncogen; 

UPK3A, uroplakin 

3A 

Renal 

hypodysplasia 

(RHD) 

*112262 

*604994 

AD RHD Microphthalmia, cleft 

lip 

BMP4, bone 

morpho-genetic 

protein 4; SIX2, 

sine oculis 2 

Multicystic renal 

dysplasia (MRD) 

*602868 

*600390 

AD 

AD 

MRD - CDC5L, cell 

division cycle; 

USF2 

Vesicoureteral 

reflux (VUR 2) 

*602431 

*603746 

AD 

AD 

VUR Subtle facial and limb 

defects 

ROBO2, 

roundabout 2; 

SLIT2 

Branchio-oto-

renal syndrome 

(BOR) 

*601653 

*159980 

*601205 

*600963 

AD CAKUT, RHD, VUR Deafness, ear 

malformation, 

branchial cysts 

EYA1, eyes absent 

1; MYOG, 

myogenin; SIX1, 

sine oculis 1; SIX5, 

sine oculis 5 

Fraser 

syndrome 

*607830 

*608945 

AR 

AR 

Renal agenesis, 

RHD 

Cryptophthalmos-

syndactyly 

FRAS1, ECM 

protein; FREM2, 

Fras1-related ECM 

protein 
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 CAKUT OMIM MOI Renal features Extrarenal features Gene 

HDR syndrome #146255 AD CAKUT Hypoparathyroidism, 

deafness, renal defects 

(HDR) 

GATA3, GATA 

binding protein 3 

Kallman 

syndrome 

+308700 AD Renal agenesis Anosmia, 

hypogenitalism 

KAL1, anosmin 

Renal coloboma 

syndrome 

*167409 AD CAKUT (VUR, RHD) Retinal coloboma PAX2, paired box 

gene 2 

Renal cysts and 

diabetes 

syndrome 

(RCAD), GCKD 

#13792 

#609886 

AD, 

AD 

RHD, cysts MODY5 diabetes, 

genital anomalies, 

GCKD 

TCF2/HNF1B, 

transcription 

factor 2 

Split-hand/split-

foot 

malformation 

(SHFM) 

*603273 AD Urethral 

malformation 

SHFM Bmp7; Dlx5; Dlx6; 

p63 

Townes-Brocks 

syndrome 

#107480 AD Renal agenesis, 

RHD 

Limb, ear, anal 

abnormalities 

SALL1 

AD=autosomal dominant; AD=autosomal recessive; BOR=branchio-oto-renal 

syndrome; GCKD=glomerulocystic kidney disease; MRD=multicystic renal dysplasia; 

RCAD=renal cysts and diabetes syndrome, RCS=renal-coloboma syndrome; 

RHD=renal hypodysplasia; SHFM=Split-hand/split-foot malformation; TBS=Townes-

Brocks syndrome; UPJO=ureteropelvic junction obstruction. 
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Appendix 4: Patient Questionnaire 

A STUDY OF FAMILIAL (INHERITED) KIDNEY DISEASES 

Dear Patient, 

We are interested in how commonly kidney diseases occur in families and would like to 
find out more about what is causing kidney diseases to run in families.  

We would be very grateful if you could return this slip either by post (by using the 
stamped addressed envelope), or by handing it in to the receptionists at Renal 
Outpatients. 

 If you know the diagnosis of your kidney disease please write it down  
 

…………………………………………………………………………………….. 

 Are you aware of any relatives affected by kidney disease or kidney failure? 
(This includes someone who may be deceased)    
 

YES             (please answer the questions below)                                

NO         (please fill in your details and return the questionnaire as above) 

 If YES,  please supply the following information: 
  

Relative (e.g. father/daughter) Kidney disease (where known) 

  

  

  

  

  

All the information will be treated in strict confidence. If you have answered YES, we 
would like to contact you to see if you would be interested in participating in our study.   

We may be able to offer the opportunity for special tests (by taking a single blood 
and/or urine sample) to find out more about the kidney disease affecting your family.  

If you have answered YES and are happy to be approached to discuss our study, could 
you please provide your contact details below? You will find our contact details at the 
bottom of this page. 

Your name.……………………………………………………………………………………..
  
Address………………………………………………………………………………………... 
………………………………………………………………………………………………….. 
 
Email………………………………………… Telephone no………………………………... 
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Appendix 5: Patient Information Sheet 

Information Sheet for Patients  

You will be given a copy of this Information Sheet 

1. Study title 
Screening and Diagnosis of Familial Kidney Diseases 

 

2. Invitation  

You are being invited to take part in a research study. Before you decide it is important for you 

to understand why the research is being done and what it will involve. Please take time to read 

the following information carefully and discuss it with others if you wish. Ask us if there is 

anything that is not clear or if you would like more information. Take time to decide whether or 

not you wish to take part. 

 

3. What is the purpose of the study? 

We want to find out how commonly kidney diseases run in families. We would also like to 

know more about what is causing familial kidney diseases on a genetic level.  

 

4. Why have I been chosen? 

You have been chosen for this study because kidney disease appears to run in your family and 

this is likely to have a genetic cause. 

 

5. Do I have to take part? 

It is up to you to decide whether or not to take part. If you do decide to take part you will be 

given this information sheet to keep and be asked to sign a consent form. If you decide to take 

part you are still free to withdraw at any time and without giving a reason. A decision to 

withdraw at any time, or a decision not to take part, will not affect the standard of care you 

receive. 

6. What will happen to me if I take part? 



190 
 

Agreeing to take part in the study will mean that we will need to take a small sample of blood 

(about a tablespoonful). If you are able to pass urine, we would also like to collect a urine 

sample. We will examine your blood and urine  looking for changes that might explain why you 

(and members of your family) have developed kidney disease. This will include looking at DNA 

(genetic material) found in your blood. 

We will first test your samples for known genetic causes of kidney disease. These include 

“uromodulin associated nephropathy” (also called “familial juvenile hyperuricaemic 

nephropathy”), Fabry disease, renin mutations and cystic kidney diseases.  

If these tests come back as negative, we will run further tests on your sample(s) to see if we 

can find a genetic cause by using new laboratory tests that are not yet established in clinical 

practice. With your permission, we would also like to offer testing to members of your family at 

this stage.  

We may be able to test your samples as part of another study we are running with researchers 

at University College London. This study also looks at genetic causes of kidney disease. If this 

study is appropriate for you, we will approach you again to tell you more about it.  

It is important to stress that we cannot guarantee these new genetic tests will give us a 

definitive answer as to why you have developed kidney disease at this stage. This is because we 

do not yet understand all of the genes that are involved, and because other, non-genetic 

factors may also contribute.   

If we did find out anything that we think explains why kidney disease runs in your family, we 

will feed this back to you.  In this case, Dr Venkat Raman will be happy to discuss any 

meaningful results with you. Genetic advice will also be offered if required by Dr K. Lachlan. 

 

7. What are the possible benefits of taking part? 

We may be able to understand why you have developed kidney disease. This may help your 

doctors in giving you more specific treatments. We will be able to offer you and your family 

genetic counselling by putting you in touch with a clinical geneticist or a genetic counsellor if 

you wish. We have 2 nominated individuals for this project – Dr K. Lachlan and Mrs J. Shearn. If 

we identify family members at risk of or in the early stages of kidney disease, they may benefit 

from getting early treatment to slow or halt the progression of their disease. 
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8. What if something goes wrong? 

This is very unlikely as we only ask for a blood sample, which will be taken by experienced 

nurses or doctors. However, in the event that something does go wrong and you are injured 

during the research study, you will be provided with the necessary care but there are no 

special compensation arrangements. If you are harmed and this is due to someone’s 

negligence then you may have grounds for a legal action, but you may have to pay your legal 

costs. 

If you have a concern about any aspect of this study, you should speak with the researchers 

who will do their best to answer your questions / concerns. If you wish to complain, or have 

any concerns about the way in which you have been approached or treated during the course 

of the study, the National Health Service complaints system will be available to you via the 

Research and Development Office on 02392 286000 ext: 6236. 

 

9. Will my taking part in this study be kept confidential? 

All information which is collected about you during the course of the research will be kept 

strictly confidential. Any information about you which leaves the hospital will have your name 

and address removed so that you cannot be recognized from it. Please indicate on the consent 

form if you do not want your general practitioner and/or nephrologist to be informed of your 

participation in this study. 

 

10. What will happen to the results of the research study? 

Provided the research goes as planned the results will be published in a scientific journal. If you 

would like us to tell you when we publish something please indicate this by ticking the 

appropriate box on the form. We will also inform you personally if we find a cause for your 

kidney disease. 

 

11. What will happen to the samples after the research has been done? 

Your sample(s) will be analysed in the Portsmouth renal research laboratory and will be sent 

for further testing at specialist laboratories in London and Prague (in anonymised form). The 

DNA from the blood sample will be extracted and analysed.  This will then be stored in a secure 
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freezer for the duration of this study so that we can use it for this research.  Please inform the 

researcher if you do not want DNA from your blood to be stored . 

 

12. Who is organising and funding the research? 

Dr Venkat Raman is organising the research, and will be supervising my role. We will work as a 

team with Sister Lynn Watkins and Mrs Sara Campbell.  The resources required are met from 

the Wessex Renal Unit’s Research Fund.  

 

13. Who has reviewed the study? 

The study has been reviewed by the Southampton Research Ethics Committee. 

 

14. Contact for Further Information 

If you would like any further information at any time please contact Dr Venkat Raman or Dr 

Christine Gast at the Wessex Renal and Transplant Unit, Queen Alexandra Hospital, Portsmouth, 

email: Christine.gast@porthosp.nhs.uk or telephone 023-92 286000 and ask for bleep 1533, or 

extension 1003 (Dr Venkat Raman’s secretary). Lynn Watkins can also be contacted if necessary, 

on 023-92 286000 ext 1050. 

 

Thank you for taking the time to read this information sheet. If you feel able to take part in the 

study we are very grateful to you. 

 

 

 

  

mailto:Christine.gast@porthosp.nhs.uk


193 
 

Appendix 6: Participant Consent Form 

Participant Consent Form 

  
Study Number:      11/SC/0111  
 
Patient Identification Number for this trial:   __________ 

 
Title of Project: Screening and Diagnosis of Familial Kidney Diseases 

 
Name of Researchers: Dr Venkat Raman, Dr Christine Gast 

 

(Please initial each statement if it applies to you) 

1. I confirm that I have read and understood the information sheet  
dated 11/04/2013 version 4. I have had the opportunity to consider  

 the information, ask questions and have had these answered satisfactorily. 
         

2. I have received enough information about the study to enable me  
to make an informed decision about my participation.    

  

3. I understand that my participation is voluntary and that I am free to  
withdraw from the study at any time, without having to give a reason   
and without affecting my future medical care. 
 

4. I understand that relevant sections of my medical notes and data  
collected during the study may be looked at by the researchers  listed above  
I give permission for these individuals to have access to my records.  
   

5. I agree to my general practitioner and/or nephrologist being  
informed of my participation in this study. 

 

6. I agree for my genetic material to be extracted, analysed and stored 
for this study. 

 

7. I agree to take part in the above study. 
 

Please tick this box if you would like to be informed when a result is available 

 

  

Signed.................................................................................Date................................. 

(NAME IN BLOCK CAPITALS).............................................................................................…………….. 
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Investigator’s signature....................................................…Date: .............................. 

(NAME IN BLOCK CAPITALS)...................................................................................……………………... 

 

When form completed: 1 for participant; 1 for researcher site file; 1 (original) to be kept in medical notes.  
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