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1. Abstract 

Autoimmune membranous nephropathy (AMN) is a rare kidney disease. The 

genetics of AMN have been partially elucidated and confirmed the role of 

phospholipase A2 receptor-1 (PLA2R1) and HLA. The functional effect of the genetic 

variations is not fully understood. This thesis investigates these unexplored genetic 

aspects utilising a range of methodologies and unique cohorts. 

 

Analysing genomic sequencing data of PLA2R1 in 335 AMN patients identified 109 

strongly associated variants; 9 with a very strong association, p-value <10-50.  

 

In a larger cohort of 1158 European AMN patients, the findings from previous GWAS 

were confirmed with a strong association with HLA-DQA1, HLA-DRB1 and PLA2R1. 

No associations were found on a genome wide scale with clinical correlates of 

disease such as proteinuria, sex, and age.  

 

HLA typing by imputation in 372 anti-PLA2R1 antibody positive and uniquely 32 anti-

thrombospondin type-1 domain-containing 7A (THSD7A) antibody positive AMN 

confirmed the dominant HLA type in European AMN as HLA-DRB1*03:01 and HLA-

DQA1*05:01; replicating previous studies. No statistically significant HLA type was 

identified for anti-THSD7A AMN. 

 

Anti-PLA2R1 AMN has a different genetic risk than anti-THSD7A and anti-contactin 

AMN as determined by the genetic risk score (GRS), and this can help differentiate 

between them. Interestingly, 33% of dual antibody negative AMN is likely to be anti-

PLA2R1 AMN.  
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AMN patients with a higher genetic risk have a younger age of onset. In a rare, 

undescribed cohort of 15 non-familial paediatric cases of AMN the GRS proved that 

these individuals did not have the same genetic risk factors as anti-PLA2R1 AMN. 

 

Finally, the genetic risk of AMN in UK Biobank Europeans is 0.8%. Even though 

there is a high genetic risk for AMN this does not mean this proportion of individuals 

will develop AMN.  

 

In conclusion, this thesis highlights important differences between antibody status 

groups, confirms previous GWAS findings and reports unique features about rare 

AMN cohorts.  
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2.  Impact Statement  

Autoimmune membranous nephropathy (AMN) is a rare kidney specific autoimmune 

disease with an incidence of 10 per million persons per year. Despite this it is the 

leading cause of nephrotic syndrome in adults and can lead to end stage kidney 

disease which has significant impacts on health, lifespan and quality of life.  

 

This study examines the genetic aspects in a multi-faceted approach using 

bioinformatic tools and biochemical analyses and further the notions of how genetic 

factors do and do not contribute to disease risk for AMN.  

 

The previous findings of two common coding variants within a European AMN cohort 

were replicated. These common variants may combine with the rare risk HLA-type to 

cause AMN - a rare disease. Pooled DNA sequencing of PLA2R1 identified 109 

significantly associated variants with AMN. The lead intronic variant was analysed for 

functional effect but was not replicable nor reliable. It is possible other unidentified 

intronic variants are contributory to disease. 

 

This work also replicates both genome wide association studies demonstrating the 

two lead loci associated with AMN are HLA-DQA1 and PLA2R1. For the first time it 

demonstrates that these loci are specific to anti-PLA2R1 antibody AMN. The risk 

HLA types in European cases of AMN are HLA-DRB1*03:01 and HLA-DQA1*05:01 

which are part of the common European multigene haplotype. These appear to be 

specific to anti-PLA2R1 AMN.  
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The genetic risk for disease is different between the anti-THSD7A and anti-PLA2R1 

AMN cases. This gives insight to the underlying differences with different antigen 

associations despite the fact they cause similar disease. The study was 

underpowered to detect a significant HLA type for the anti-THSD7A antibody group 

but I hypothesise this will be different. Most interestingly, about a third of the dual 

negative cases have a high genetic risk for anti-PLA2R1 AMN. Calculating the GRS 

in dual antibody negative AMN cases could identify these false negative cases. This 

could have a considerable impact by reducing the risk of unnecessary investigations 

such as whole-body CT scanning and upper and lower gastrointestinal endoscopy 

for patients which would have an associated cost saving.  

 

Age and AMN are intrinsically linked to the genetics; a higher burden of risk variants 

in the HLA allele is associated with a younger age of onset of anti-PLA2R1 AMN. 

Further, in the largest dual antibody negative paediatric onset AMN the genetic risk 

for AMN is different to adult onset anti-PLA2R1 antibody associated AMN suggesting 

that paediatric AMN has a different aetiology.  

 

This study also demonstrates in a European population that 0.8% of individuals have 

a high genetic risk for AMN. It would be interesting to elucidate environmental factors 

that contribute to disease onset. There is an expected discrepancy of those with a 

high genetic risk and the overall low number of individuals with disease. Identification 

of environmental factors may facilitate prevention by minimising exposure to prevent 

disease.   
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PCA principal components analysis 
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PCR polymerase chain reaction 
PCR polymerase chain reaction  
PLA2R1 phosophlipase A2 receptor 1 
PVDF polyvinylidene fluoride 
QC quality control 
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RCF relative centrifugal force 
RNA ribonucleic acid 
RPM revolutions per minute 
rsID refSNP identifier 
SD standard deviation 
Sema3B semaphorin 3B 
SIFT sorting intolerant from tolerant  
SNV single nucleotide variant 
sPLA2 secretory phospholipases 
SSNS steroid sensitive nephrotic syndrome 
SVS SNP & Variation Suite  
T1DGC Type 1 Diabetes Genetics Consortium 
TCF7L2 transcription factor 7 like 2 
TFBS transcription factor binding site 
THSD7A thrombospondin type-1 domain-containing 7A 
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UKBB UK Biobank 
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UTR untranslated region  
UV ultraviolet 
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VBP vitellogenin gene-binding protein 
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WGS whole genome sequencing 
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5.  Introduction 

5.1. Membranous Nephropathy 

5.1.1. Epidemiology 

The incidence of membranous nephropathy (MN) is 10 to 12 per million persons per 

year [1, 2]. Despite being a rare disease, it is the leading cause of nephrotic 

syndrome in European adults and progresses to end stage kidney disease (ESKD) in 

30-40% of cases within 5 years [3-5].  Nephrotic syndrome is a tetrad of oedema, 

hypoalbuminaemia, proteinuria and hyperlipidaemia [6]. In the Western World the 

prevalence of MN in dialysis patients ranges from 0.5% in USA, 0.58% in Europe to 

1.7% in Australia & New Zealand [7]. Pollution levels can also cause disparities 

within countries whereby pollution increases the risk on MN [8]. Further geographical 

differences occur due to the increased rates of infectious diseases (particularly 

hepatitis B) and secondary MN in less economically developed countries [9, 10].  

 

MN is an adult onset disease with a peak age of onset between the fifth and sixth 

decades of life [11]. Over 80% of patients are over the age of 40 at presentation and 

MN is uncommon in children [11]. Males are more commonly affected than females 

which makes autoimmune membranous nephropathy (AMN) unlike most other 

autoimmune diseases [12]. (Ankylosing spondylitis, type 1 diabetes, inflammatory 

bowel disease and vasculitis also have a male predominance [13]). Membranous 

nephropathy can be divided in to two main types; primary and secondary.  
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5.1.2. Terminology 

The terminology for MN is constantly evolving and primary MN is also known as 

idiopathic MN because the cause had previously remained elusive [9]. Currently, 

with increased understanding primary MN is termed autoimmune membranous 

nephropathy (AMN) because there is a kidney specific autoimmune response and 

the term idiopathic MN has become historical [14]. If an underlying aetiological factor 

or disease is found then the MN is deemed to be secondary. There are rare cases of 

alloimmune MN secondary to non-self sources of protein [14]. Differentiating 

between primary and secondary MN is difficult because clinical presentations and 

histological appearances on light microscopy are similar [9]. 

 

5.1.2.1. Primary membranous nephropathy 

Primary MN accounts for approximately seventy percent of all cases of MN [9]. This 

thesis focuses on AMN and histological and clinical features are discussed from 

5.1.4 onwards. Treatment for primary and secondary MN is different and so it is 

important to determine which an individual has.  

 

5.1.2.2. Secondary membranous nephropathy 

If an underlying aetiology is found to be causing MN then it is termed secondary MN. 

There can be subtle differences histologically and in the clinical course and so these 

should be sought for. For example, with an underlying rheumatological disease 

patients may have some systemic symptoms such as tenosynovitis. Histological 

differences can be subtle; mesangial proliferation may be present, the subepithelial 

deposits may be a different immunoglobulin class and some subendothelial deposits 

may be present [15], see 5.1.5 for details on histology. Investigations to exclude the 
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most common secondary causes of MN are undertaken in the diagnostic work up of 

a patient with nephrotic syndrome. Resolution of MN can be expected in most cases 

upon treatment of the underlying secondary cause [9]. 

 

The causes of secondary MN can be divided broadly in to four categories: cancer 

related, rheumatological disease related, infectious disease related and drug induced 

[14].  

 

5.1.2.2.1. Secondary to cancer 

The prevalence of cancer in MN is approximately 10% (range 5-20%). Most cases 

(86%) are associated with a solid organ tumour such as lung and prostate cancer. 

The remaining 14% is due to haematological malignancies which is a higher 

percentage than other solid organ tumours [16]. Screening for malignancies at the 

time of diagnosis is important as only 20% have a pre-existing diagnosis of cancer 

[16]. The remaining majority of cases are identified at diagnosis of MN, however 

there are a proportion that will develop a malignancy during their follow up within a 

median interval of 5 years [17]. This could be independent of MN and may be 

lifestyle and age related. In cancer there are different disease mechanisms proposed 

[18];  

1. Antibodies generated against a tumour antigen that has a similar epitope to an 

endogenous podocyte antigen results in in situ immune complex formation.  

2. Shed tumour antigens form circulating immune complexes that later become 

trapped in the capillary wall. 

3. Immune complexes form in the subendothelial layer and then dissociate and 

reform in the subepithelial layer. 
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4. Tumour antigens can be directly deposited on the subepithelial layer and then 

react with circulating antibodies to stimulate an immune response.  

 

5.1.2.2.2. Secondary to rheumatological disease 

Rheumatological or systemic autoimmune diseases are more readily identifiable with 

the presence of alternative symptoms in addition to the nephrotic syndrome. There 

are a multitude of diseases that can cause MN but the most common is systemic 

lupus erythematosus, which has its own classification as stage V lupus nephritis for 

membranous nephropathy histological changes. Rarely rheumatoid arthritis can 

cause MN but this is more often due to drugs used for treatment (see 5.1.2.2.4) [15]. 

Approximately 19% of patients with urticarial vasculitis with glomerular renal 

involvement will have MN on their kidney biopsy [19]. MN is the most common 

glomerulonephritis in sarcoidosis but there can be a long latency period between 

manifestations of sarcoidosis and MN and vice versa [20]. In autoimmune thyroiditis 

anti-thyroid-peroxidase antibodies stimulate deposition of immune complexes in the 

glomerular basement membrane [15]. Other diseases rarely associated with MN are 

IgG4 related disease, Sjogren’s syndrome, systemic sclerosis and ankylosing 

spondylitis [15]. The disease mechanism is proposed to either be the deposition of 

circulating immune complexes in the glomerulus [18] or circulating antibodies binding 

to a podocytic antigen with in situ formation of immune complexes [15].  

 

5.1.2.2.3. Secondary to infectious diseases 

Infectious causes for MN can be divided in to viral, bacterial and parasitic. Globally 

viral causes are the most common and are generally associated with active viral 

replication or chronic carriage [21]. MN is the most common extrahepatic 



 28 

manifestation of hepatitis B virus infection [15]. In hepatitis B the hypothesised 

disease mechanism is the cationic small antigen passes through the glomerular 

basement membrane and deposits in the subepithelial layer which is later targeted 

by antibodies [15]. Hepatitis C and human immunodeficiency virus (HIV) have also 

been associated with MN. In most instances treatment with anti-retroviral treatment 

and clearance of the virus induces remission of MN [22]. Syphilis is a bacterial 

infection associated with MN and parasitic infections such as Schistosomiasis, 

malaria, filariasis and mycobacterium leprosy are rarely associated with MN [23].   

 

5.1.2.2.4. Drug induced 

Estimates of drug induced MN are from historical series and range from 7 to 14% 

[24, 25]. The current paradigm is that the drug or drug metabolite deposits on the 

glomerular basement membrane in the subepithelial layer and acts as an antigen 

stimulating an in situ immune response [26]. Gold salts, pencillamine and bucillamine 

are all used for the treatment of rheumatoid arthritis and are strongly associated with 

MN, necessitating proteinuria monitoring with their use [26]. Non-steroidal anti-

inflammatory drugs were found to induce early MN in 10% of patients, and this was 

not associated with the duration of exposure to medication [27]. Unusually, 1% of 

patients taking captopril develop MN [28] although no recent case reports can be 

found. In most instances withdrawal of the drug is sufficient treatment for the 

resolution of MN without the need for immunosuppression [15].  

 

5.1.2.3. Alloimmune membranous nephropathy 

Alloimmune aetiologies of MN are rare and are caused by donor antigens triggering 

an immune response in the host. Examples of this include antenatal alloimmune MN, 



 29 

de novo MN in kidney transplantation and graft-versus-host disease as in bone 

marrow transplant recipients [29-31] . 

 

5.1.3. Historical aspects 

In current times the recognition of nephrotic syndrome and diagnosis of MN is 

relatively straightforward with specific investigative tests. The description of oedema, 

kidney disease and proteinuria in unison was first described by Richard Bright in 

1827 [32] but the symptoms of disease have manifested and been recognised much 

before that. 

 

In the Hippocratic era, physicians were limited to their senses to diagnose disease. 

Oedema was visible with the eye and resulted in a ‘morbid appearance’ as well as 

causing great discomfort to the individual; this led to the understanding it was 

pathological [33]. The terminology for oedema was ‘dropsy’, defined as ‘a preter-

natural collection of water in the head, breast, belly, or all over the body… The part 

swelled pits if you press it with your fingers’ [34]. Medical students from Hippocrates’ 

time have learnt to pinch the ankles checking for dropsy [34]. It was only after the 

seventeenth century that dropsy was considered a disorder of the blood and an 

imbalance of the excretory and absorbent functions of the body [34]. In 1784, 

nosologist and Physician William Cullen distinguished dropsy by the parts of the 

body the oedema affected, as it was widely accepted that dropsy was the disease 

and not the symptom of a disease. He alludes to the fact there may be an underlying 

cause as he states different outcomes in the traditional cure of blood-letting and that 

it may be dangerous in certain individuals [35]. It was in the late eighteenth century 
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that the paradigm changed and dropsy was thought to be due to an underlying 

disorder in solid viscera or an inflammatory process [34].   

 

The link between oedema and proteinuria was not made until further developments 

and advances in scientific methods. The quote from Hippocrates, “when bubbles 

settle on the surface of the urine, it indicates a disease of the kidney and that 

disease will be protracted” is the first recorded evidence of proteinuria but this was 

largely ignored until the seventeenth century [36]. In 1664, Dekkers reports the 

addition of acetic acid turning heated urine to milk and forming a whey like substance 

[37]. This is now believed to be the first description of proteinuria [38]. Interestingly, it 

was widely thought by notable scientists such as Domenico Cotugno, Charles 

Darwin, Erasmus Darwin and Guillaume Dupuytren that the coagulable (proteinuric) 

urine was beneficial and was in fact a sign of the dropsy being successfully excreted 

from the body [39]. Chemical analysis and comparison of urine in healthy and 

diseased individuals led to the distinction that proteinuria was only present in 

disease. In 1807, the distinction of causes of dropsy were identified by comparing 

the urine of oedematous patients with and without liver disease; liver patients 

uniquely had no albumin in their urine [39]. This observation was confirmed by other 

scientists around the world and heating urine to test for albumin became a standard 

test from 1800 onwards [39]. Proteinuria and kidney disease were not linked together 

until later. 

 

The first documented report of oedema and contracted kidneys from post mortem 

examination was made by Rufus of Ephesus (ca. A.D. 100) but this was largely 

forgotten despite other similar observations [38]. Richard Bright with his medical 
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research unit for clinical observation and extensive biochemical laboratory team 

related dropsy (oedema), coagulable urine (proteinuria) and kidney disease for the 

first time and called it ‘Bright’s disease’ [32]. Bright continued researching renal 

disease over his career and with Toynbee identified that the most important changes 

for Bright’s disease were within the glomerulus [40]. 

 

Advances in renal pathology staining led to an increased understanding of the 

microscopic changes occurring in the glomerulus. Bell first used the term 

‘membranous glomerulonephritis’ to describe a subcategory of Ellis type II 

glomerulonephritis (characterised by insidious onset, proteinuria and oedema) [41]. 

David Jones used periodic acid-Schiff-silver methenamine stain on renal biopsy 

specimens to distinguish membranous glomerulonephritis as a unique morphologic 

appearance [42]. Development of renal pathology techniques in the 1950s with 

immunofluorescence and electron microscopy helped further determine unique 

morphological features of membranous glomerulonephritis [41]. Membranous 

nephropathy replaced the term membranous glomerulonephritis due to the lack of 

significant glomerular inflammation [43]. 

 

5.1.4. Clinical features 

MN has an insidious onset and is first noticed by patients with peripheral oedema. 

The signs and symptoms of MN are due to the proteinuric aspect of disease and the 

majority of patients (80%) have resulting nephrotic syndrome [10]. Nephrotic 

syndrome is defined as a tetrad of signs and symptoms [44]:  
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- Proteinuria: urinary protein creatinine ratio (uPCR) >3.5g per 1.73m2 of body 

surface area per day. It is the proteinuria that is the fundamental pathological feature 

that results in the other signs and symptoms of the nephrotic syndrome. 

- Oedema: caused predominantly by sodium retention, noticeable in gravity 

dependent regions or areas where skin is thin. Oedema can be profound and can 

account for an additional 30% increase in body weight [45]. 

- Hypoalbuminaemia: for the classification of nephrotic syndrome this is <30g/L 

however higher levels are routinely seen despite heavy proteinuria [46]. A modern 

definition proposes a reduction less than the reference range (<35g/L) should be 

considered diagnostic [47]. 

- Hypercholesterolaemia: is present and can be severe with a total cholesterol 

>10mmol/L. The dyslipidaemia is not restricted to just cholesterol levels and include 

elevated serum levels of triglycerides, lipoproteins and decreased lipase activity. The 

increased risk of atherosclerosis and thromboembolism are linked to dyslipidaemia 

[48]. 

 

The remaining 20% have lower levels of proteinuria and some may be asymptomatic 

and proteinuria is identified on routine screening [10]. 

 

In addition to the proteinuria there are often other clinical features present. 

Hypertension is common amongst MN patients and a recent study found a 

prevalence of 45.5% with a blood pressure of ≥140/90mmHg [49]. Microscopic 

haematuria can be associated in MN but isolated microscopic haematuria without 

proteinuria is rare and occurs in <1% [10, 50]. Venous thromboembolism can also be 

a presenting feature or complication from MN. This is due to the nephrotic syndrome 
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and so is not unique to MN alone. Rates of thromboembolism have a broad range 

with a small study of 100 MN patients quoting a prevalence of 36% [51] whereas a 

larger study of 898 patients report a prevalence of 7% [52]. The single independent 

predictor of venous thromboembolic events is hypoalbuminaemia with a serum level 

<28g/L being significant [52]. Arterial thrombosis rates are increased in MN despite 

correction for age, hypertension, gender and smoking status [44]. Renal dysfunction 

may be present at diagnosis [10]. Clinical features can be variable and so the 

diagnosis is cemented with a renal biopsy and characteristic findings.  

 

5.1.5. Histology 

MN is defined on histopathological findings in renal tissue. It is a disease of the 

glomerular basement membrane (GBM) and is characterised by subepithelial 

immune complex deposits [53]. Periodic acid-Schiff-silver methenamine stain (silver 

stain) highlights the glomerular basement membrane and is therefore useful to 

identify the histological changes. Histological features are important to determine the 

diagnosis of MN. General features of tubulointerstitial disease and vascular sclerosis 

are associated with reduced renal survival but this is not independent of clinical 

features. While the stages of MN do not predict renal survival, the synchronicity of 

electron microscopy deposit are associated with renal progression rate [54]. There 

are four histological stages of MN, Figure 5.1.  

 

5.1.5.1. Stage I 

Light microscopy of stage one MN may have no visible alteration. The only 

noticeable difference may be a slightly thickened and prominent GBM. The silver 

stain highlights the GBM but not the immune complex deposits. The deposits may be 
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seen as pinpoint holes in the GBM. Immunofluorescence shows finely granular 

serum immunoglobulin G (IgG) and complement factor 3 (C3) deposits. Electron 

microscopy will show small scattered electron dense deposits in the GBM [3, 53].   

 

5.1.5.2. Stage II 

Light microscopy of stage two MN has an easily visible thickened GBM with silver 

stain that appears opaque black. The GBM matrix reacts to the immune deposit and 

becomes thickened and projects towards the urinary space. In early stage two the 

pinpoint ‘holes’ will be more prominent and as the stage progresses these holes will 

result in ‘spikes’. A typical ‘spike’ like appearance is caused as the immune deposits 

increase in size encompassing more and more of the GBM. As the immune deposits 

do not stain black they appear as indentations within the GBM. Immunofluorescence 

depicts linear granular IgG staining of the GBM. Electron microscopy depicts the 

subepithelial deposits which are electron dense. The GBM can be seen encircling 

the immune deposit. Podocyte foot process effacement is diffuse [3, 53]. 

 

5.1.5.3. Stage III 

As disease advances in stage three the GBM may appear even thicker than stage 

two with the spikes present and more pronounced due to increasing GBM matrix 

reaction. The matrix reaction can envelop the deposits which can be seen as a 

‘ladder’ or ‘chain like’ appearance on light microscopy and more clearly on electron 

microscopy. Segmental sclerosis and tubulointerstitial fibrosis may be present 

because of disease progression [3, 53].  
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5.1.5.4. Stage IV 

In stage four deposits are incorporated in to the GBM resulting in an irregularly 

thickened appearance with few spikes. Vacuoles are seen as deposits become 

rarefied and lose their electron density so appear irregular and electron lucent on 

electron microscopy. Glomerulosclerosis and tubulointerstitial fibrosis ensue [3, 53].  

 

Figure 5.1: Stages of membranous nephropathy as seen on light microscopy. 
Adapted from Lai et al. [3] 
Key: IC=immune complex, EC=endothelial cell, GBM=glomerular basement 
membrane 
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The stages are useful indicators of the severity of histopathological findings, yet they 

do not explain why the immune deposits are laid in the subepithelial layer. There are 

different proposed mechanisms for the pathogenesis. 

 

5.1.6. Pathogenesis 

Studies in an experimental rat model of membranous nephropathy (MN), termed 

Heymann’s nephritis, led to the current paradigm in the pathogenesis of AMN [55]. 

An autoimmune response was triggered against a podocytic antigen called megalin. 

The circulating antibodies bound to megalin on podocytes in situ and formed the 

antigen-antibody complex [56]. This antigen-antibody complex is an electron dense 

immune deposit that is pathognomonic for MN and is found on the subepithelial 

surface of the GBM. Megalin is not found in human podocytes yet the paradigm 

shifted from non-renal exogenous immune complex deposition to local in situ 

immune complex formation. The mechanism was confirmed in human studies in 

2002 although with an exogenous antibody [29]. The first confirmatory evidence for 

an autoimmune process came in 2009 by Beck et al. [57]. The circulating antibodies 

are predominantly IgG4 but the cause for their production remains uncertain [10]. 

The antibodies are directed against podocyte membrane expressed proteins of 

which a few have now been identified.  

 

5.1.7. Human podocyte antigens 

5.1.7.1. PLA2R1 

The seminal discovery of the dominant human podocyte antigen in AMN was made 

by Beck et al. in 2009 [57]. Using glomerular extracts from 37 AMN individuals they 
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identified a 185 kilodalton (kDa) protein present in 70% of individuals but not present 

in 52 controls and 8 individuals with secondary MN. The glomerular extract protein 

was further elucidated with mass spectrometry and then tested using available 

antibodies and recombinant proteins. Finally utilising serum from an individual with 

AMN led to the discovery that the podocyte antigen was a protein called M-type 

phospholipase A2 receptor-1 (PLA2R1) [57].   

 

5.1.7.1.1. PLA2R1 function 

PLA2R1 is a transmembrane glycoprotein that regulates biological responses elicited 

by secretory phospholipases (sPLA2) [58]. There are multiple groups of sPLA2s but 

the one of interest in humans is group IB. PLA2R1 has dual functionality to sPLA2 – 

it is both inhibiting and stimulating. The stimulatory activation of PLA2R1 can induce 

a multitude of effects such as cell proliferation [59], cell migration [60], hormone 

release [61], lipid mediator production [62] and cytokine production [63]. PLA2R1 

knockout mice had lower cytokine levels and were resistant to lethal 

lipopolysaccharide injection compared to wild type mice [63, 64]. The inhibitory 

action is due to the ability of PLA2R1 to internalise and degrade sPLA2 [58, 62, 65]. 

It is thought that this may reduce the total circulating sPLA2 and prevent heightened 

pro-inflammatory cytokine responses [58].   

 

5.1.7.1.2. PLA2R1 structure  

PLA2R1 is a member of the mannose receptor family [66]. The structure of PLA2R1 

comprises of three parts; a large glycosylated extracellular portion that interacts with 

ligands, a single transmembrane region and a short cytoplasmic tail [67]. The 

extracellular portion is divided further in to 10 domains; an N-terminal cysteine rich 
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ricin domain, a fibronectin-like type II domain and eight repeated C-type lectin-like 

domains (CTLD), Figure 5.2. The conformation of mannose receptor family proteins 

is different and dependent on chemical conditions and PLA2R1 is sensitive to 

reduction suggesting it requires disulfide bonds for its structure [57]. The 

extracellular portion of PLA2R1 can either be extended or bent which affects the 

exposure of the epitope(s) [57].  
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The immunodominant antigenic epitope in PLA2R1 is contained within the 

extracellular portion of PLA2R1. It was initially identified to be contained within the 

complex from the N-terminal cysteine rich ricin domain to CTLD1 with the fibronectin-

like type II domain containing the disulfide bonds that brings the flanking regions 

together for epitope formation [67]. Fresquet et al. further elucidated the smallest 

epitope in non-denaturing conditions to be the N-terminal cysteine rich ricin domain 

in isolation and the peptide that forms the focus of the epitope [68]. The disulfide 

bonds hold the three lobed structure of PLA2R1 together, which each lobe 

containing 12 antiparallel beta strands [68]. Other larger epitopes are N-terminal 

cysteine rich ricin domain to CTLD2, to CTLD3 and to CTLD8. The larger epitopes 

up to CTLD3 and CTLD8 are resistant to denaturing suggesting additional 

conformational properties that protect the epitope [68]. This is interesting as clinical 

studies have found that epitope spreading is associated with a worse prognosis for 

Figure 5.2: Structure of PLA2R1 (adapted from Kao et al.) [67] 
Key: CysR=N-terminal cysteine rich ricin domain FNII=fibronectin-like type II 
domain CTLD=C-type lectin-like domain 
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AMN with lower rates of spontaneous remission and higher levels of proteinuria [69]. 

This suggests that the larger epitope is more stable and therefore causes more 

severe nephrotic syndrome.  

 

5.1.7.1.3. PLA2R1 gene  

The PLA2R1 gene encodes PLA2R1. The gene consists of 121,867 base pairs and 

is found on the long arm (q) of chromosome 2 starting at position 160,797,260 and 

ending at 160,919,126 (human genome build 19) [70]. It is on the reverse strand and 

has 30 exons [70]. There are 67 orthologues across different species sets providing 

evidence of its importance [70]. The National Institutes of Health (NIH) Genotype-

Tissue Expression project (GTEx) show with ribonucleic acid (RNA) quantification 

from 8555 samples of 53 tissues from 570 donors that the highest median 

expression of PLA2R1 is in the thyroid with a considerable expression in the kidney 

cortex [70]. The kidney cortex is where the glomeruli reside in the kidney which is the 

site of damage in AMN. Other projects such as The Human Protein Atlas show that 

the second highest expression of PLA2R1 is in the kidneys [71].  

 

The identification of the PLA2R1 epitope within the extracellular portion of PLA2R1 

raised the question of variants in PLA2R1 corresponding to the epitope. The only 

identified single nucleotide variants (SNVs) are in CTLD1 and in the linker between 

CTLD 6 and 7 [72, 73]. Amino acid substitutions in PLA2R1 (corresponding to the 

SNVs in CTLD1) did not change the effect of binding to anti-PLA2R1 antibody 

(aPLA2Rab) compared to PLA2R1 without the substitutions [67]. This provided 

evidence that these SNVs in PLA2R1 may not be responsible for the epitope 

presentation of PLA2R1 [67]. Further, SNVs have not been reported in the smallest 
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epitope of PLA2R1 (the N-terminal cysteine rich ricin domain) [68] so the significance 

of peptide altering variants within PLA2R1 remain unknown.  

 

5.1.7.1.4. Clinical associations of aPLA2Rab 

Serological testing for the measurement of aPLA2Rab is commercially available and 

is now routine in clinical practice. It is widely accepted that the measurement of 

aPLA2Rab is a useful biomarker in establishing the diagnosis of AMN and the 

predicted specificity of aPLA2Rab measurements is 98% [74]. Despite this, renal 

biopsy with characteristic histopathological findings remain the gold standard [74]. 

Detection of PLA2R1 in the subepithelial immune deposits with 

immunohistochemistry or immunofluorescence depicts linear granular deposition of 

PLA2R1. Immunohistochemistry can also be useful to facilitate retrospective 

diagnosis as PLA2R1 remains detectable in paraffin embedded renal biopsy 

samples [75].  

 

The clinical outcomes of AMN are highly variable irrespective of the severity of their 

nephrotic syndrome. A third of patients have a spontaneous remission, a third 

continue to have proteinuria and a third progress to ESKD [14]. Anti-PLA2R 

antibodies are useful to predict prognosis of AMN [76-80]. Patients predicted to 

progress and not spontaneously remit are treated with immunosuppressive agents. 

Titres of aPLA2Rab are useful in guiding treatment as rates for spontaneous 

remission are low with very high titres of aPLA2Rab [81, 82]. The disappearance of 

aPLA2Rab predate the onset of remission whereas ongoing persistence of 

aPLA2Rab despite immunosuppressive treatment predicts an unfavourable outcome 

[76, 81].  
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There is a wide range of reports of aPLA2Rab in serum between 52 to 86% due to 

the heterogeneity of studies and the method of aPLA2Rab measurement [83]. The 

two methods are Western blot or immunofluorescence assay test (commercially 

available, EUROIMMUN). The sensitivity of the immunofluorescence assay is slightly 

lower than Western Blot (92%) [84]. Further aPLA2Rab can be absent in serum 

despite PLA2R1 associated AMN [83]. Up to 24% of patients can have PLA2R1 

immune complex staining in renal biopsy with undetectable serum aPLA2Rab [85]. 

The current hypothesis is that aPLA2Rab binds to PLA2R1 in the kidney and are 

only detectable when binding sites in the kidney are saturated [86]. This would 

explain why aPLA2Rab can be undetectable at disease onset but during follow up of 

the patient can be subsequently detected [86, 87]. The presence of aPLA2Rab is 

highly specific for a diagnosis of PLA2R1 AMN [74]. For this reason aPLA2Rab 

positivity alone may be considered sufficient for a diagnosis of AMN [88]. 

 

5.1.7.1.5. Anti-PLA2R1 antibody and gene interplay 

Anti-PLA2R circulating antibodies are detectable in patient’s serum in cases where 

PLA2R1 is the apparent underlying causative antigen. Injecting aPLA2Rab in mice 

does not induce proteinuria [89] as only 50% of human aPLA2Rab cross reacts with 

mice PLA2R1 [90]. Human aPLA2Rab does cross react with rabbit PLA2R1 though it 

is not yet known if this induces the same phenotype as AMN [90]. Antibody status is 

a way of subgrouping AMN patients with a well demarcated phenotype. PLA2R1 

genetic risk alleles are associated with detectable levels of the pathogenic 

aPLA2Rab [91]. When patients were divided into low- or high-risk PLA2R1 

genotypes, only 4% of those with the low-risk genotype had detectable aPLA2Rab 



 43 

compared to 76% of those with the high-risk genotype [91]. This association was 

further strengthened for the detection of aPLA2Rab after combination with the low- 

or high-risk HLA-DQA1 genotypes with 0% versus 73% respectively [91]. A larger 

study compared aPLA2Rab positive to negative patients and found the PLA2R1 

association only with aPLA2Rab positivity [92]. In aPLA2Rab negative patients 

compared to controls there was no association with the PLA2R1 SNVs [92]. 

 

This is relevant as increased aPLA2Rab correlates with clinical progression of 

disease; with higher titres associated with ESKD at five years and lower rates of 

spontaneous remission [93].  

 

However, in an Indian cohort, there was no significant association between 

aPLA2Rab status and PLA2R1 SNVs [94]. Instead, there was an association with 

the HLA-DQA1 risk allele and aPLA2Rab positivity [94]. This was subsequently 

replicated in a European cohort and the presence of the risk alleles in either a 

heterozygous or homozygous state in HLA-DQA1 and –DQB1 was significantly 

associated with higher circulating aPLA2Rab [93]. Neither of the two tested PLA2R1 

SNVs were associated with aPLA2Rab titres [93]. A Chinese study demonstrated 

HLA-DQB1 has a strong association with aPLA2Rab positivity [95]. However these 

should all be interpreted with care as aPLA2Rab are occasionally found in patients 

without AMN [96] and the risk alleles in PLA2R1 are present in patients with 

systemic lupus erythematosus, albeit with considerably lower odds ratios [97]. 
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5.1.7.2. Thrombospondin type-1 domain-containing 7A 

Thrombospondin type-1 domain-containing 7A (THDS7A) is a 210 kDa glomerular 

protein that was identified in December 2014 using serum from patients without 

aPLA2Rab [98]. It localises like PLA2R1 to the podocyte but unlike PLA2R1 it is 

highly enriched within the endocytic compartment, foot process and slit diaphragm 

[99]. THSD7A also requires non-reducing conditions for reactivity with serum, like in 

the case of PLA2R1 suggesting that the conformation of the epitope is vital for 

recognition by antibodies [98]. Like aPLA2Rab anti-THSD7A antibodies are 

predominantly IgG4 [98].  

 

The structure of THDS7A is similar to PLA2R1 with an extracellular portion that has 

21 domains and 1 coiled domain, a transmembrane region and a cytoplasmic tail 

[100]. There are multiple epitope domains within the extracellular portion but the 

majority of patient serum samples (87%) recognised the most terminal first and 

second domains [100]. Lower anti-THSD7A antibodies were detected in serum 

recognising smaller epitope domains and loss of epitope recognition correlated with 

remission of proteinuria [100].  

 

In the initial study whereby THSD7A was first identified it was found in 9.74% of 

aPLA2Rab negative individuals but not in patients with other glomerular disease or 

healthy controls [98]. Overall THSD7A is rare, a meta-analysis of 4121 individuals 

found the prevalence in all AMN patients to be 3% and in aPLA2Rab negative 

patients this increases to 10% [101]. The rates of malignancies are higher in patients 

with anti-THSD7A antibodies ranging between 6 to 25% and so screening for cancer 

is important in these patients [101]. Anti-THSD7A and anti-PLA2R1 antibodies are 
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not mutually exclusive and can co-exist in approximately 1% of AMN patients [102]. 

A sequence of 28 amino acids within the THSD7A epitope has a similar sequence 

homology to the PLA2R1 epitope with autoantibody cross reactivity possible at both 

sites in vitro [103]. 

 

5.1.7.3. Exostosin 

Exostosin 1 (EXT1) and exostosin 2 (EXT2) were identified by mass spectrometry of 

micro-dissected glomeruli from PLA2R1 negative AMN cases in June 2019 [104]. 

They localise to the GBM and there is a strong association with autoimmune 

diseases, in particular systemic lupus erythematosus [104]. EXT1 and EXT2 

positivity is associated with lupus nephritis with up to 32% of positivity in these 

individuals [105]. There are important clinical associations with EXT1 and EXT2 

patients being younger, lower serum creatinine levels, higher proteinuria and a 

reduced rate of decline to ESKD [105].  

 

5.1.7.4. Neural epidermal growth factor-like 1 protein  

Neural epidermal growth factor-like 1 protein (NELL-1) was identified in January 

2020 with the same methodology, using mass spectrometry on glomeruli, in 

aPLA2Rab negative AMN patients [106]. NELL-1 was not present in PLA2R1 AMN 

and healthy controls [106]. Anti-NELL-1 antibodies were identified in the serum and 

IgG and NELL-1 co-localised in the GBM further supporting the role of NELL-1 as an 

antigen in AMN [106]. Histopathology is unique to NELL-1 AMN with incomplete 

capillary loop staining and dominant IgG1 subclass staining [107]. The prevalence of 

NELL-1 AMN in PLA2R1 and THSD7A negative AMN cases is 3.8% [107]. 
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Malignancy was present in 33% of NELL-1 AMN patients which is a higher 

proportion compared to PLA2R1 and THSD7A AMN [107].  

 

5.1.7.5. Semaphorin 3B 

Another antigen associated with AMN was identified in glomeruli using mass 

spectrometry in November 2020, Semaphorin 3B (Sema3B) [108]. Sema3B was 

present in 4% of PLA2R1 negative AMN patients (n=11) [108]. Interestingly, 73% of 

these individuals were paediatric patients. The age of onset of AMN in the majority 

(63%) of these paediatric patients was under the age of two and the remaining 37% 

were teenagers between the ages of 14 to 17 [108]. In the adult onset cases the 

average ages was 36 years which is considerably lower than PLA2R associated MN 

[108]. Thus it would appear that Sema3B is associated with paediatric and young 

adult onset AMN [108].   

 

5.1.7.6. Serine protease high-temperature requirement A serine 

peptidase 1  

Serine protease high-temperature requirement A serine peptidase 1 (HTRA1) is a 

glomerular antigen identified using mass spectrometry and laser microdissection of 

glomeruli from antibody negative cases of AMN in May 2021 [109]. This antigen is 

expressed on the podocytes but human antibodies specific for HTRA1 have not yet 

been discovered in disease [109].  

 

5.1.7.7. Protocadherin 7 

Another recently identified glomerular antigen in AMN is protocadherin 7 (PCDH7) 

reported in May 2021 [110]. This was also identified by mass spectrometry in 
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microdissected glomeruli from PLA2R1, THSD7A, EXT1, EXT2, NELL1 and 

SEMA3B negative AMN patients [110]. PCDH7 is deposited in the GBM with a 

granular linear appearance on immunohistochemistry, however, the localisation to 

normal podocytes is not known so this may not be a true podocytic antigen [110]. 

IgG from PCDH7 AMN patients cross-reacted with PCDH7 [110]. 

 

5.1.7.8. Contactin-1 

The most recently identified glomerular podocytic antigen, first identified in serum, is 

contactin-1 in October 2021 [111]. Contactin-1 is mainly expressed in neural tissues 

but the association with MN was first noticed and described in 1987 [112]. Prior to 

2021 there were 21 cases of anti-contactin CIDP and AMN associations reported in 

the literature [111, 113-115]. Now, in an additional further 5 cases an association 

was demonstrated with anti-contactin-1 antibodies associated with chronic 

inflammatory demyelinating polyneuropathy (CIDP) and MN [111]. Contactin-1 was 

present in normal kidney glomeruli [111]. By examining the MN renal biopsies it was 

found that contactin-1 was co-localising with IgG4 in the GBM in only the CIDP 

associated MN and not aPLA2Rab AMN [111]. The time frame of AMN onset can 

either be concurrent with CIDP or following afterwards, so it is hard to predict when 

disease onset will be and therefore requires monitoring [113]. 

 

5.1.7.9. Neutral endopeptidase 

Neutral endopeptidase (NEP) is located on the foot process membrane of the 

podocytes. This was the first human antigen discovered in 2002 from renal tissue. 

NEP negative mothers that are sensitised from paternal NEP in a prior pregnancy 
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develop anti-NEP antibodies. These antibodies cross the placenta to cause neonatal 

MN in future pregnancies. Adult forms of anti-NEP antibodies are rare [29]. 

 

5.1.7.10. Neural cell adhesion molecule 1 

Neural cell adhesion molecule 1 (NCAM1) has been discovered to be a target 

antigen in membranous lupus nephritis, a form of secondary MN, and rare instances 

of AMN in October 2020 in microdissected glomeruli [116]. In membranous lupus 

nephritis the prevalence was 6.6% and in AMN 2%. Serum from patients also 

demonstrated the presence of circulating antibodies [116].   

 

5.1.7.11. Debated and unidentified antigens 

For the purposes of completeness, I include debated antigens here. These have 

been reported in the literature in small studies but their role is not confirmed nor 

widely accepted in the pathogenesis for AMN.  

 

5.1.7.11.1. Alpha-enolase  

Alpha-enolase co-localises with IgG4 and the membrane attack complex in immune 

deposits in the kidney in AMN. Autoantibodies against alpha-enolase can be 

detected in serum. Bruschi et al. report they were elevated in 25% of AMN 

individuals. Alpha-enolase is a cytoplasmic protein and so the clinical significance 

and pathogenesis remains yet to be elucidated [117]. A single further study in 2016 

investigated the role of anti-alpha-enolase antibodies and found that they were highly 

present in both autoimmune and secondary MN [118]. Further, alpha-enolase was 

not identified in the subepithelial deposits and so the authors conclude that their role 

in pathogenesis in MN is unlikely to be directly contributory [118]. 
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5.1.7.11.2. Aldose reductase and superoxide dismutase  

Other identified antigens identified from microdissected glomeruli are aldose 

reductase and manganese superoxide dismutase [119]. Following this identification, 

IgG4 against both of these antigens was detectable in AMN patients and co-localised 

in electron dense podocyte immune deposits [119]. Superoxide dismutase is 

expressed on the plasma membrane of podocytes in AMN [119] and is present in 

43% of patients at the time of biopsy [120]. 

 

5.1.7.11.3. Unidentified antigens 

The number of identified antigens has increased rapidly in the last few years with 

advances in scientific methodology. There remains a proportion of AMN cases with 

unidentified antigens. The reasons for this are not fully understood. Glassock (2013) 

postulates this may be due to poor sensitivity of current assays, disappearance of 

circulating antibody prior to clinical detection of disease and in the case of PLA2R1 

AMN heterogeneity of the conformational PLA2R1 epitope [121].     

 

5.1.8. Podocyte injury 

Complement activation and production of the membrane attack complex, C5b-9, is 

the key component causing podocyte damage in AMN. Firstly, C5b-9 induces 

podocytes to produce oxygen free radicals, then the podocytes produce proteases 

that damage the GBM. The podocytes separate and redistribute nephrin and podocin 

and induce a microfilament skeleton structure and disrupt the podocyte membrane. 

Upregulation of cyclooxygenase-2 damages the endoplasmic reticulum and the 
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production of transforming growth factor beta results in GBM thickening. These 

mechanisms all promote podocyte apoptosis [122, 123].   
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5.2. Genetics and AMN 

In the cases of AMN it is not understood why PLA2R1 and THSD7A act as antigens 

and induce autoantibody formation [124, 125]. The antigens are proteins, and 

proteins are encoded by genes and ultimately the sequence of deoxyribonucleic acid 

(DNA). For this reason and the familial aggregation of AMN it was considered that 

genetic variants are implicated in disease.  

 

AMN does not have traditional Mendelian inheritance, however the role of underlying 

genetic factors was first considered and investigated due to familial reports of 

disease. The role of underlying genetic factors was first confirmed by three genome-

wide association studies (GWAS) and then corroborated by further targeted 

genotyping and association studies. 

 

5.2.1. Familial studies 

In 1984 the first case report of identical twin brothers developing MN was published 

[126]. A quick succession of further case reports were published, and to date 

nineteen families are published to have a familial form of AMN [126-140]. This 

indicated the possibility of a genetic component. A recent case report of monozygotic 

twins with the identified Asian AMN risk alleles in HLA had the same age of onset of 

AMN although their clinical outcomes and aPLA2Rab positivity differed [139]. Three 

other studies of monozygotic twins with AMN had different phenotypes with a 

different age of onset, clinical outcomes and progression of disease [126, 129, 130]. 

This suggests the environmental contribution to disease may be considerable yet is 

not well established. There are no comparative studies of affected identical twins 



 52 

raised in different households, which would be the ideal testing condition for such an 

environmental study. 

 

There is a strong male preponderance in AMN [141]. An X-linked recessive pattern 

of inheritance was suggested based on the clustering of disease between non-

identical brothers [127, 132, 133, 135, 136, 140]. Bockenhauer et al. report the 

largest AMN family with four affected males living in different locations, excluding 

potentially shared causative environmental factors and providing further evidence for 

an underlying genetic predisposition to disease [127]. The X-linked inheritance was 

refuted by reports of families with apparent male-to-male transmission [131, 142] and 

affected members of both genders [134, 136]; thereby suggesting an autosomal 

genetic factor. Further support for the theory of an underlying genetic mechanism 

was provided by two brothers with a rare syndromic form of AMN [133]. These 

brothers had both AMN and deafness but no linked HLA alleles [133].  

 

Recently, Downie et al. (2021) investigated the genetic component of three 

European ancestry families with recessive X-linked AMN, including the family initially 

reported by Bockenhauer et al. All 8 affected individuals were aPLA2Rab negative 

and 7 had paediatric onset of disease. An additional 18 non-affected family members 

were genotyped. They identified a rare 2 megabase (Mb) haplotype present in all 

affected individuals from all three families. There are 70 potential genes with a wide 

range of physiological functions within this 2Mb region. The causative or contributory 

gene in these families requires further investigation [140].   
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Familial clusters of cases of AMN are suggestive of an underlying genetic 

pathogenesis, but it is apparent that these do not fit a clear Mendelian inheritance 

pattern. The identification of a rare 2Mb haplotype in X-linked paediatric AMN is 

unlikely to explain the genetic component to disease in adult onset AMN. To 

understand the genetic contribution to disease, GWAS were conducted. Unlike 

linkage analysis which screens the whole genome at a family level, a GWAS screens 

the whole genome on a population level. Both linkage analysis and GWAS do not 

focus on a single candidate gene making them ‘hypothesis-free’ [143]. 

 

5.2.2. Genome-wide association studies 

The first breakthrough in the contribution of genetic factors and AMN was with three 

GWASs in 2011 [73]. See 5.4.2.1 for further information on GWAS. The GWAS 

published in 2011 investigated three European populations with renal biopsy-proven 

AMN. As AMN is diagnosed from renal biopsy the phenotype is clearly demarcated 

avoiding difficulties in GWAS analysis such as type II diabetes mellitus which is a 

clinically heterogeneous disease [144]. Three GWASs were performed, 75 cases in 

the French study, 146 cases in the Dutch study and 335 cases in the British study. 

Combining the three cohorts with a total case population of 556 strengthened the 

association found in the individual GWAS. They identified 20 associated SNVs in 

HLA-DQA1 and 13 SNVs in PLA2R1. The effects of the risk SNVs were examined. 

Even when the risk allele was in a heterozygous state the odds ratio was increased 

in both HLA-DQA1 and PLA2R1. The strongest association was with HLA-DQA1, in 

a homozygous state of the HLA-DQA1 risk allele the odds ratio of AMN was 20.2 

and homozygosity in PLA2R1 4.2  [73]. This association was very robust for such a 

modest cohort [145], which is unusual for a GWAS [146].  
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5.2.3. Imputation 

The SNV coverage of these initial GWAS is low compared to the coverage available 

with more modern technology [147], particularly of the HLA alleles [148, 149]. To 

further assess the strength of the SNV associations that were found in the British 

study an imputation study was performed. Imputation is a method to increase the 

statistical power of association studies and potentially identify new associated 

alleles, see 5.4.2.2 for further details [150, 151]. Using this method it was possible to 

impute and examine 8.9 million SNVs in the British cohort [147]. The strongest 

signals remained in HLA-DQA1 and PLA2R1, and no additional loci were found as 

independent risk factors [147]. Imputation of classic HLA alleles was performed, with 

the common European DRB1*0301-DQA1*0501-DQB1*0201 haplotype showing the 

strongest association but providing little information beyond the lead SNV in HLA-

DQA1. The HLA region was genotyped in more detail and this demonstrated a 

region of several hundred kilobase pair (kbp) in linkage disequilibrium around HLA-

DQA1 as well as other HLA class II genes [147]. Subgroup analyses were 

undertaken and there was no significant gender-specific genetic difference and no 

additional loci were found on the X chromosome [147], which is unexpected given 

the unusually strong male preponderance in AMN and recent findings from Downie 

et al., but statistical power for these analyses was limited [147]. 

 

5.2.4. PLA2R1 exon sequencing 

To elucidate the specific variants within the PLA2R1 gene, Sanger sequencing of the 

30 PLA2R1 coding exons and canonical splice sites was performed in 2013 [72]. 

This was an ethnically homogenous group, all 95 affected were white European and 
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less than half had aPLA2Rab [72]. The genetic association of the PLA2R1 gene has 

been found to be greatest in those with aPLA2Rab positivity [91]. Of the variants 

found 6 were common and 3 in splice sites (exon-intron boundaries) but very few 

appeared to change protein conformation and those that did were likely private 

variants. One of these non-synonymous (causing amino acid alteration) common 

variants encodes an amino acid located within the immunodominant epitope and 

may have a contributory role in the pathogenesis of AMN [67, 68, 72]. One reason 

for the lack of exonic difference may be that the true causal variant(s) lie(s) in the 

regulatory region(s) of the gene. A second reason for the lack of significant results 

was that only 45% of the cohort had detectable aPLA2Rab thereby potentially 

weakening the discovery of genetic variant associations [72]. A third reason is that 

the combination of common variants with an environmental trigger, such as pollution 

(the only identified environmental trigger to date) [152], could lead to this rare 

disease. As the causative variant was not found in the coding region of PLA2R1 the 

role of variants in the noncoding regions of PLA2R1 were considered.  

 

5.2.5. Genetic ancestry differences 

The majority of genetic studies in AMN have utilised a candidate gene approach 

whereby a specific previously identified variant is genotyped [153]. The major 

limitation of the candidate gene approach is it can only confirm or refute previous 

findings and cannot detect new associations [153, 154]. Often findings are not 

replicated and so the reliability of these studies is questionable [153, 154].  

 

Following the identification of the two loci in the 2011 GWAS most studies that 

followed were conducted in European individuals. However, it was of interest to see 
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if the same genetic associations were present in other ancestries and some studies 

set out to investigate this [12].  

 

The same risk alleles as identified by the 2011 GWAS were present in a cohort of 

114 Indian patients [73, 94]. The strongest association again was with the 

homozygous genotype in HLA-DQA1 – rs2187668 but the association was also 

present with the PLA2R1 SNV. The risk of AMN was 58.4 with all four risk alleles 

which is a strong association for a small sample size [94].   

 

Chinese studies identified that the PLA2R1 risk alleles increased the rate of AMN but 

did not influence clinical sequelae such as outcomes, response to treatment or 

reaching ESKD [155, 156]. In Western Chinese AMN patients a PLA2R1 SNV was 

associated with hypertension [157]. In Chinese AMN patients the association with 

HLA-DQA1 was significantly lower than in Europeans and instead HLA-DRB1 was 

stronger [91, 95]. The odds ratio with the HLA-DRB1 and PLA2R1 risk variants was 

32.4 compared to 11.1 with the HLA-DQA1 risk alleles [91, 95, 158]. This contrasts 

with a study in Western Chinese individuals which found the same association with 

HLA-DQA1 [159]. A study comparing AMN patients from North-western China to 

South China identified differences in PLA2R1 risk alleles and allele frequency 

between individuals from these regions [160]. The contrasting results in these 

studies is due to the difficulties in the Chinese population because of genetic 

heterogeneity [161]. Different reference allele frequencies are found between 

different Chinese sub-ancestry groups [161].  
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Japanese AMN patients have lower rates of aPLA2Rab positivity, approximately 50-

53% compared to 70% of Europeans [162, 163]. This was thought to be due to 

genetic differences in PLA2R1 [162, 163]. It was interesting to find then that SNVs in 

PLA2R1 were still associated with AMN in small patient cohorts [164]. In a larger 

cohort of 183 Japanese AMN patients four of fifteen SNVs in PLA2R1 had an 

association [165]. Another study demonstrated that the lead PLA2R1 SNV in 

Japanese AMN patients was not the same as the lead SNV in European, but the 

odds ratio was comparable [166]. In conclusion, it appears that risk variants in 

PLA2R1 are present in Japanese AMN patients and so does not fully explain the 

difference in rates of aPLA2Rab associated AMN. A possible theory for this might be 

because all employed Japanese adults have an annual health screening which 

includes urinalysis [167, 168]. This may identify individuals with AMN before they 

become nephrotic and have detectable aPLA2Rab. The HLA type of Japanese AMN 

patients is HLA-DRB1 which is the same as other Asian ancestries [165]. HLA-DQA1 

has no association with AMN in Japanese patients [166].  

 

In the single study of African American AMN patients, 243 individuals had six 

PLA2R1 SNVs and a single HLA-DQA1 SNV sequenced by PCR and genotyping 

[92]. No association was found with the HLA-DQA1 SNV, suggesting that this may 

only be relevant for individuals of European and South Asian ancestry [92]. 

Individuals with PLA2R1 positivity on renal biopsy (n =115) had an association with 

the PLA2R1 SNVs [92]. 
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5.2.6. HLA genotyping  

The HLA type is different between Asian and European patients, Table 5.1. HLA 

genotyping in Chinese patients identified four HLA types DRB1*13:01, DQB1*06:03, 

DRB1*04:05 and DQB1*03:02 associated with clinical outcomes. Having at least one 

of these four HLA alleles increased the risk of a decline in estimated glomerular 

filtration rate (eGFR) of greater than 40% during the follow up period (range 11 to 84 

months) [169]. This association remained even after correction for age, gender, 

proteinuria, albumin, eGFR and aPLA2Rab  [169]. In the UK Biobank (UKBB) 

(predominantly European population) DQB1*03:02 is conversely reported to be 

associated with increased kidney function in all subjects [170]. It is uncertain if this 

difference is due to the mismatch in ancestry or due to other modifiers affecting the 

direction of the HLA affect in AMN.   

HLA Alleles Population Reference 

DQA1*05:01 European Stanescu et al. [73] 

DRB1*03:01 European & East Asian Xie et al. [171] 

DRB1*15:01 East Asian Xie et al. [171] 

Table 5.1: Independent HLA types in European and East Asian ancestry in 
AMN 
 

5.2.6.1. HLA genotyping of recurrent AMN post renal 

transplantation 

A recent study of AMN recurrence in renal transplantation genotyped selected SNVs 

in both kidney donors and kidney recipients. Genotyping of selected SNVs known in 

HLA-D and PLA2R1 was done in 145 donor and recipient pairs. Unexpectedly, they 

report that donor HLA-D SNVs were independently associated with the risk of 
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recurrent AMN in recipients. They hypothesise that the donor SNVs may alter 

antigen presentation or in an indirect way may render the donor kidney more 

susceptible to deposition of aPLA2Rab. They also produced a genetic risk score 

which helped provide some prediction for recurrence risk of AMN following renal 

transplantation. [172] 

 

5.2.7. Genetics and immunopathology  

Associations of genetic variants with AMN have been found and replicated in 

different studies. It is not yet fully understood how these variants contribute to 

disease pathology [173]. The strongest association is with the HLA-DQA1 allele. It is 

hypothesised that the allele may facilitate an autoimmune response to PLA2R1 and 

the increased risk with the PLA2R1 variants further exacerbates this [173]. In 2013, 

David Salant hypothesised there are two components that result in the interplay 

between the genetic variants and AMN [174]: 

1. Presence of HLA-DQA1 risk alleles that increase the risk to autoimmunity.  

2. Presence of PLA2R1 risk alleles that alters the conformation of PLA2R1 and 

improves its ability to become a target for autoantibodies.  

Given the subsequent identification of the PLA2R1 epitope and prediction of the 

allelic changes with the SNVs the second part of this hypothesis seems less likely 

[67, 68]. It would appear instead that these variants potentially affect regulatory 

pathways. The role for other contributory mechanisms in autoimmune mechanisms 

that may contribute in AMN has been recently reviewed, see van de Logt et al. [83]. 
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5.2.8. Recent GWAS 

A larger multi-ethnic GWAS was published in 2020 [171]. With advances in 

sequencing and imputation methodology they were able to improve the genotyping 

coverage to 7 million SNVs. DNA from AMN patients and controls was also more 

readily available so the study population was 7-fold higher. The total number of AMN 

cases was 3782, of which 2150 were European and 1632 were East Asian descent. 

Ancestry matched controls totalling 9038 were genotyped with the cases. Cases and 

controls of both ancestries were combined to perform a multi-ethnic GWAS. The two 

previously identified loci in HLA-DQA1*0501 and PLA2R1 remained strongly 

associated with the European cases of AMN. In East Asian cases the HLA allele was 

DRB1*1501 and in combined European and East Asian cases DRB1*0301. In the 

combined ancestry meta-analysis they identified two novel loci: NFKB1 and IRF4 

[171].  

 

DRB1*0301 is one of the alleles identified in the UK Biobank as being associated 

with decreased kidney function [170]. The HLA types are presented as separate 

findings, however, it is recognised that DRB1*0301 and DQA1*0501 are in tight 

linkage with one another and form part of the second longest multigene haplotype in 

Europeans [175]. The full HLA type is A*0101: C*0701: B*0801: DRB1*0301: 

DQA1*0501: DQB1*0201; called the HLA A1-B8-DR3-DQ2 haplotype [176]. It is 

recognised that because these are in such tight linkage with each other determining 

which part of the haplotype will confer risk to disease is not possible [177].  

 

NFKB1 is on chromosome 4q, the lead SNV has an odds ratio of 1.25 (1.14 in 

Europeans) and on conditional analysis with the lead variant the association 
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disappears suggesting a single haplotype. The NFKB1 gene encodes an active DNA 

binding subunit of the NF-kB transcriptional complex which is known to be pro-

inflammatory and is expressed in human podocytes [171].  

 

IRF4 is on chromosome 6p, and like NFKB1 the association with AMN is dependent 

on a single SNV and therefore haplotype. The odds ratio is 1.29 (1.2 in Europeans) 

with the lead SNV. IRF4 negatively regulates Toll-like-receptor signalling and thereby 

activation of the innate immune system, however, the underlying putative 

mechanism could not be determined for AMN [171].  

 

Utilising all lead SNVs a predicted heritability for AMN was 0.43 in East Asians and 

0.36 in Europeans. Calculating a genetic risk score whereby the weighted sum of the 

relevant ethnic risk alleles the authors deduced that the disease risk in East Asians 

is attributable to 32% from the risk alleles and 25% in Europeans. The magnitude of 

this effect is very large for a GWAS [171].   
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5.3. Genomics 

5.3.1. Overview 

Genetics is the study of heredity and in particular the study of the functional unit 

through which is this transmitted, deoxyribonucleic acid (DNA) [178]. Genetics 

stemmed from the work of Gregor Mendel in 1866 as he studied discrete traits in pea 

plants and proved their heritability [178]. Genetics was introduced as a term by 

William Bateson in 1905 although the structure of DNA was not discovered until 

1953 by James Watson, Francis Crick, Maurice Wilkins & Rosalind Franklin [178].  

 

The rapid development of technology to sequence DNA has improved understanding 

of inheritance greatly. The structure, function and comparison of whole genomes is 

now possible and the study of these is termed genomics [178]. This allows study of 

DNA at a broader level and helps the understanding of pathophysiology and 

mechanism of disease [178].  

 

5.3.2. Genetic variation 

Genetic variation is the result of a mutation and is the difference between DNA 

sequence between individuals within a population [179]. The relationship between 

mutation and variation is that mutations are the source of variation [179]. A mutation 

is a permanent alteration to the DNA sequence [179]. De novo (new) mutations 

occur when there is an error during DNA replication that is not corrected by DNA 

repair enzymes. It is only once the error is copied by DNA replication and fixed in the 

DNA that it is considered to be a mutation. Mutations can arise from different 

sources and can be either deleterious (harmful), neutral (no effect on the fitness) or 
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advantageous (beneficial) to the organism. Deleterious mutations can reduce the 

reproductive function of the organism, whereas advantageous mutations may 

provide survival advantages. Variations can be transmitted if they occur in gametes 

and resultant germline cells or can be unique to an individual without transmission to 

offspring if they happen in somatic cells [178]. 

 

Genetic variation refers to differences either between individuals or more commonly 

in genomics the differences between populations [178]. Differences in gene 

frequencies can be estimated and help indicate the propensity for a certain trait or 

phenotype [178]. Variation can occur at a single nucleotide when one nucleotide is 

replaced by another, is deleted or a single nucleotide is inserted, SNV [180]. It is 

estimated that the amount of SNV variation between two individuals is approximately 

0.1% [180]. Small scale insertions and deletions affect regions between 2 to 50 bp 

[181]. Larger areas of variation are called structural variants and this encompasses 

variation of DNA in a region greater than 50 bp [182]. Across the whole genome 

there are a greater number of smaller scale variants (SNVs up to 5,000,000) 

however proportionally structural variants amount to a greater proportion of the 

genome at 0.8% (compared to 0.08% of SNVs) [181]. The majority of variation is 

within the intronic, non-coding regions of DNA because there is less evolutionary 

pressure in these regions and alterations here do not affect the immediate fitness or 

survival of the organism [180, 183]. For this reason it is widely thought that they do 

not have an impact on the individual [180], but this is not truly known because the 

function of these intronic regions is not fully understood. Even if they do not have 

function for protein coding they may have a protective role for minimising mutations 
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in offspring [183]. The methodology and bioinformatic tools are more developed for 

the study of SNVs.  
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5.4. Genomic methodology 

5.4.1. DNA sequencing 

5.4.1.1. Targeted DNA Sequencing 

There are advantages of targeted sequencing as only the target area of interest is 

amplified. It significantly reduces the cost of whole genome or high throughput 

sequencing as well as the analysis bottleneck of bioinformatics [184]. It can also be 

argued that it reduces ethical issues by reducing the risk of incidental findings [185]. 

Different methods exist for targeted sequencing and differentiating between these is 

important to determine which best may suit the sequencing needs.  

 

5.4.1.1.1. Long range polymerase chain reaction 

Polymerase chain reaction (PCR) is a technique to amplify and clone DNA fragments 

between 0.1-10 kilobases (kb) [186]. Long range PCR (LR PCR) utilises DNA 

polymerases that proofread the extending DNA fragment and amplify larger DNA 

lengths between 20 – 40 kb [187-189]. If combined with sequencing LR PCR can 

achieve a higher sensitivity at a lower cost and faster speed for detecting genetic 

variations [190].  

 

5.4.1.1.2. Sanger sequencing 

This is useful for a small number of samples and over a small genomic region. The 

region of interest from whole genomic DNA is amplified using DNA region specific 

primers and PCR [191]. The amplified DNA product is sequenced using chain 

termination sequencing [192]. This involves elongation of the single stranded DNA 

with DNA polymerase and deoxynucleosidetriphosphates (dNTPs) with additional 
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modified di-deoxynucleosidetriphosphates (ddNTPs) at a lower concentration to 

dNTPs. The ddNTPs terminate the elongation of the complementary DNA strand so 

multiple strands are produced of different lengths. The different lengths of DNA 

fragments are separated using electrophoresis and the specific base of ddNTP 

(tagged with a fluorophore) can be identified for each fragment using ultraviolet (UV) 

light  [192].  

 

5.4.1.1.2.1. DNA sample pooling 

DNA sample pooling consists of pooling together DNA samples from different 

individuals for genotyping. This can be either tagged, whereby the individual DNA 

samples are provided with a unique identifier or barcode (termed multiplexing). Or it 

can be untagged where the DNA amplicons from the different individuals are mixed 

together in equimolar amounts and the individual data is not traceable but instead a 

proportion of sequence is provided such that allele frequencies can be derived from 

this information. The benefits of untagged DNA pooling is that individuals are not 

identifiable, so this method has been used in HIV screening [193]. Allele frequency 

can be measured from pooled samples rather than individual samples increasing the 

overall efficiency of pooling [193]. For rare mutations pooling DNA samples can 

reduce the number of tests that need to be performed by 50-80% depending on the 

test specificity [194]. A disadvantage of DNA pooling for rare mutations is the 

limitation to detect a mutation given that the mutation is present in a member of the 

DNA pool [194]. Another disadvantage is that haplotype frequency information is 

unavailable with pooling of the data [194].  
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5.4.1.1.3. KASP genotyping 

Kompetitive allele specific PCR (KASP) is a method that was first described in 1989 

(then known as polymerase chain reaction amplification of specific alleles, PASA) 

[195]. KASP genotyping differentiates from PCR as it only amplifies regions with the 

alleles of interest. Allele specific primers are designed to bind to the complementary 

region with the 3’ primer tail finishing at the SNV of interest. A reverse primer 

extends the 5’ tail of the forward primer and incorporates this tail into the DNA 

template for future PCR. Cycles of PCR are undertaken to amplify this product, then 

fluorescently labelled oligonucleotides are added. They bind to the 5’ end of the 

original forward DNA template and generate a fluorescent signal, Figure 5.3. Both 

alleles have a different fluorescent dye – either FAM or HEX and so the combination 

of colours identifies homo or heterozygous alleles [196].  

 

Figure 5.3: Schematic of KASP allele specific PCR, adapted from He et al. 
[196]. 
 

5.4.1.1.4. Amplicon based target enrichment 

Different products available on the market have slightly different methods of 

amplicon based DNA target enrichment. DNA is first fragmented, which is done 

either with restriction enzymes or PCR primers. The region of interest is labelled with 

an adaptor and amplified with PCR. This is then sequenced using high throughput 
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sequencing (see 5.4.1.3). Tiling can be performed to increase the sensitivity and 

reliability of the data by using overlapping segments of sequence [197].  

 

5.4.1.1.5. Hybrid Capture Sequencing 

Different to amplicon based enrichment is DNA random fragmentation using 

sonication. Synthetic oligonucleotides specific to the region of interest are then 

added in solution and captured with streptavidin beads. Adaptors are ligated and 

only the captured regions are then amplified with PCR and sequenced [197].  

 

5.4.1.2. DNA Microarray 

DNA microarray is a gene chip that carries multiple probes with known DNA 

sequences for pre-specified SNVs. SNVs are chosen strategically to either cover the 

whole genome at areas of known variation or in targeted genes. DNA is amplified, 

fragmented, and immobilised by hybridisation to the solid substrate DNA microarray 

or bead chip. A single nucleotide complementary extension of the sample DNA is 

made on the microarray probe. DNA fragments of non-complementary binding are 

washed away. The nucleotide is fluorescently labelled and the bead chip is read via 

a laser confocal scanning machine and the fluorescent signal intensities are 

measured and interpreted [198, 199]. 

 

5.4.1.2.1. Raw intensity files 

The raw data from an Illumina microarray is outputted into a binary format file called 

a raw intensity data file or IDAT [200]. There are two IDAT files; one contains data on 

the intensity of the colour for the red fluorescence data and the other for the green 

fluorescence data [201]. There are four fields in the IDAT file; the identification of 
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each bead on the microarray, the mean and the standard deviation of their intensities 

and the number of beads [201]. There is some metadata including data the 

microarray was scanned, software versions and the type of microarray used [201].  

 

This file is combined with a DMAP file which is a map file for the location of the 

probes on the microarray which can be downloaded from the Illumina support site 

[200]. With the combined data of the bead locations on the microarray from the 

DMAP file and the quantification of the signal associated with each bead from the 

IDAT file these two files are combined to create a genotype call file [200]. 

 

5.4.1.3. High throughput sequencing 

High throughput sequencing can sequence millions of fragments of DNA in a parallel 

fashion [202]. There are many different platforms for high throughput sequencing 

available, see [203] for a review on recent and frequently used technologies. They 

follow a similar principle of DNA preparation, amplification, followed by parallel 

sequencing [203]. The most widely used is Illumina sequencing.  

 

In Illumina sequencing, DNA is fragmented randomly into shorter fragments and 

DNA adapters are attached to both ends of the DNA fragments [202]. The DNA 

adapters contain a complementary sequence that allows the DNA fragments to bind 

to the flow cell [202]. By attaching a unique identifier during the adapter ligation for 

each individual multiplexing can be done [202]. The DNA libraries are loaded on to a 

flow cell and the clusters of DNA fragments are amplified resulting in millions of 

copies of single stranded DNA [202]. Fluorescently labelled free floating nucleotides 

with reversible terminators are added to the flow cell one at a time with DNA 



 70 

polymerase [202]. Complementary strands of the clusters of DNA can be created this 

way and if the fluorescent nucleotide in incorporated into the growing DNA strand it 

fluoresces [202]. The fluorescence can be detected identifying the location and the 

nucleotide that has been attached [202]. Through this mechanism the sequence is 

read contiguously of millions of clusters. Each nucleotide is sequenced over thirty 

times (read depth) to reduce the rate of error [204]. Once the whole sequence has 

been read it is aligned and overlapped to a reference genome and differences are 

compared to produce a variant call file [205]. It should be noted that repetitive 

regions are difficult to sequence as the short reads cannot be aligned to the 

reference genome. The schemata for Illumina sequencing is shown in Figure 5.4. 
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5.4.2. Statistical and bioinformatic analysis 

5.4.2.1. Genome wide association study 

A GWAS is a statistical tool to study differences distributed over the whole genome 

between two populations. One population has the phenotype of interest and this is 

compared to a population without the phenotype. GWASs screen the whole genome 

and do not focus on a single candidate gene making them ‘hypothesis-free’ [143]. 

This makes them ideal for scenarios where disease pathophysiology is not fully 

understood, as in AMN [143]. 

Figure 5.4: Diagrammatic representation of the Illumina high throughput 
sequencing schemata in a step-by-step manner. Adapted from Ansorge et al. 
[202] 
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GWASs hypothesise that the phenotype or disease is caused by variations in a 

subset of alleles. GWAS examine all twenty-two autosomal chromosomes for 

common SNVs and compare cases to controls in humans. These common SNVs 

can help identify the chromosomal location of interest associated with disease but 

are not causative [143]. 

 

The underlying basis for a GWAS is that the allele frequency at every single SNV is 

compared between cases and controls [206]. Allele frequencies between different 

ancestries vary at each SNV so cases and controls need to be ancestrally matched 

to prevent identification of false positives [207]. Once confounders are excluded and 

a difference between the allele frequency of cases and controls remains it suggests 

a relation between the allele or more often a nearby variant to the susceptibility of 

disease [206]. There can be two outcomes, either a direct association whereby the 

genotyped SNV is functional and has a direct association with the phenotype. This is 

unusual; more commonly the identified SNV is not causative and is in linkage 

disequilibrium with another locus and acts as a tagging marker if the other locus has 

not been sequenced, this is called an indirect association [208]. Data on linkage 

disequilibrium can be used to help identify these associations. Linkage disequilibrium 

is the non-random association of alleles at two or more loci and results in a higher 

frequency of association of the different alleles compared to if they were independent 

[209]. 
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5.4.2.1.1. Epistasis 

Epistasis is non-independence of effect; this can be of any genetic unit, either loci or 

the gene and the environment [210]. Traditionally the interaction between genes has 

been studied as it is easier to quantify and determine [211]. GWAS analyse SNVs 

and so in this context epistasis means non-independence of SNVs. It is thought that 

a large proportion of missing heritability is due to genetic interaction and so epistasis 

should be examined in a GWAS [212]. The most common method is a pairwise 

interaction where every SNV is analysed against all the others for non-independence 

[212]. The limitation with this approach is that this requires considerable 

computational processing power so this is normally overcome by p-value filters and 

limiting analysis to certain selected SNVs [212].  

 

5.4.2.2. Whole genome imputation 

This technique is based on knowledge about stretches of shared haplotype to 

provide information and predict the untyped alleles [213]. Imputation takes 

advantage of haplotype composition to match known SNVs to other SNVs that are in 

linkage disequilibrium with them. 

 

Imputation uses stretches of shared haplotype to estimate the missing genotype that 

is present [213]. Genotype imputation was first developed in related individuals 

because large regions of shared haplotype were easily identifiable. The first report of 

in silico imputation from 6,500 to 53 million genotypes in related individuals was 

presented in 2006 [214]. In unrelated individuals the underlying principle is the same; 

the known haplotype is utilised to estimate the unknown genotype in another 

individual [213]. Because the two individuals are not related the stretches of shared 
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haplotype are a lot smaller [213]. The missing genotype for each study sample can 

this way be estimated by copying alleles from the reference haplotype (formed from 

many individuals) [213]. As this is an estimate the tools provide probabilities for the 

certainty of correct imputation at each allelic position [213].     

 

Imputation accuracy is a concern as the genotypes are being estimated and then the 

association with a phenotype is predicted utilising this data. The probability of 

correctly imputing depends on the number of individuals in the reference panel, the 

density of genotyped data, the strength of linkage disequilibrium at each position and 

vitally the matched ancestry of the reference and case individuals [215]. Imputation 

accuracy is determined mathematically by the computational tools. These calculate 

the squared correlation between the number of minor alleles (allele dosage) of the 

most likely imputed genotype and the allele dosage of the true genotype (i.e. 

observed and expected) [216]. The allelic dosage can be filtered out and added as 

co-variate in GWAS analysis.    

 

Different imputational tools exist, broadly the two main categories are either 

computationally intensive or more computationally efficient tools [213]. Broadly 

speaking computationally intensive tools consider all observed genotypes when 

imputing whereas the more efficient methods focus on a smaller number of nearby 

genotypes to the desired imputed locus  

 

5.4.2.3. Human leucocyte antigen analysis 

The human leucocyte antigen (HLA) is a group of more than 200 protein coding 

genes [217]. HLA gene products play a key role in antigen presentation and immune 
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signalling [217]. No two individuals have exactly the same HLA (apart from 

monozygotic twins) and the genes are highly polymorphic [218]. HLA analysis can be 

either at the gene level with molecular typing or at the protein level (antibodies) by 

serological typing [219]. Direct molecular typing of HLA alleles is often limited in 

large cohorts because of time constraints, labour intensive methodology, expense, 

reduced allele resolution and reduced HLA gene coverage [220, 221]. For this 

reason, HLA alleles are often indirectly imputed from SNV data using population 

specific HLA reference panels. The distribution and frequency of HLA alleles are 

highly variable across different ancestral groups which results in differences in HLA 

risk alleles in different ancestry populations; as seen in AMN [171, 222]. 

 

The underlying principle of HLA imputation is the same as whole genome imputation. 

However, due to the complex linkage disequilibrium in HLA the pattern recognition 

algorithms need to be adjusted [223]. A limiting factor for imputation is access to 

relevant ancestry haplotype data [223]. HLA imputation accuracy can improve by up 

to 30% by using a more closely matched reference panel [224]. The consensus is 

that the reference panel and sample size is more important than the SNV density for 

high imputation accuracy [225]. Despite high imputation accuracy the accuracy for 

rare alleles is lower [226]. Newer techniques using deep machine learning are now 

available that can impute rarer alleles, facilitate trans-ethnic analysis and all with 

faster computational processing times [223]. 

 

HLA association testing follows the same principles as a GWAS whereby the allele 

frequencies between cases and controls are compared and the statistical likelihood 

of an association is determined at each locus.  
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5.4.2.4. Genetic risk score 

The genetic risk of a phenotype can be determined by the combined set of risk 

variants to identify individuals at increased risk for the phenotype. The genetic risk 

score (GRS) or polygenic risk score is a weighted sum of the number of risk alleles 

an individual carries [227]. GRS can predict disease status in research based case-

control studies, population based cohort studies and in electronic health record 

based studies [228-232]. The clinical utility of GRS is established in multiple disease 

such as breast cancer, prostate cancer and coronary artery disease [233].  

 

The GRS is calculated from a set of independent risk variants associated with a 

particular disease or phenotype based on evidence from a GWAS. For each 

individual, the number of risk alleles at each variant is summed (0,1,2) and is 

weighted by its effect size (the natural logarithm of the odds ratio for binary traits) 

[227]. This produces a single score for each individual’s cumulative genetic risk for 

the phenotype of interest [227]. This can be summarised mathematically as in 

Equation 5.1. The summation of the scores assumes that each SNV has an additive 

independent risk and so independent SNVs need to be used for the calculation. If 

there is epistasis within the SNVs then a different method will need to be used [227]. 

While the GRS model may seem simplistic, a large meta-analysis from twin studies 

found the majority (69%) of traits are consistent with a simple additive genetic effect 

[234].  
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Equation 5.1: Equation for genetic risk score (GRS). The sum of all risk SNVs 
is calculated by calculating the cumulative risk for each SNV.  
 

The biggest limitation of the GRS is its applicability to different ancestries. The 

ancestry of the population needs to be matched to the ancestry of the GWAS 

population and at present this is overrepresented with European studies. GRS are 

unable to factor in gene and environment interactions that may exist. For example an 

individual may have an increased genetic risk for alcohol dependence but if they are 

never exposed to alcohol then they will not develop the condition [227]. The GRS is 

simple but it can be limited in capturing the full genetic loading for a disease because 

an incomplete list of SNVs is used (compared to whole genome sequencing) and 

therefore the causal variants themselves are not identified and the calculated odds 

ratios and scores can also be imprecise [227].   

 

GRS can be useful for an individual’s genetic risk stratification for a particular 

disease. The individual must match the characteristics of the original research study 

used to estimate the effect size [227]. It can be useful if screening programmes or 

lifestyle modification or preventative treatment can be initiated [227]. Screening 

programmes for cancer have considerable economic cost associated; for example 

an individual with a high GRS for breast cancer will need further mammograms 

which will likely cause unnecessary stress and anxiety [227]. It is also important to 

remember that genetic risk alone does not guarantee certainty of developing disease 

[227]. A clinical research trial is underway to assess the impact of GRS to estimate 
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the lifetime risk of breast cancer in patients with negative multi gene panel testing 

and no family history [235].  

 

5.4.3. Functional genetic analysis 

5.4.3.1. Computational approaches 

Sequencing genome wide and the analysis produces many SNVs that are 

statistically associated with the phenotype of interest. Determining which of these 

SNVs is important or relevant requires further filtering. Functional assays and 

research are time consuming and expensive, so it is important to filter down and aim 

to predict functionality instead of investigating millions of variants. The process of 

identifying functional variants can be divided in to two different but not mutually 

exclusive steps [236]. The first is mapping SNVs to previously identified functional 

genomic features, identifying their consequences by annotation and comparison to 

known variants [236]. A summary of most of these data can be found on the 

University of California, Santa Cruz (UCSC) genome browser [237] and the Ensembl 

variant effect predictor [238]. Protein coding and regulatory regions such as 

transcription factor binding sites (TFBSs) are of particular interest. There is also 

value in determining regions that are highly conserved as these often contain 

regulatory DNA with transcription factors and are vital for development [239].  

 

The second method uses computational tools to predict the nature and magnitude of 

the functional impact of the SNV [236]. Predictions can be made about the SNVs 

potential effect on either protein coding or regulatory regions [236]. SNVs affecting 

protein coding sequence use evolutionary information, secondary and tertiary 

structural features and properties and locations of the amino acids to determine 
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functionality [236]. Knowledge of features such as the size, polarity, surface 

accessibility, hydrogen bonding and conservation status are used [236]. The 

computational tools distinguish between these and produce a score for the 

theoretical model to help facilitate interpretation of the likelihood impact of the SNV 

[236]. Regulatory variants are determined through statistical approaches of the TFBS 

motifs based on pre-existing experimental results from DNA-protein binding 

experiments [236]. The ENCODE (Encyclopaedia of DNA elements) project 

catalogues large experimental data sets across several different tissues [236]. It is 

not known how stronger or weaker binding at TFBSs will affect the transcription 

factor function [236].  

 

5.4.3.2. Biochemical approaches 

There are different biochemical approaches to investigate functionality of genetic 

associations. Protein-DNA interactions are the most investigated interactions and in 

particular transcription factors to their binding site within DNA. Currently, the most 

popular method to investigate transcription factor binding to DNA sequences is 

chromatin immunoprecipitation sequencing (ChIP-seq) [240]. The main limitations of 

ChIP-seq are cost and the availability of specific antibodies for the protein of interest 

[240]. There are alternative methods to investigate protein-DNA interactions; 

electrophoretic mobility shift assay, DNA pull-down assays, microplate capture 

assays, and reporter assays [241]. 

 

5.4.3.2.1. Electrophoretic mobility shift assay 

This method is used to study the binding of protein to its protein binding site, 

including binding to DNA [242]. The reaction is simulated using recombinant protein 
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and synthetic oligonucleotides. Utilising electrophoresis protein-DNA complexes can 

be separated from free protein and DNA in a gel due to differences in molecular 

mass [242, 243]. The bound protein DNA complex will be larger and hence ‘shift’ 

upwards compared to the control. There were many reasons why I chose this 

method to investigate the protein-DNA interactions. The most important was that our 

laboratory was already set up to perform this method and it did not require 

purchasing of any additional equipment. It is relatively basic and easy to perform 

while being robust to a variety of conditions [244]. Further because of its sensitivity it 

is possible to use low concentrations and small sample volumes in addition to the 

ability to use recombinant proteins which was important to save both time and cost 

[244].  
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6.  Methods 

6.1. PLA2R1 intronic variant analysis 

6.1.1. Computational analysis: identification of variants 

of interest 

6.1.1.1. Patient cohort 

Blood samples for DNA were collected by the Medical Research Council and Kidney 

Research UK National DNA bank for glomerulonephritis. The diagnosis of AMN was 

assessed and confirmed by the UK Membranous Nephropathy Consortium. This 

identified 335 self-reported European ancestry patients with kidney biopsy-proven 

AMN.  

 

6.1.1.2. Ethics 

The study was approved by the Oxford multicentre research ethics committee, 

Oxford UK. The study was conducted to the Declaration of Helsinki principles. 

Informed written consent was collected prior to blood sample donation. 

 

6.1.1.3. DNA preparation 

DNA was extracted from blood samples, one sample had a low yield of DNA so was 

excluded giving a total of 334 AMN patients. Extracted DNA was sent to deCODE 

(Reykjavik, Iceland) for LR PCR and pooled DNA sequencing. PCR primers were 

designed to cover the PLA2R1 gene by deCODE. The target gene locus spanned 

160,506,258 – 160,627,367 base pairs (bp) on chromosome 2: primers were 

designed to cover an extended region of chr 2:160,503,502 – 160,643,828 (140 kbp) 
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(GRCh36/hg18). The primer pairs were designed such that there were overlapping 

segments of DNA. Table 6.1 demonstrates the regions covered by the primer pairs 

and the regions that failed are shown on PLA2R1 in Figure 6.1. The coverage by LR 

PCR was 93.6%.  

Chromosome position Size (base pairs) 
160502964 - 160512722 9759  
160512264 - 160517088 4825 
160516580 - 160522040 5461 
160521263 - 160531420 10158 
160529427 - 160539418 9992 
160538868 - 160548896 10029 
160548447 - 160558110 9664 
160557692 - 160565965 8274 
160565309 - 160575275 9967 
160574929 - 160584896 9968 
160584026 - 160593963 9938 
160593383 - 160602848 9466 
160602199 - 160612142 9944 
160611440 - 160621422 9983 
160620818 - 160629391 8574 
160628728 - 160638433 9706 
160636183 - 160641913 5731 
160641227 - 160647248 6022 
Table 6.1: Long range PCR primer pair regions with the chromosomal position 
on chromosome 2 and the correlating base pair size of the region target. 
 

 

Figure 6.1: Position of missing regions not covered due to PCR primer failure 
relative to PLA2R1 gene introns and exons. 
 

6.1.1.4. DNA sequencing and alignment 

An Illumina 1GA genome analyser (Illumina, San Diego, California, USA) with a 

paired end read length of 35 bp was used to sequence DNA. The average read 

depth across the entirety of the PLA2R1 gene was 2044-fold, with a maximum 

coverage of 31,948 reads. The global alignment algorithm ELAND was used to align 
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the sequence data to the human genome build (hg) 18 [245]. There were missing 

regions amounting to 9.1kbp (6.4% of the total gene sequence), which were 

scattered throughout PLA2R1 and are visualised in Figure 6.1. deCODE use their 

own in-house software for quality control and variant analysis.  

 

6.1.1.5. Quality control 

Quality control was done by deCODE within three main domains. Firstly, potential 

PCR bias was accounted for by excluding variants from strands of the same length 

exclusively carrying the minor allele. Secondly, minor allele variants close to strand 

endings were discarded. Thirdly, each SNV is reported with a ‘SNV score’, this is a 

logarithmic likelihood ratio test score that has been compared to a chi-square table. 

The higher the SNV score the more likely the SNV is real, and only scores greater 

than 10 were included in the report, with most real SNVs having very high scores of 

several hundred to thousands. 

 

6.1.1.6. Converting case data 

Patient data was provided under hg18, however, control data used the relatively 

newer hg19. This difference meant that the genomic positional data was not directly 

comparable as there was the potential of a mismatch between novel and discarded 

variants between the builds.  

 

The case variant call file (VCF) file (see 6.2.1.3) was converted to the UCSC browser 

extensible data (BED) format [237]. The BED format of the SNV data was converted 

using the liftOver utility provided by UCSC [163]. The resulting BED file was 

converted back to a column file with updated positions. Concordance between the 
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variants in the different genome builds were compared and there was an excellent 1-

to-1 mapping of all nucleotides between the hg18 to hg19 builds. 

 

6.1.1.7. Control dataset 

Control genotypes and allele frequencies were extracted from the European subset 

of individuals within 1000 Genomes data (Phase3 2013/05/02 release, 

Build37/hg19). Raw data in the form of a gzip-compressed VCF file was downloaded 

[246].  The 1000 Genomes Project specifies two pedigree files for their sample data, 

one for those genotyped and another for those sequenced. 

 

The genotyping population file had 3500 individuals and quoted 669 of these as 

being of European (EUR) origin. However, when this was manually checked against 

the headers of the raw data there was a discrepancy of 166 individuals, where only 

503 matched the EUR identification (ID). The whole genome sequencing (WGS) 

population file from the 1000 Genome Project had 2504 individuals. 503 of European 

origin and these all matched the EUR ID in the Phase 3 data. For this reason, the 

WGS population file for the control data was used.  

 

The European group consist of a subset of individuals from Utah, America (with 

Northern and Western European ancestry); Tuscany, Italy; Finland; England; 

Scotland; and the Iberian Peninsula, Spain [247].    
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6.1.1.7.1. Determining allele frequencies 

The 1000 Genomes Project chromosome 2 VCF file has pre-computed minor and 

major allele frequencies for each ethnic super group. The allele frequencies for the 

503 European individuals were extracted.  

 

6.1.1.7.2. Determining reference and alternate alleles  

The FASTA data for chromosome 2 (hg19) was accessed via the UCSC website  

[237]. Using the chromosomal position of the 7,081,601 variants from the 1000 

Genomes chromosome 2 VCF file the reference allele was extracted from the 

FASTA data. The quoted reference allele in the VCF file matched 100% to the 

FASTA file allele. 

 

To assess the characteristics of the control data, the quoted reference allele and 

calculated major allele were compared over all 1000 Genomes variants. For 

chromosome 2, 97.1% of reference and alternative alleles mapped to the correct 

corresponding major and minor allele respectively. A total of 205,223 variants (2.9%) 

were mapped incorrectly such that the reference allele was the minor allele or the 

alternative allele was the major allele. In the PLA2R1 region alone this accounted for 

171 out of 3316 variants being in discord (5.2%). These were altered to match the 

case dataset allele with the relevant allele frequencies irrespective of the designated 

label. 

 

6.1.1.8. Intersecting variant datasets 

The variant datasets were compared and aligned to ascertain differences in allele 

frequencies within the case data and the control data. The difference in allele 
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frequencies was subsequently used to generate contingency tables in the 

undertaking of a chi-squared test to ascertain statistically significant alleles.  

 

From the pooled sequence data, deCODE identified 962 good quality variants (set 

1), 141 of medium quality (set 2) and 1200 of poor quality (set 3). There were 3316 

variants in the control file within the PLA2R1 gene. The variants from the case data 

were compared using the chromosomal position in the correlating control population 

data file. Set 1 (good quality data) had 495 variants that were present in the control 

data, set 2 had 8 variants and set 3 had 59 variants. As I was interested in the high-

quality sequence reads, I decided to only analyse set 1. 

 

All case variant data was bi-allelic. If the major allele in the case variant file was 

present in the reference allele in the controls this was a successful intersection. The 

control data had a few complications that needed resolving prior to full and 

successful intersection. The first of these was that the control variant data did not 

contain the variants that were present in the cases. It was important not to lose this 

information as it may be indicative of novel causative variants. If the control data did 

not have the case alternate allele, then “simulated” alleles were created to match 

this, see Figure 6.2. The reference major allele (from the FASTA file) was taken to 

create the control major allele with an allele frequency of 1 and the alternative allele 

with an allele frequency of 0.  

 

Another problem with the control data was that some positions had multiple alternate 

alleles. This was initially resolved by matching the allele present in the variant data to 

the allele in the control data with the appropriate allele frequency. If the case variant 
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allele was matched with the allele from the control data this was called a “matching” 

allele. If on the other hand the allele was not present at all in the control multiple 

alleles this was resolved by creating an allele of the same nucleotide with an allele 

frequency of 0 and was termed a “forced” control allele. By reconciling the multi-

allelic control data, the overall allele frequencies did not always equal 1 which 

potentially could create difficulties with chi-squared testing and in plotting the data for 

visualisation (LocusZoom). A summary of the data that was reconciled in the original 

attempted ways is shown, Table 6.2. As this represented few variants (13 in total), a 

decision was made to exclude these variants to facilitate simpler analysis. 
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Figure 6.2: Schemata of how the simulated controls were created for 
variants not previously identified in the control data. 
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No of 
matching 
case and 
control 
alleles 

No of case 
variants 

requiring a 
forced bi-

allelic 
control 

No of case 
variants 

requiring a 
control 

simulated 
variant 

No of case 
variants 

matched to 
multi-allelic 

control, 
corrected 

by 
matching 

No of case 
variants not 
matched to 
multi-allelic 

controls, 
corrected 
by forced 

allele 

Total no of 
case allele 

variants 

482 6 473 6 1 962 
Table 6.2: Summary of case variant data with the matching control allele and 
the method used to create a matched control allele. 
 

6.1.1.9. Chi-squared testing  

6.1.1.9.1. Converting allele frequencies to absolute allele values 

After obtaining a bi-allelic set of data between cases and controls for comparison a 

chi-squared test to compare the different allele frequencies was necessary. As chi-

squared uses integer values, the allele frequencies needed to be converted to 

absolute allele values. To do this the allele frequency was represented as an integer. 

As an example: allele frequency for allele A =0.2 and allele C =0.8. If there are 10 

samples then there are a total of 20 alleles (10 samples, each which have 2 alleles). 

Using the allele frequency for allele A the absolute allele value is 0.2 x 20 =4 alleles 

and then allele C is 0.8 x 20 =16 alleles. This was done for each variant and each 

allele. 

 

6.1.1.9.2. Calculating observed and expected variant values 

Observed values were calculated for both alleles at each chromosomal variant 

position for both the control data and the case data. The data was calculated with the 

total number of alleles in the case dataset (668) and the control dataset (1006). The 

observed values were calculated by Equation 6.1.  
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Case reference allele = 668	 × 	&''('(	)*(+,(-./ 

Case alternate allele = 668	 × 	&''('(	)*(+,(-./ 

Control reference allele = 1006	 × 	&''('(	)*(+,(-./ 

Control alternate allele = 1006	 × 	&''('(	)*(+,(-./ 

Equation 6.1: Equation used to calculate the observed values for the Chi-
squared test 
 

The expected values were the overall proportion of alleles across both data sets 

(cases and controls), calculated with Equation 6.2. Across both datasets there were 

a total of 1676 alleles.  

Case reference allele = ∑&''	*()(*(-.(	&''('(3	 ×	(668	 ÷ 1676) 

Case alternate allele = ∑&''	&'8(*-&8(	&''('(3	 ×	(668	 ÷ 1676) 

Control reference allele = ∑&''	*()(*(-.(	&''('(3	 ×	(1006	 ÷ 1676) 

Control alternate allele = ∑&''	&'8(*-&8(	&''('(3	 ×	(1006	 ÷ 1676) 

Equation 6.2: Equation used to calculate the expected values for the Chi-
squared test 
 

Chi-squared values were calculated for each allele in both the control and case data 

(so that there were four chi-squared values per chromosomal position variant), Table 

6.3 and  

Equation 6.3. These four different values were added to give the total chi-squared 

value for that variant (n). R (The R Foundation, Vienna, Austria) was used to 

calculate the chi-squared and p-value for each variant [248].  
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Chromosomal position Allele A Allele T Total 
Cases a b a+b 
Controls c d c+d 
Total a+c b+d n 

Table 6.3: Contingency table showing the two possible alleles at a single 
chromosomal position, allele A and allele T. 
 

9! =	;
(<=>?@A?B" − ?DE?FG?B")!

?DE?FG?B"
 

Equation 6.3: Formula for Chi-squared calculated separately for each allele at 
each variant in both cases and controls. i is either the case or control allele 
values.  
 

The chi-squared distribution can overestimate for small (2x2 contingency table) data 

sets and values <5. There are 2 data sets (case major allele and case minor allele 

compared to control reference allele and control alternative allele) so the Yates 

correction was applied to the values. The Yates correction subtracts 0.5 from the 

absolute calculation (observed minus expected) [249].  

 

The results of the chi-squared test were sorted on ascending order of p-value and 

the p-values for all variants were used for the association plots. 

 

6.1.2. Computational analysis: assessing functionality 

of variants 

6.1.2.1. Linkage disequilibrium 

LocusZoom (version 1.3, GPLv3) was used to plot the variant p-values against 

chromosomal position with data on control linkage disequilibrium (LD) [250]. For this 

a reference SNV is compared to all the other SNVs in the region and the colouring of 

the plot is representative of the square of the correlation coefficient (r2) (calculated in 

PLINK which uses an expectation-maximisation algorithm [251]). LD was calculated 
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with the control VCF file from the phased v3 1000 genomes project in PLINK v1.9 

[252].  

plink --vcf 1kgpv3_chr2 --r2 --out 1kgpv3 
 

The input plot data is the variant chromosomal position and the p-value with the 

matching European control LD data, example shown in Table 6.4.  

Variant position Negative logarithmic p-value r2  
160856173 227  
160833188 2 0.99 
160839341 4 0.99 
Table 6.4: Input plot data for LocusZoom plots, variant position, p-value and 
correlation co-efficient. 
 

Plots were created for all variants irrespective of their function. A second plot was 

created for exonic (synonymous, non-synonymous, nonsense and splice sites) and 

intronic regulatory region (TFBS, splice sites and 5’ and 3’ untranslated regions) 

variants. A final plot was created for the exons and splice site variants to appreciate 

LD of the lead variant with these components alone.  

 

To obtain the functional annotations, custom annotations were generated utilising the 

UCSC variant annotation integrator tool [253]. The selected annotated variants 

include all protein coding gene transcript effect predictions and regulatory 

annotations. Specifically, the protein coding gene transcript effect predictions can 

differentiate between intergenic variants, upstream and downstream variants, 5’ and 

3’ untranslated region (UTR) variants, synonymous and non-synonymous variants, 

in-frame indels, frameshift variants, variants in the stop or start codons, nonsense 

variants, splice region variants (1-3 bp of exon or 5-8 bp of intron) or intronic 
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variants. TFBS data was extracted via UCSC from the transcription factor ChIP-seq 

table sourced ENCODE data [254].  

 

6.1.2.2. Isoform identification 

RefSeq (NCBI Reference Sequence database, Bethesda, USA) identifies three 

different isoforms for PLA2R1 messenger ribonucleic acid (mRNA) transcripts; 

variant 1 (NM_007366), 2 (NM_001007267) and 3 (NM_001195641) [255]. Variant 1 

is the longest isoform at 5633 bp and the longest transcript which was used in all 

subsequent analyses. Transcript variant 2 has a splice variant and is for the 

secretory isoform of PLA2R1 (whereas I am interested in the transmembrane 

isoform) with 5175 bp. Transcript variant 3 has 5627 bp via an alternate in-frame 

splice site creating a shorter protein, Figure 6.3.  

 

Figure 6.3: Graphical representation of the different PLA2R1 isoforms A. 
isoform 1, B. isoform 3, C. isoform 2. 
 

6.1.2.3. Coding variants 

Detailed functional annotation was undertaken of the 2 coding variants with a p-value 

<5 x10-8. Multiple online resources were utilised to maximise successful identification 

and function of the variant; UCSC genome browser reference sequence hg19, NCBI 

(National centre for biotechnology information) dbSNP database, InterVar, ClinVar, 

OMIM (online Mendelian inheritance in man), ExAC (exome aggregation 

consortium), HSF (Human splicing finder), and variant effect predictor on ENSEMBL 

[237, 238, 256-261].   

A 
B 
C 
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6.1.2.4. Regulatory region variants 

Functional effect of significant (p-value <5 x10-8) regulatory region variants within a 

TFBS was examined utilising a multitude of databases including those above. The 

name and motif of the TFBS data was obtained from the ENCODE transcription 

factor ChIP-seq data on the UCSC website [262]. TRANSFAC public domain and the 

associated programs such as Patch 1.0, P-Match 1.0, MatrixCatch 2.7, Alibaba 2.1, 

SignalScan, Match, were used to predict alternative TFBS DNA motifs [263, 264]. 

HSF 3.0 was used to predict the variant influencing a splicing site [261].  

 

6.1.3. In vitro analysis: electrophoretic mobility shift 

assay 

To determine the functionality of the lead variant on TFBS an in vitro method - 

electrophoretic mobility shift assay (EMSA) - was undertaken [243]. This required 

different steps, detailed below.  

 

6.1.3.1. Transcription and translation of CEBPB 

Dry CEBPB plasmid DNA (Origene, USA) was purchased as 10µg of dry powder. 

This was reconstituted as per manufacturer’s instructions with 100µL of 18.2 mW 

water. The concentration of the CEBPB DNA was checked using a nanodrop 

machine and was 31.4ng/µL. 

 

The TNT Quick coupled transcription/translation system (Promega, USA) was used 

to produce the recombinant CCAAT/enhancer binding protein beta (CEBPB) protein 
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[265]. The TNT Quick coupled transcription/translation system is a quick single tube 

reaction to produce cell free protein. It combines RNA polymerase, nucleotides, 

salts, amino acids and a recombinant RNAsin-ribonuclease-inhibitor. The expressed 

protein can be used directly after expression and no additional protein purification is 

required. An empty DNA vector was also created for a control using the same 

method and were processed together. The TNT single master mix was incubated 

with 1µl methionine and 100ng of the plasmid DNA. The product size was confirmed 

with 1-dimensional electrophoresis using a 12% Bistris pre-made gel (ThermoFisher 

Scientific, USA) and Western blot at 200 volts (V) electrophoresis. Visualisation was 

done by chemiluminescence with antibodies from mice horseradish peroxidase. A 

comparison was made to a genomic ladder with known molecular weights. The 

predicted weight of the recombinant CEPBP product was 39.71 kDa. 

 

6.1.3.2. Synthetic DNA oligonucleotides 

Synthetic oligonucleotides of 100bp with and without the lead variant were designed 

and purchased (Integrated DNA Technologies, USA), Figure 6.4. These were 

reconstituted with fresh water to achieve a 100µM concentration.  

 

a. 5’ - 
AGCCACCACGCCCGGACTACGTAATTTTTAAATGTCCCTTGTCATACAAATGCCTTGT
AAAAGTTCATTAAATGAATGGCTTTAATTATGCAATAGGGTT – 3’ 

b. 5’ – 
AGCCACCACGCCCGGCCTACGTAATTTTTAAATGTCCCTTGTCATACAAATGCCTTGT
AAAAGTTCATTAAATGAATGGCTTTAATTATGCAATAGGGTT – 3’ 

Figure 6.4: DNA sequence of designed synthetic oligonucleotides measuring 
100bp for lead variant in PLA2R1. a. Control oligonucleotide sequence b. 
Oligonucleotide sequence of region of interest in PLA2R1 with the lead variant 
highlighted in yellow.   
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6.1.3.3. EMSA 

To determine functionality and effect of the variant on CEBPB transcription factor 

binding an EMSA was done. The EMSA product was a combination of CEBPB and 

synthetic DNA oligonucleotides (with and without the variant). The shift assay was 

performed with the Lightshift chemiluminescent EMSA kit (ThermoFisher Scientific, 

USA), Table 6.5. 

 

A 4% acrylamide non-denaturing gel was made using 892.15mL water, 5mL 

acrylamide, 2.5mL 10X Tris-borate-EDTA buffer. This was degassed for 15 minutes 

then 150µL 10% ammonium persulfate and 50µL of tetramethylethylenediamine. 

This was left to polymerise and then poured in to 1.5mm cassettes with 10mL each. 

 

The EMSA products were run through the 4% acrylamide gel at 100V. Then 

transferred via immunoblotting to a polyvinylidene fluoride (PVDF) transfer 

membrane, fixated with UV transillumination and then visualised with 

chemiluminescence.  
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Order and Names of Chemicals Volume or Concentration 

Milli-Q 18.2Ω water 12 µL 

10x binding buffer 2 µL 

50% glycerol 1 µL 

100Mm MgCl2 1 µL 

1µg/Ul Poly (dI.Dc) 1 µL 

1 % NP-40 1 µL 

Recombinant CEBPB 2 pmol 

Wait 15 minutes   

Biotin labelled target DNA (working stock = 1 pmol/µL) 2 µL 

Wait 20 minutes   

Loading buffer 5 µL 

Table 6.5: EMSA protocol in the sequence of chemical addition and volumes 
and concentration used 
 

6.1.4. In vitro analysis: replication 

6.1.4.1. KASP genotyping 

KASP genotyping was outsourced to LGC Genomics. The source reference genome 

sequence was provided to LGC with 50 bp up and downstream of the single lead 

variant of interest. The primer design and genotyping was done by LGC and they 

provided the results. 

 

6.1.4.2. Illumina SNP Microarray 

Due the cost of the alternative methods for replication and the failure of KASP 

genotyping I investigated if a pre-existing microarray Illumina beadchip already 
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contained the two lead variants of interest. The manifest of the following beadchips 

was reviewed: Omni 2.5, CytoSNP-850k, Global Screening Array and the Multi-

ethnic global array. None included the variants of interest. For a custom beadchip 

the minimum number of samples is 1152, thereby being too expensive [266]. 

 

6.1.4.3. Hybrid Capture sequencing 

New England Biolabs’ (NEB) new technology NEB Next Direct is an alternative and 

more efficient way of hybrid capture sequencing. This technique was sought for the 

top ten lead variants, but of these only 7 were covered with the primer design and 

the cost was £160 per DNA sample. More traditional methods of hybrid capture 

sequencing with long range PCR were investigated for the entirety of the PLA2R1 

gene with Nonacus (UK). At a cost of £120 per DNA sample only two of the ten lead 

variants were adequately covered. Primer design alterations did not improve the 

coverage further, therefore this was not pursued as an option.   

 

6.1.4.4. Sanger sequencing 

Due to failure and cost with methods above an alternative was sought with the 

possibility of Sanger sequencing for the top two variants. This was cheaper at £2.60 

per DNA sample.  

 

6.1.4.4.1. Primer design 

PCR primers were designed with Primer-BLAST (NCBI) [267, 268]. A combination of 

2 sets (forward and reverse) of primers were designed first for each variant (number 

1,2,8 and 9). When these did not work, after re-analysis further PCR primers were 

developed and ordered. PCR primers were ordered and bought from Integrated DNA 
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technologies (USA). The full set of primers ordered are summarised in Table 6.6. 

The position of the primers was visualised with SnapGene software v4.0.0 [269], see 

Figure 6.5 for the lead variant and Figure 6.6 for the cluster of second variants.  

 

Table 6.6: Table of primer combinations designed and trialled for variants 1 
and cluster of variants in 2 

 

No SNV Forward strand sequence 
5’ to 3’ 

Reverse strand sequence 
5’ to 3’ 

1 1 CCACTAGGAAGGTAGTTTGGC
TA 

CCCAGATTATAGCAACATGAAGG
C 

2 1 TGCTGGTTATTTCTCATAGCAC
C 

TTTTTTTGAGACGGAGTCTCGCT 

3 1 CTGCTCAATCTTTGAGATGT ATCCGCCCGCCTCGGCCTC 
4 1 CATTTGTATGACAAGGGACA GATGGTCTCGATCTCCTGAC 
5 1 TTCTATAACCCTATTGCATA ACATGAAGGCATGCACATTAC 
6 1 CACATGTATTCAGTCTACTGCT

CAA 
TTTGCTACCACTCCCAGA 

7 1 AATCTTTGAGATGTCTCTCTCT
GTG 

TCACCACTCCCAGATTATAGCAA 

8 2 ACATGCTAAGGCAGTGTCTCT AACATACCCATGCCTGTCAATAA
GA 

9 2 AAACAATACCTCTAAATGTCT GGCATGAGAATCTCTTGAATC 
10 2 ACATGCTAAGGCAGTGTCTCT AACATACCCATGCCTGTCAATAA

GA 
11 2 TGGGTCTAGCTCTGCTGAAA AATCCAGGAGGCAGAGGTT 
12 2 AAGGAGAAACAATACCTCTA CAGTAAGCTGAGATTGCAC 
13 2 AGGGGGTTGTTGGGATTTGG TTACGGCAGCATTGTCCTGA 
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Figure 6.5: Annotated PCR primer location in comparison to the lead variant in 
PLA2R. Matching colours are the matching forward and reverse primer 
combination. Regions that pose specific PCR challenges are shown with the 
solid bars underneath the sequence.  
Key: Green = regions of repeats, grey = interspersed nuclear elements (either 
long or short), pink = poly-A tail. 
Alu-SINE = Alu-short interspersed nuclear elements, LINE = long interspersed 
nuclear elements 
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Figure 6.6: PCR primer location in comparison to the cluster of second lead 
variants in PLA2R. Matching colours are the matching forward and reverse 
primer combination. 
Key: Green = regions of repeats, grey = interspersed nuclear elements (either 
long or short), pink = poly-A tail. 
Alu-SINE = Alu-short interspersed nuclear elements, LINE = long interspersed 
nuclear elements 
 
 

6.1.4.4.2. PCR 

Standard PCR protocols were followed with a combination of whole genomic control 

DNA (250-500ng), 10µM of both each forward and reverse primer, and 12.5µL of 

ReadyMix Taq PCR reaction mix with MgCl2 (P460, Sigma Aldrich, USA) to a total 

volume of 25µL. This was then amplified in the thermal cycler (DNA Engine Peltier 

thermal cycler, PTC-200, Bio-Rad, USA), Figure 6.7.  

 

PCR was performed with the different matching primer forward and reverse 

combinations with two different healthy control whole genomic DNA samples. 

Different primers and combinations were tested and the recommended annealing 
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temperatures were used for each primer set, this was either 55º or 52º. Because the 

trial for the first 2 sets of primers was unsuccessful, I also tried nested PCR, whereby 

the outer region was first amplified and then using inner primers the same DNA was 

re-amplified. 

 

Production of the correctly sized PCR products was examined with electrophoresis 

using a 1% agarose gel at 60V. The PCR product was visualised by UV 

transillumination using ethidium bromide. DNA band sizes were compared against a 

DNA ladder control (Quickload 100bp DNA ladder, New England Biolabs, UK).  

 

 
Figure 6.7: A flow chart of the thermal cycler settings and steps 

 

6.1.4.4.3. Purification of DNA 

If the PCR DNA product was the expected product size it was extracted from the 

agarose gel by cutting the band under UV transillumination. The nucleic acid product 

was extracted with the High Pure PCR Product Purification Kit (Roche, Sigma 

Aldrich, USA). The standard protocol, Table 6.7, was followed to extract the PCR 

DNA [270]. The DNA concentration of the PCR product was measured using the 

Nanodrop ND-1000 (Labtech, UK).  
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Step  Instruction 
1 Add 500µL binding buffer à Thermoshock 500 RPM (revolutions per minute) 

for 10 minutes 
2 Add 300µL Isopropanol and then vortex 
3 Transfer 600µL onto the filtered Eppendorf tube (from the kit) 
4 Centrifuge 12000RCF (relative centrifugal force) at 21º for 1 minute 
4 Transfer remaining effluent from (2) onto filtered Eppendorf tube à repeat 

(4) 
5 Add 500µL wash buffer à Centrifuge 12000RCF at 21º for 1 minute 
6 Add 200µL wash buffer à Centrifuge 12000RCF at 21º for 2 minutes 
7 Transfer effluent to clean collection Eppendorf 
8 Add 50µL elution buffer à Wait for 5 minutes 
9 Centrifuge 12000RCF at 21º for 2 minutes à Pure PCR product made 
Table 6.7: High Pure PCR product purification protocol, buffers are provided 
with the kit. 
 

 

6.1.4.4.4. Sequencing 

Sequencing was outsourced to GATC Biotech (Germany) by purchasing LIGHTRUN 

tube barcodes. Once the DNA was extracted 5µL of the PCR product was mixed 

with 5µL of the forward primer in one Eppendorf and 5µL of PCR product with 5µL of 

the reverse primer in the other, as per the GATC Biotech protocol [271]. The 

premixed samples of control DNA and primers was sent for Sanger sequencing 

[271]. Results were sent back for analysis electronically. Electropherograms were 

visualised using the ab1 file and the 4Peaks program [272].   

 

There was no signal for either variant with either of the primers in the 

electropherograms, see Figure 7.13. Thus, the nested primers were tried and again 

this failed, Figure 7.14. At the third attempt I used a combination of nested PCR 

primers and exclusively used the pre-amplified control DNA so that the overall 

concentration of DNA would be higher and reduce non-specific binding elsewhere 

within the genome.  
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6.2. Genome wide association study 

6.2.1. Computational tools 

6.2.1.1. PLINK 

PLINK is a free, open-source whole genome association analysis toolset. It is the 

most used toolset for a range of basic and large-scale dataset analyses. Most 

analyses were undertaken using PLINK v2.0 alpha and for some functions that were 

not available in v2.0, PLINK v1.90 beta was used [252, 273-276]. The advantage of 

v2.0 compared to v1.9 despite it being in developmental stages is that the 

processing speed is much faster, and tools are available for larger datasets that 

require a lot of computational processing power. PLINK is a command line program 

with no graphical user interface. Input file formats are different depending on the 

version used but are in binary formats to improve processing speeds. A single file 

with binary data for the genotype information is made, called a *.bed or *.pgen in 

v1.9 and v2.0 respectively. The binary file *.bim or *.pvar contains identifier 

information about all of the genotyped SNVs. The sample information is contained 

within the *.fam or *.psam file and can also be used to add phenotype information to 

the dataset [277].   

 

6.2.1.2. SNP & Variation Suite 

Golden Helix SNP & Variation Suite version 8.8.1 (SVS) is a specialist subscription 

paid for software package designed to analyse genomic data [278]. It has a user-

friendly interface with drop down menus and selections and does not require any 

coding and the genotyping data can be viewed easily. SVS uses a *.dsf format for 
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files and can import and export to a variety of different formats improving its 

functionality. Once imported, genotyping data is visible on screen with columns for 

the SNV markers and a different row for each individual,  Figure 6.8 [278].    

 

Figure 6.8: Display of an example of the format and layout of genotyping data 
in SNP & Variation Suite 
 

6.2.1.3. VCFtools and BCFtools 

VCFtools is a package containing a set of utilities that manipulate genotyping files in 

the *.vcf format and the binary counterpart *.bcf is manipulated using BCFtools. It is 

a command line tool and facilitates data filtering and reading and writing of a VCF file 

[279, 280]. The VCF file is a standard format for storing genetic variation data and is 

a tab delimited text file that contains genetic information [280, 281]. The headers 

include meta-information such as the data source, the date and the format of the 

genotypic data. This information is ignored in the analysis of the VCF file as it is 

prefixed by a hashtag ‘#’ [281]. The genotyped data itself is organised by the 

chromosomal position in rows and each separate individual in the columns [281]. At 

each variant for each individual the genotyped data is contained with a 1 or 0 format 

to depict if the variant is present or not [281]. This way the data is represented in a 

matrix depicting the variants each individual has, Figure 6.9. 
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Figure 6.9: An example of the first few lines of a variant call format file, 
showing the format of the genotyping data 
 

6.2.1.4. Beagle and SNP2HLA 

Beagle 5.1 is used for whole genome phasing and imputation of missing genotypes 

[215]. Ungenotyped SNVs in the study sample are imputed if they are present in the 

reference panel. Beagle clusters haplotypes at each locus and the number of 

clusters adapt to the amount of information available and increase globally with 

sample size and locally with linkage disequilibrium [282]. Beagle is ideal for the study 

as it is suitable for larger sample sizes >1000 individuals [282]. It can improve 

computation processing time by clustering haplotypes and increasing processing 

with sample size. Version 5.1 provides faster algorithms and uses a new reference 

format called bref3. Beagle uses Java version 1.8 as a minimum (Java can be 

downloaded from www.java.com) [282].  

 

SNP2HLA was developed by the Broad Institute and is publicly available. SNP2HLA 

uses Beagle to impute HLA alleles and the amino acid polymorphisms using 

reference haplotype data [225]. SNP2HLA requires access to PLINK and an older 

version of Beagle (version 3.0.4). HLA imputation is different to whole genome 

imputation because it exclusively focuses on the HLA region on chromosome 6 

which is highly polymorphic and has complex linkage disequilibrium. As a result the 

pattern recognition algorithms are adjusted [223]. HLA imputation predicts the 

untyped HLA alleles based on the reference panel. Compared to other tools 



 107 

available SNP2HLA can impute a greater number of alleles and the call rate is higher 

[226]. An appropriate reference panel is required to facilitate reliable imputation 

quality, see 6.2.7.1 for more information.  

 

6.2.1.5. Remedy 

Our in-house software Remedy [283] developed by Dr Cheshire converts Illumina 

output report files in to useable VCF files [283]. The input data is the *.txt Illumina 

final report or matrix format file. Remedy scans the microarray chip manifest file and 

matches each SNVs refSNP identifier (rsID) to the reference database dbSNP 

version 150. Using dbSNP as the reference it filters out non-matching SNVs, 

multiallelic variants, structural variants and erroneous SNVs. The output from this is 

the number of valid SNVs that are useable for further analysis. Remedy scans the 

genotyping data and detects the encoding system across the whole dataset using 

the human genome build 37. Remedy can then convert to a desired encoding 

system output of your choice and outputs the file in to a workable VCF file. 

 

6.2.1.5.1. Encoding schemes 

The encoding system states the strand of DNA on which the SNV lies. There are 

different encoding systems that have been developed.  

1. Forward and reverse: This scheme is based on the forward (5’ to 3’) strand in the 

reference genome. This uses the nucleotides ACGT letters to encode the alleles. It is 

the most frequently used encoding scheme because it is based on the reference 

genome. In most instances this is the same as the encoding scheme used by 

dbSNP. It is important to specify the genome build used as the alleles can vary 

between different versions [284, 285].  
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2. Top and bottom: This scheme was developed by Illumina as a method to 

determine unambiguously the specification of the strand based on the surrounding 

DNA sequence without reference to any database or reference genome. The SNV 

can be identified and placed in reference to the surrounding DNA sequence and is 

encoded A or B. The strand designation of the SNV column is available in the 

manifest. This can be particularly useful when no reference is available [284, 285].  

 

3. Plus and minus: The plus and minus scheme was predominantly used by the 

HapMap project (www.hapmap.org). The plus strand corresponds to the genomic 

sequence as for the genomic reference and so again is dependent on a specific 

reference panel and a particular version of it [284, 285].  

 

It is important that when comparing alleles in association studies that the encoding 

schemes match particularly in instances where the different datasets have been 

genotyped and the data files generated differently. Therefore, Remedy is vital so that 

the mixed datasets used in this study can be converted to a common and directly 

comparable encoding scheme.  

 

6.2.2. Case sample 

6.2.2.1. Consent and inclusion criteria 

The case dataset comprised of individuals with biopsy-proven AMN. Secondary 

causes had been excluded by their consultant nephrologist. Ancestry data was not 

readily available. Written informed consent was obtained by each collaborator at 

each site in accordance with local guidelines. A summary of centres and sample 



 109 

numbers are shown in Table 7.3. Individuals from the North East & Central London 

cohort include AMN cases from the Royal Free NHS Trust & Royal London Hospital. 

These individuals were recruited by myself via the tertiary membranous clinic at 

these sites.  

 

6.2.2.2. DNA extraction 

Whole blood samples were obtained from consenting AMN patients across multiple 

collaborating European centres. Each individual was assigned a unique anonymised 

identification code. Anonymised whole blood samples were sent to UCL Genomics 

(UCL Great Ormond Street, Institute of Child Health, London) for DNA extraction. 

Extracted DNA samples were returned, then I plated each individual DNA sample on 

to 96 well plates with 200ng of DNA in each well for genotyping.  

 

6.2.2.3. SNV microarray sequencing 

Genotyping of cases was undertaken at UCL Genomics (UCL Great Ormond Street, 

Institute of Child Health, London) on the Illumina Infinium Multi-Ethnic Global 

BeadChip with 1,779,818 markers. The microarray chip was designed specifically for 

a multi-ethnic cohort [286]. Sample processing for Illumina was done in accordance 

with the Infinium HD Ultra Assay protocol (Illumina Inc., San Diego, USA) [287, 288]. 

Whole genomic sample DNA is transferred to a deep well plate, with the addition of 

reagents this is then amplified for 20-24 hours. The sample DNA is fragmented, 

precipitated and resuspended. As described in 5.4.1.2, DNA is hybridised to the 

microarray chip and this is left to incubate for a further 16-24 hours to ensure 

adequate hybridisation. Non-hybridised DNA is washed off and the microarray chip is 

prepared for staining. A single nucleotide complementary extension of the sample 
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DNA is made on the microarray chip. DNA fragments of non-complementary binding 

are washed away. The nucleotide is fluorescently labelled and the microarray chip is 

scanned and read using an iScan scanner (Illumina Inc, San Diego, USA). This is 

done through multiplexing to undertake high throughput sequencing, see 5.4.1.3. At 

UCL Genomics the advantage is that this whole process is automated using the 

liquid handling robot (Freedom Evo, Tecan Ltd, Switzerland) so even though each 

microarray chip can only process 96 samples and the time to sequencing is 3 days 

the automation greatly facilitates sequencing of multiple samples together. Data from 

the iScan scanner is generated in raw intensity files (IDAT) format and these files are 

provided, see 5.4.1.2.1 for more information.  

 

6.2.3. Case data preparation 

6.2.3.1. Raw data to report file 

IDAT files were provided for each 96 well plate as the output from microarray 

sequencing. These had to be converted to useable genotyping data format for further 

downstream analysis. Illumina provide open access to GenomeStudio software 

v2011.1 which allows conversion of IDAT files to a useable format [289]. 

GenomeStudio v2011.1 runs on a Windows interface. GenomeStudio needs the 

*.csv manifest file, which is available via: 

http://emea.support.illumina.com/array/array_kits/infinium-multi-ethnic-global-8-

kit/downloads.html?langsel=/gb/ (Infinium Multi-Ethnic Global-8 v1.0 Manifest File 

Build 37 - CSV Format). Genome build 37 was chosen as Remedy works in genome 

build 37, see 6.2.1.5. The cluster file *.egt was also downloaded from the same 

website (Infinium Multi-Ethnic Global-8 v1.0 Cluster File) and the location input to 

GenomeStudio. The first filter to be applied in GenomeStudio is the GenCall 
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threshold. The GenCall score is a metric ranging from 0 to 1 for each genotype, the 

further a sample is from it’s associated cluster of data the lower the score. Illumina 

recommend this is set at 0.15 to exclude genotypes that are too far from the cluster 

centroid and are therefore unreliable [290]. GenomeStudio combines the IDAT files 

with the bead pool manifest file and creates a file called a genotype call file. This 

needs to be done separately for each 96-well plate of DNA. There are different 

encoding schemes that can be chosen and different formats for the genotyping data, 

see 6.2.1.5.1. The report wizard tool was selected from analysis and reports. AMN 

samples were selected from the 96-well plate and the matrix report format was 

chosen to generate the report in a *.txt file format with tab delimiting spaces. This 

was repeated for all 96 well plates separately. 

 

6.2.3.2. Report *.txt file to PLINK file 

Our in-house software Remedy [283] converts the output report files in to useable 

VCF files [283], see 6.2.1.5 for further information. The purpose of Remedy is to filter 

and ensure correct strand encoding for the genotyped data. For the purposes of this 

analysis I wanted the data in the forward encoding system. The forward / reverse 

encoding system is the same as dbSNP and most routinely used. This encoding 

system states the strand of DNA on which the SNV lies – either the forward or 

reverse strand. Remedy excludes; loci with multiple mappings; pseudo-autosomal 

regions; and no probe mappings. It then scans the microarray chip manifest file and 

attempts to match each SNVs rsID to the reference database dbSNP version 150.  

 

Each 96 well plate *.txt report file is processed separately thorough Remedy. 

Therefore, there are multiple different VCF files produced from Remedy and these 
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need to be merged to make a single case dataset. Initially the files were converted to 

PLINK format bfiles. Merging the datasets did not work because multi-allelic variants 

remained.  These were filtered out using VCFtools and a merge of the different sub-

datasets was attempted using VCFtools. Ambiguous SNVs that remained within the 

dataset were excluded and filtered out using SVS. The VCF file was recoded using 

PLINK v2.0 [252, 273]. 

 

6.2.4. Control data preparation 

6.2.4.1. Downloading publicly available datasets 

Three different sources of publicly available control datasets were used to obtain an 

overall large enough control cohort; the Oxford cohort, the Illumina cohort, and the 

Wellcome Trust Case Control Consortium Controls (WTCC), the data is summarised 

in Table 6.8.  

 

The Oxford cohort is accessible through the European Genome-Phenome Archive 

(EGAD00010000144 and EGAD00010000520) [291, 292]. The dataset has 432 self-

reported European healthy volunteers genotyping data. Genotyping was done on a 

HumanOmniExpress-12 v1_J microarray chip with 730,525 SNV markers in 144 

individuals. In the remaining 288 genotyping was done on HumanOmniExpress-12 

v1_A with 733,302 SNV markers. Overlapping SNV markers on both microarray 

chips totalled 730,397. The Illumina ethnicity controls are accessible through Illumina 

[293]. The dataset contains 270 individuals across 4 different ethnicities, the 90 

Central European individuals were extracted. Genotyping is performed on a 

HumanOmniExpress-12 v1_C microarray chip with 731,442 SNV markers. 

 



 113 

The Wellcome Trust Case Control Consortium controls 2 (WTCC) is a combined 

dataset of the 1958 British Birth Cohort and the UK National Blood Donor control 

group. Data is available through the WTCC website [294]. The 1958 British Birth 

Cohort is a control set of 2,867 self-reported White individuals born in England, 

Wales and Scotland in 1958 and subsequently followed up for a maximum of 42 

years [295]. The remainder of this dataset comes from the UK Blood Service and is 

from 2,737 healthy blood donors. Genotyping of the WTCC dataset was performed 

on an Illumina 1.2M Duo Custom BeadChip with 1,106,184 SNV markers.  

 

Dataset Sample 
number 

Ethnicity Microarray 
Chip 

SNV marker 
count 

Illumina 90 EUR OmniExpress 731,442 
Oxford 432 EUR OmniExpress 730,397 
WTCC 5604 EUR Duo Custom 1,106,184 
Table 6.8: Summary of control datasets.                
Key: EUR =European, WTCC =Wellcome Trust Case Control Consortium 
controls 
 

6.2.4.2. Processing to workable PLINK file 

The control datasets were downloaded in a compressed format and were extracted. 

The encoding schemes of the Illumina and Oxford datasets were in the desired 

forward / reverse encoding system but the WTCC dataset was not. For this reason 

all three control datasets were processed through our in-house software Remedy 

[283]. This was also done for the Illumina and Oxford datasets as Remedy has 

useful features of filtering other SNVs (including multi-allelic and structural variants) 

in addition to re-encoding. The outputted VCF file was recoded using PLINK v2.0  to 

PLINK workable files [252, 273]. 

 



 114 

6.2.5. Quality control 

Quality control (QC) of the genotyping data is essential as genotyping is not perfect 

and so errors are bound to present. A multitude of errors can occur at each stage of 

the process such as poor quality DNA, contamination, poor hybridisation to 

microarray probes, or poorly performing microarray probes. Small artefactual errors 

can generate false positives and false negatives when a large sample size is being 

investigated. In this GWAS whereby the cases and controls are genotyped on 

different microarray platforms this is a source for another considerable error. The 

cases and controls must have strict QC measures so that they can be as closely 

matched to one another and so that any associations found are true.  

 

The QC methods can be considered in three distinct sections, QC per individual, per 

SNV marker and population stratification. Methods are adapted from Anderson et al. 

[296]. QC was done separately for cases and controls because of the different 

genotyping microarray chips and across different centres. Once QC was completed 

then the combined case-control dataset was re-processed for further QC.  

 

6.2.5.1. Filtering genotyping data 

6.2.5.1.1. Per individual filtering 

Filtering for each individual has three main components; identifying individuals with 

missing genotype data, discordant gender information and related individuals. The 

test for discordant gender information was not conducted because only autosomal 

chromosomes were analysed, see 5.4.2.1.  
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6.2.5.1.1.1. Call rate 

The call rate helps exclude individuals that have a high rate of missing genotypes. It 

is the fraction of genotyped SNVs over the total number of SNVs in the dataset. This 

can be due to variation in DNA quality and concentration. A stringent threshold of 

excluding any individual with a total genotyping call rate of <98% was used. The 

filtering was done in PLINK using the --mind command.  

plink2 --bfile mncases --mind 0.02 --make-bed --out 
mncasemind0.02 
 
 

6.2.5.1.1.2. Heterozygosity rate 

The heterozygosity rate is the proportion of heterozygous genotypes that each 

individual has. A high heterozygosity means a high degree of genetic variability and 

for an individual this is suggestive of low sample quality. A low heterozygosity rate 

suggests little genetic variability and can be seen in consanguinity.  Heterozygosity 

needs to be performed on SNV markers that are not highly correlated, so regions of 

high linkage disequilibrium were excluded and further pruning of the SNV markers 

using PLINK and the --exclude and --range tools was done. Heterozygosity checks 

were done on a pruned dataset of 98,676 independent SNVs. On the pruned dataset 

the heterozygosity rates were calculated using the --het tool. A visual review of the 

spread of heterozygosity rates in a graph enabled the decision to exclude individuals 

±3 standard deviations from the mean. A text file was created using R and this was 

used to extract the remaining individuals in PLINK.  

plink --bfile mncasemind0.02 --exclude inversion.txt --range -
-indep-pairwise 50 5 0.2 --out mncasemind0.02indepsnv 
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plink --bfile mncasemind0.02 --extract 
mncasemind0.02indepsnv.prune.in --het --out mncaseld 

 

plink2 --bfile mncasemind --remove het_fail_ind.txt --make-bed 
--out mncasemindhet 
 

6.2.5.1.1.3. Identity by descent 

A GWAS analysis assumes independence of individuals, if this is not the case and 

individuals are related then there will be an inflated rate of false positives. Therefore, 

these individuals need to be excluded from the analysis such that only a single 

member from each family remains. Identity by descent (IBD) is a measure of the 

percentage of shared alleles at each SNV marker between each two individuals 

within the dataset [297]. The IBD score is calculated for each pair of individuals and 

reflects how related these two individuals are. The IBD score is imperfect as the 

genotyped data is unphased and so haplotypes are estimated. The more related an 

individual is the higher their score, so theoretically two unrelated individuals would 

share no alleles and would have a score of 0. Identical twins on the other hand 

would have an IBD score of 1 as they are genetically identical. Third degree relatives 

would have a score of 0.125.  

 

For the purposes of this study, individuals with an IBD score >0.185 were excluded. 

Because of genotyping error, linkage disequilibrium and population structure there is 

some variation around these theoretical values and so an adjusted score of 0.185 is 

routinely used [296]. This is halfway between second- and third-degree relatives. In 

the pruned and independent SNV marker dataset I undertook IBD testing using 

the --genome tool in PLINK v1.9 [275]. PLINK uses a method to detect extended 

chromosomal segmental IBD between pairs of individuals using a hidden Markov 
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model and then uses a method-of-moments approach to estimate the probability of 

sharing of the alleles between the two individuals [274]. A perl script to examine the 

IBD scores was used which identified individuals to be excluded and they were 

removed using the --remove tool in PLINK v2.0.        

plink --bfile mncasemindhet --extract 
mncasemind0.02indepsnv.prune.in --genome full --out 
mncasesmindhet 
 
 

6.2.5.1.2. Per SNV filtering 

To further minimise errors QC is conducted on each SNV marker in the genotyped 

dataset. This was started in Remedy using dbSNP as the reference, and filtered out 

non-matching SNVs, multiallelic variants, structural variants and erroneous SNVs. 

Further checks are warranted as this is only compared to dbSNP and not the 

genotyping. Further filtering per SNV marker is exclusion of the X and Y 

chromosomes, allele count filtering, call rate, minor allele frequency and Hardy-

Weinberg equilibrium. 

 

6.2.5.1.2.1. Exclusion of sex chromosomes 

A decision was made to exclude the sex chromosomes from analysis. This is due to 

the difficulty in analysing data from the X chromosome and the coverage of reliable 

SNV markers for the X chromosome on SNV microarray chips (only 1.2% of all SNV 

markers were on the X chromosome in the Illumina Infinium Multi-Ethnic Global 

BeadChip. Further, imputation is not straightforward for the X-chromosome as it 

requires knowledge of gender and phased X-chromosome data and neither of these 

were available in the control dataset [298]. It is common in GWAS analyses to 

exclude the X chromosome because of the unique nature of X-inactivation and also 
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as men have only one copy it provides specific analytical challenges [299]. The sex 

chromosomes were filtered out by Remedy.  

 

6.2.5.1.2.2. Allele count 

Allele count is the different number of alleles that are possible at a single SNV. In 

association studies due to the statistics SNVs are chosen that are bi-allelic and so 

contain only 1 alternative allele. Multiallelic SNVs were filtered out by Remedy, 

dbSNP version 150. PLINK is not yet capable of handling multiallelic SNV data and 

so genotyped data cannot be imported unless it is biallelic. An extra check was done 

using BCFtools and the -m2 and -M2 commands which did not identify any 

unidentified multi-allelic SNVs.    

 

6.2.5.1.2.3. Call rate 

The call rate for the SNV is the percentage of individuals in whom genotyping of the 

SNV is available. If certain SNVs have high missing rates across all individuals it 

suggests issues during genotyping with that SNV marker and so should be excluded. 

I used a stringent threshold of excluding any SNV with a genotyping call rate of 

<98%. The filtering was done in PLINK using the --geno command. 

plink2 --bfile mncasesmindhetibd --geno 0.02 --make-bed --out 
mncasesmindhetibdgeno 
 

6.2.5.1.2.4. Minor allele frequency 

SNVs with a low minor allele frequency (MAF) are excluded. A low MAF means rare 

alleles which can result in false positives and often the association signal seen is 

dependent on a few individuals. The threshold of the exclusion depends on each 

sample size but most commonly SNVs with a MAF >5% are used in a GWAS to 
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examine common variants. A histogram for MAF was inspected and a decision made 

to exclude any SNV with a MAF <5%. This was done in PLINK v2.0 using the --maf 

command. 

plink2 --bfile mncasesmindhetibdgeno --maf 0.05 --make-bed --
out mncasesmindhetibdgenomaf 
 

6.2.5.1.2.5. Hardy-Weinberg equilibrium 

The Hardy-Weinberg equilibrium (HWE) is a principle that states ‘genotype 

frequencies in a population remain constant between generations in the absence of 

disturbance by outside factors’ [300]. For a single locus with two alleles there are 

three possible genotypes AA (homozygote common allele), Aa (heterozygote) and 

aa (homozygote alternate allele). HWE states that the proportion of these remains 

constant and calculable within a population provided that there is random mating, 

there are no natural selection pressures, the population is infinitely large, no 

mutations occur and no emigration or immigration occurs to prevent gene flow [301].  

 

Beyond these reasons a possible cause of deviation from HWE is sequencing errors 

[301]. Heterozygote excess can be seen, particularly in genomic regions such as 

segmental duplications and simple tandem repeats [301, 302]. The allele frequencies 

can be calculated in a genotyped dataset and the allele frequencies can be 

assessed for deviation from HWE and excluded accordingly. Deviations from HWE 

may well exist in the case dataset because of selection for the disease and the 

selection bias for the ascertainment of their DNA. Removing SNV markers in the 

case dataset that deviate from HWE could result in the loss of truly associated SNVs 

[296, 303]. As a result, HWE was performed on the control dataset alone. A high 
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threshold cut-off for SNVs out of HWE with a p-value <0.00001 was used. The 

filtering was done in PLINK using the --hwe command.   

plink2 --bfile ctrlmindhetibdgenomeaf --hwe 0.00001 --make-bed 
--out ctrlmindhetibdgenomeafhwe 
 

6.2.5.1.3. Combined case-control dataset 

Once the QC was done for all the above steps the case and the control datasets 

were merged. Further QC was done per SNV and intersecting variants were ensured 

prior to population stratification. The dataset was pruned to facilitate faster 

population stratification analysis. 

 

6.2.5.2. Population stratification 

Population stratification is a major source of confounding in genotype distribution and 

hence in case-control studies [296, 304]. Any small differences in the individual 

ancestry will highlight ancestral informative SNVs and not true disease association 

SNVs because allele frequencies for SNVs are different depending on the founder 

population [296, 304]. Population stratification and removal of individuals with 

divergent ancestry is necessary prior to any GWAS analysis and even subtle 

differences can exist in individuals from the same continent [296, 304]. In some 

studies it is possible to match ancestry in the case and control selection. In this study 

AMN cases were from three Western European cities; Manchester, UK; London, UK; 

Hamburg, Germany. The ancestry of cases is unknown and so is likely to represent 

a mix of the local population which in cities like London and Manchester is high. 

Further, in the control dataset these individuals were self-reported White European, 

which again may not be genetically accurate as there may be individuals with 
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admixed ancestry. To determine the identity of cases and controls the methods of 

principal component analysis (PCA) and multidimensional scaling (MDS) were used.  

 

6.2.5.2.1. Principal components analysis 

PCA is the most common method for identifying and removing individuals of different 

ancestry [296]. PCA is a mathematical algorithm that reduces the complexity of the 

data while retaining the variation within the dataset [305]. It identifies directions or 

independent variables (termed principal components) in a linear way from any data 

matrix containing observations across multiple variables [305]. The first principal 

component accounts for the greatest variation, and the proportion of variance 

reduces as the principal components increase [305]. This means that the greatest 

variation can be identified by the first and second principal components which can be 

visualised as a scatter plot. In genotyped data the observations are the individuals 

and the variables are the SNVs. A comparison is made to data from individuals with 

known ancestry. For the PCA analysis controls two datasets were available; 1. An 

Illumina dataset comprising 270 individuals; 89 African, 91 European and 90 East 

Asian and 2. the 1000 Genome Project controls. 

 

PCA was performed using SVS on the case-control dataset with the Illumina controls 

as the reference ancestry. SVS uses the EIGENSTRAT method which was 

developed by the BROAD institute [306]. The EIGENSTRAT method applies the 

principal components analysis to genotype data and infers continuous axes of 

genetic variation [306]. This reduces the variation to a small number of dimensions 

defined as the top eigenvectors of covariance (same as principal components). As 

the ancestry information is a geographic interpretation the spread of the data 
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highlights the range of geographic spread of the data. For example an axis from 

northwest to southwest would have values that range as positive for the northwest to 

near zero for central and then to negative for southeast [306]. Due to limitations in 

computational power with SVS the analysis was limited to a random selection of 

20,000 SNV markers; from previous work in our laboratory this has been proven to 

provide the same results as using all the SNV markers [307]. Further, the first 2 

principal components should account for the majority of variance so only the first 10 

principal components were calculated.  

 

The advantage of SVS is that it has an in-built feature whereby outliers can be 

excluded. The method of outlier exclusion uses standard deviations cut-off at pre-

specified chosen values. I examined the differences between the different standard 

deviation cut-offs visually in a graphical format of the PCA and from these chose the 

standard deviation cut-off of 2.5 with the Illumina ancestry controls, see Figure 7.25, 

Figure 7.26, Figure 7.27 and Figure 7.28 . 

 

As an additional check to ensure correct extraction of exclusively European 

individuals with good overlap to the target imputation reference panel using the 1000 

Genomes Project PCA was repeated using PLINK and an additional method called 

multidimensional scaling in PLINK was undertaken. 

 

6.2.5.2.2. Multidimensional scaling 

The MDS method detects underlying dimensions that explain observed genetic 

distance. MDS in PLINK and uses pairwise identity by state distance between each 

individual. Two advantages of MDS over PCA are; 1. it does not require the data to 
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follow a multivariate normal distribution and 2. It does not require computation of a 

covariance matrix and can be applied to any distance or similarity [308]. Below are 

the steps detailing how MDS was performed. 

 

6.2.5.2.2.1. 1000 Genomes Project reference ancestry dataset 

Individuals from the 1000 Genomes Project dataset for the reference ancestry were 

used and these were downloaded using the wget function on GNU command line 

through our in-house server [309]. The data is available through ‘ftp://ftp-

trace.ncbi.nih.gov/1000genomes/ftp/release/20100804/ALL.2of4intersection.201008

04.genotypes.vcf.gz’. This file from the 1000 Genomes Project contains genetic data 

of 629 individuals from different ethnic backgrounds. The VCF was converted to 

PLINK workable binary files. Data filtering was done using the same tools in PLINK 

as described in 6.2.5.1. Individuals with a call rate <98%, any SNV with an MAF <5% 

and any SNV with a genotyping call rate <98% were excluded. SNVs present in the 

combined case-control dataset were extracted from the 1000 Genomes Project 

dataset using ‘awk’ to generate a text list of SNVs present within the case-control 

dataset and extract these from the 1000 Genomes dataset in PLINK using the --

extract tool.  

awk '{print$2}' mn/casectr > unimputedmn/casectrlsnv.txt 

plink --bfile 1kg --extract unimputedmn/casectrlsnv.txt --
make-bed --out unimputedmn/casectrlsnv_1kg 
 

I also extracted the 1000 Genomes SNVs from the case-control dataset so that the 

SNVs matched exactly, the same process was repeated using ‘awk’ and --extract but 

the other way around. The two datasets need to have the same human genome 

build and genetic positions of the SNVs. To ensure this was the case the 1000 
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Genomes Project was changed to match the case-control dataset. This was done by 

creating a text file was from the case-control dataset as a reference map which 

contained the SNV identifiers and the physical position of that SNV. Using the --

update-map tool in PLINK this text file was applied to the 1000 Genomes dataset to 

update the SNVs in this dataset.  

awk '{print$2,$4}' unimputedmn/casectrlsnv.map > 
unimputedmn/buildcasectrl.txt 

 

plink --bfile unimputedmn/casectrlsnv_1kg --update-map 
unimputedmn/buildcasectrl.txt --make-bed --out 
unimputedmn/casectrl_1kg_hg 

 
The next check was to make sure that the reference allele was matching within the 

two datasets. A text file was created using the *.bim file using the SNV identifier and 

the A1 allele (the minor allele). This was then applied to the 1000 Genomes dataset 

in PLINK using --reference-allele tool. Impossible minor allele assignments are 

excluded from any further datasets.  

awk '{print$2,$5}' unimputedmn/casectrol_1kg_hg.bim > 
unimputedmn/1kg_ref-list.txt 

 

plink --bfile unimputedmn/casectrl_1kgsnv --reference-allele 
unimputedmn/1kg_ref-list.txt --make-bed --out 
unimputedmn/casectrl_refsnv 

 
Differences between the two datasets may still exist, this could be due a strand issue 

or non-matching SNVs. Firstly, non-matching SNVs can be checked for by creating a 

text file of both datasets using the SNV identifier and the minor allele and the major 

allele. The differences between the two datasets are examined using the UNIX 
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command uniq -u which outputs a text file of the differences between the two 

datasets.  

awk '{print$1}' unimputedmn/all_differences.txt | sort -u > 
unimputedmn/flip_list.txt 

 
If after this discrepant SNVs remained these were removed from both datasets using 

the text file with the discrepant SNVs and the --exclude tool in PLINK. 

 

6.2.5.2.2.2. Multidimensional scaling for PCA 

The first step for MDS is creating the pairwise clustering matrix based on IBD. This 

helps detects pairs of individuals and their similarities and differences based on the 

genotyping data. To prevent overestimation of homogenous data this needs to be 

done in a minimum of 100,000 SNVs. This function can be done in PLINK using 

the --genome tool. Standard metric MDS is then calculated by analysing the matrix of 

the genome wide IBD pairwise distances. The --mds-plot tool allows you to specify 

how many dimensions you want extracted for each individual so that they can be 

plotted on a scatter plot, I chose 10 (as for PCA).  

plink --bfile unimputedmn/mn1kgp_MDS_merge2 --read-genome 
unimputedmn/mn1kgp_MDS_merge2.genome --cluster --mds-plot 10 -
-allow-no-sex --out unimputedmn/mn1kgp_MDS_merge2 

 
Using this file output and adding known ancestry information to the controls a scatter 

plot of the MDS data can be plotted in R, see Figure 7.32. An MDS covariate file can 

be created after exclusion of other ancestries and the same MDS step repeated, the 

covariate file can be used in the association analysis at a later step. 
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6.2.5.2.3. Genomic inflation factor 

The genomic inflation factor is a way to quantify and measure the amount of 

stratification within a population [310]. It is calculated with the results of an 

association test and compares the observed and expected distribution of alleles 

[310]. Genomic inflation factor is also called a lambda score. Ideally the lower the 

genomic inflation factor the less the stratification, a factor as close to 1.0 is 

preferable [311]. A large genomic inflation factor can cause false positive 

associations.  

 

To calculate the genomic inflation factor, the --adjust tool is used. This provides the 

lambda score in the log output from PLINK.  

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
adjust --out imp/furtherpc/output/assoc/allchr/mnctrl 
 

6.2.6. Whole genome imputation 

Imputation is a technique widely adopted to increase the density of SNV markers 

from genotyping. Imputation uses information from a reference panel to match 

shared haplotypes in the dataset of interest and predicts the untyped genotypes, see 

5.4.2.2 for more detail. Beagle 5.1 was used for whole genome imputation. 

Imputation is entirely dependent on the quality of the reference panel.  

 

Imputation was necessary as following quality control there were only 188,662 

intersecting SNVs in the case-control dataset. In the unimputed unmerged dataset 

there were 672,116 SNVs in the AMN dataset and 751,308 SNVs in the control 

dataset. As a result of the low intersecting SNVs I decided to impute the case and 
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control datasets separately so that the pre-imputation target SNV markers would be 

higher in number and this would potentially improve the quality of imputation. As an 

additional check I also decided to impute the merged case-control dataset with fewer 

SNVs. All analyses were done on chromosome 2 in the first instance to determine 

the best methodology before imputation across all 22 chromosomes.  

 

6.2.6.1. European reference panel 

Access was publicly available for 2504 individuals from the 1000 Genomes Project, 

phase 3 [309]. However, only 503 of these individuals are of European ancestry so 

first these individuals were extracted from the dataset which had 27,520,389 variant 

markers. This was important as while some studies report using all ethnicities it is 

known that the success rate will be higher with a better matched reference panel 

[312]. It should also be noted that while the European subset has high genotyping 

rates and low imputation error rates, rare SNVs should be excluded from analysis 

and imputation with, and of other ancestries should be done with caution [313]. In 

contrast, other studies suggest that if imputing individuals of European ancestry the 

overall reference panel sample size is more relevant and a mixed ancestry reference 

panel can be used [312]. Because of this uncertainty I decided to undertake 

imputation with both reference panels and then compare the results to determine the 

difference.  

 

6.2.6.2. Preparing the case-control dataset 

The filtered European case-control dataset was used for imputation. This has a low 

number of intersecting SNVs and so as an additional method to try to improve overall 
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SNV density I decided to impute the filtered AMN and filtered control datasets 

separately with a view to intersecting SNVs post imputation.  

 

6.2.6.2.1. Extracting separate chromosomes 

Imputation is performed on a single chromosome at a time due to computational 

power for large datasets with large genotyping data. The case-control dataset was 

converted to a VCF file and at the same time each separate chromosome was 

extracted using PLINK2. This is because PLINK2 processing is faster than VCFtools 

which can also be utilised to extract separate chromosomes. The job was batch 

processed by writing a shell script for all 22 chromosomes. To further facilitate faster 

analysis times the VCF files were compressed using bgzip (block compression tool). 

plink2 --bfile imp/furtherpc/preimp/mnctrl --chr 1 --export 
vcf --out imp/furtherpc/preimp/mnctrl1 

 

bgzip -c imp/furtherpc/preimp/mnctrl1.vcf > 
imp/furtherpc/preimp/mnctrl1.vcf.gz 

 
6.2.6.2.2. Conform-gt  

To correctly impute data Beagle requires the genotype file and the reference panel to 

have matching strand orientation and matching major and minor alleles. To enable 

this the authors of Beagle have developed and provide access to a program called 

Conform-gt [314]. Conform-gt adjusts the VCF file so that the chromosome strand 

and allele order match the reference panel VCF file. It requires the program to run 

with java, the reference panel, the target genotype VCF file, the chromosome 

number and the location and name of the output. 
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java -jar imp/conform-gt.24May16.cee.jar \ 

ref=imp/conformout/ctrl_chr1.conform.vcf.gz \ 

gt=imp/sourcefile/mnctrl_preimp_chr1.vcf.gz \ 

chrom=2 \ 

out=imp/conformout/mnctrl_chr1.conform 
 

6.2.6.3. Imputation in Beagle 

The output file from conform-gt is ready to use directly in Beagle 5.1. The command 

for imputation in Beagle consists of multiple different parts, an example for 

chromosome 2: 

java -Xmx200g -jar beagle.28Jun21.220.jar \ 

window=30.0 \ 

gt=conformout/mnctrl_chr2.conform.vcf.gz \ 

ref=eurreffile/chr2eur.vcf.gz \ 

out=output/mnctrlimputed 
 

Breaking this down into the separate components makes the understanding of this 

easier. Firstly, ‘java’ calls the java programming language. ‘-Xmx200g’ tells Beagle 

that it is allowed to use 200Gb of memory for its processing this can be adjusted 

dependent on the equipment in use. ‘-jar’ tells the computer the location of beagle so 

that java can utilise beagle for the rest of the command script. ‘window’ is the size of 

the sliding window that beagle breaks down the genotyping in to, I used 300,000bp 

but this can be increased or decreased depending on memory power and the 

resolution of data required. ‘gt=’ tells Beagle the location of your dataset that you 

wish to impute. ‘ref=’ tells Beagle the location of the reference file and ‘out=’ tells 

beagle the location and name for the output file.  
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This was done for all 22 autosomal chromosomes and for each chromosome two 

output files were created by Beagle. The first is an output log that summarises 

Beagle version, run time and the arguments in use and the second is the 

compressed VCF file with the imputed dataset. Valuable additional information is 

present in the VCF info field; ‘DR2’ is the estimated squared correlation between the 

estimated allele dose and the true allele dose, ‘AF’ is estimated alternate allele 

frequency in the samples and ‘IMP’ to highlight if the SNV has been imputed (this 

helps differentiate genotyped and imputed SNVs). 

 

6.2.6.4. Quality control post imputation 

Quality control is necessary following imputation to avoid false positives and more 

importantly to exclude incorrectly imputed SNVs and multi-allelic SNVs that are not 

compatible with a GWAS analysis.  

 

6.2.6.4.1. Imputation quality filtering 

The DR2 heading is the dosage R2 which is a measure of imputation inaccuracy 

using the highest posterior probability and the true allele dosage [216]. The squared 

correlation does not depend on the SNV allele frequency and is simply for the 

sample size and power. Browning et al. show that DR2 has a good accuracy when 

the posterior genotype probabilities are accurately calibrated and informative [216]. 

There is no universal threshold for exclusion of DR2 dosing, however a decision was 

made to use a stringent threshold to exclude SNVs with a score <0.8 based on prior 

research from our laboratory [147]. For the DR2 filtering BCFtools was used with the 

filter command, as an example: 



 131 

bcftools filter -i 'DR2>=0.8' -Oz 
imp/furtherpc/output/mnctrl1.vcf.gz -o 
imp/furtherpc/output/filter/dr2/mnctrl1impdr2.vcf.gz 
 

Multi-allelic SNVs are present in the imputed dataset and so these had to be filtered 

out as before to allow for further downstream analysis, this was done using BCFtools 

and the -m2 and -M2 commands.    

bcftools view -m2 -M2 -v snps 
imp/furtherpc/output/filter/dr2/mnctrl1impdr2.vcf.gz -Oz -o 
imp/furtherpc/output/filter/biallele/mnctrl1impbi.vcf.gz 

 
The VCF files were converted to PLINK format pfiles. The --snps-only just-acgt tool 

helped exclude any SNVs with one or more multi-character allele codes that were 

not one of the four nucleotides; ‘A’, ‘C’, ‘G’ and ‘T’.  

plink2 --vcf 
imp/furtherpc/output/filter/biallele/mnctrl1impbi.vcf.gz --
make-pgen --snps-only just-acgt --out 
imp/furtherpc/output/filter/biallele/mnctrl1impbi 
 

The per SNV QC was then repeated in PLINK with a call rate <95% being excluded, 

MAF <1% being excluded and HWE with a p-value <0.0001. I chose less stringent 

criteria for filtering here to maximise the number of SNVs that would intersect 

between the cases and controls.  

plink2 --pfile 
imp/furtherpc/output/filter/biallele/mnctrl2impbi --geno 0.05 
--maf 0.01 --hwe 0.00001 --make-bed --out 
imp/furtherpc/output/filter/merge/mnctrl2filt 

 
The filtered QC data for each chromosome needed to be merged to produce a single 

file for all 22 chromosomes. Then for the cases and controls that had been imputed 

separately these needed to be merged. The --pmerge tool in PLINK v2.0 was not 
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functioning hence the creation of a bfile at the last command to enable functionality 

with PLINK v1.9. The --merge-list tool was used for merging of the chromosomes 

and --bmerge was used for the cases and control datasets merging. 

plink --bfile imp/furtherpc/output/filter/merge/mnctrl1filt --
merge-list imp/furtherpc/output/filter/merge/mergechr.txt --
allow-no-sex --make-bed --out 
imp/furtherpc/output/filter/merge/mnctrlallchr 

 

plink --bfile output/filter/plink/mnimpeurfilt --bmerge 
output/filter/plink/ctrlimpeurfilt.bed 
output/filter/plink/ctrlimpeurfilt.bim 
output/filter/plink/ctrlimpeurfilt.fam --allow-no-sex --make-
bed --out output/filter/merge/mn_ctrleur 
 

With the merged case-control all chromosome dataset the case and control status 

needed to be updated in the *.fam file to enable association analyses, at the same 

time the bfile was converted back to a pfile. 

plink2 --bfile imp/furtherpc/output/filter/merge/mnctrlallchr 
--fam imp/furtherpc/preimp/mnctrl.fam --make-pgen --out 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus 

 
To ensure that only SNVs with full intersection were kept within the dataset another 

QC per SNV was conducted. 

plink2 --bfile output/filter/merge/mn_ctrleur --geno 0.05 --
maf 0.01 --hwe 0.00001 --make-pgen --out 
output/filter/merge/mn_ctrleur_filt 
 

6.2.7. HLA imputation 

SNP2HLA was used to perform HLA imputation which is a plugin to Beagle that 

adjusts the algorithms specifically for HLA imputation [225]. First an appropriately 
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genotyped ancestry matched reference panel is required with which to predict the 

untyped genotypes.  

 

6.2.7.1. European reference panel 

The reference panel and sample size is more important than the SNV density for 

high imputation accuracy [225]. The HapMap European reference panel is included 

within SNP2HLA and has 124 individuals, with 3924 SNVs and 109 4-digit classical 

HLA alleles. I applied for access to the larger dataset from the Type 1 Diabetes 

Genetics Consortium (T1DGC) which contains 5225 European individuals, with 5868 

SNVs and 298 4-digit classical HLA alleles [315]. No information was available either 

on the repository website or in the published article about the disease state of 

individuals included in the T1DGC reference. On direct questioning the repository 

support team informed me all control reference panel samples were from parents or 

siblings of families with an affected individual with type 1 diabetes mellitus. There is 

a strong association between type 1 diabetes and class II HLA genes with an 

estimate that they contribute up to 50% of the familial aggregation of disease [316]. 

The individuals in the reference panel did not have type 1 diabetes however were 

close relatives of individuals with disease. For this reason, I was uncertain about the 

use of this as an appropriate reference panel, although it is widely accepted and 

used in other GWAS and studies as an HLA reference panel [171]. To compare and 

determine this I decided to undertake HLA imputation with both reference panels so 

that these results could be compared.  
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6.2.7.2. Preparing the case-control dataset 

The case-control dataset used for HLA imputation is the post ancestry stratification 

pre-whole genome imputation dataset. This was done to minimise any error with the 

whole genome imputation being carried forward to HLA imputation. The dataset was 

in the binary PLINK format.  

 

The cases and controls were imputed separately due to the size of the T1DGC 

reference panel and computational memory issues the data had to be batched into 

smaller datasets of 1000 individuals.  

 

6.2.7.3. Imputation in SNP2HLA 

An example of the command for SNP2HLA is demonstrated and discussed below: 

./SNP2HLA.csh mnpreimp HM_CEU_REF 1958BC_IMPUTED plink 2000 
1000 
 
The first part calls SNP2HLA so that it is used for the subsequent steps. The 

‘mnpreimp’ is the location and name of the desired PLINK bfile format dataset that 

needs to be imputed, ‘HM_CEU…’ is the path of the reference panel which contains 

files in *.bgl.phased and *.markers files. ‘plink’ tells SNP2HLA the path of PLINK 

(version 1.0.7), ‘2000’ is the maximum java size in Mb that can be used by Beagle, 

this can be adjusted accordingly and ‘1000’ is the size of the marker window size. 

Due the large numbers of individuals in the control dataset the files had to be split 

into smaller datasets comprising of 1000 individuals each, this was extracted using 

the awk command in Unix.    
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6.2.7.4. Quality control post imputation 

Like Beagle imputation outputs, SNP2HLA produces a squared correlation score of 

the quality called, R2. A stringent threshold to exclude SNVs with a score <0.8 was 

used. I wanted to assess only the 4-digit HLA types so excluded SNV markers that 

started with an rsID, the 1kg prefix or had only 2-digit HLA types. Additionally, SNVs 

with a MAF <1% were excluded. 

 

6.2.8. Association tests 

6.2.8.1. Genome wide association test 

There are different statistical tests for a GWAS and so selecting the appropriate test 

and model is important. Statistical tests suitable for analysing binary traits - i.e. the 

presence or absence of AMN were selected. Based on prior research, data analysis 

was examined using the prediction of an additive model [73]. In an additive model 

the addition of an allele increases or decreases the risk of the phenotype in a linear 

way. This differs from dominant and recessive gene models.  

 

The simplest test is the basic allele test which is based on a 2´3 contingency table 

for each combination of SNV alleles for cases and controls. Each SNV is tested for 

association individually with a Chi-square (c2) test, see 5.4.2.1 and Equation 6.3. 

The basic allele test in PLINK is done using the --assoc tool in PLINK 1.9 only:  

plink --bfile unimputedmn/postpcfilter/eurcasectrl --assoc --
allow-no-sex --out 
unimputedmn/postpcfilter/eurcasectrl_assocresults 
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In the recent version of PLINK 2.0 logistic regression analysis is now the standard 

test for association of binary phenotypes whereby PLINK fits a logistic regression 

model, Equation 6.4. 

/ = HI# 	+ KI$ 

Equation 6.4: Equation for the calculation of the logistic regression model 
 

Using this equation for every SNV (one at a time) y is the phenotype (case or control 

status in this analysis), G is the genotype matrix for the current SNV, X is the fixed-

covariate matrix. Additional single or multiple covariates can be included [317]. The 

covariate(s) is predicted to influence the dependent variable and so needs to be 

corrected for.  

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
out imp/furtherpc/output/assoc/allchr/mnctrl 

 
For ease of data analysis a p-value filter can be applied to examine the output from 

the logistic regression analysis using the --pfilter tool.  

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
pfilter 0.00001 --out 
imp/furtherpc/output/assoc/allchr/mnctrlglm0.00001 
 

To correct for fine population stratification principal components can be used as a 

co-variate file. To create the co-variate principal components the --pca tool is used. 

This produces the eigenvectors which can then be directly used as an additional 

covariate in the logistic regression analysis using the --covar tool. 

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
pca approx 10 --out 
imp/furtherpc/output/assoc/allchr/mnctrlglm_pcs 
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plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
covar imp/furtherpc/output/assoc/allchr/mnctrlglm_pcs.eigenvec 
--pfilter 0.0001 --out 
imp/furtherpc/output/assoc/allchr/mnctrlglmcovar 

 
Finally, to test for further independent SNVs within the identified peaks stepwise 

conditional analyses were conducted using the --condition tool. The lead SNV within 

the identified signal was then used as a co-variate for the analysis to assess for an 

independent signal. As there were sequentially further significant SNVs conditional 

analyses were done on additional SNVs using the --condition-list tool which 

references a text file with the SNV rsIDs in a list. 

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm  -
condition rs9272532 --pfilter 0.000001 --out 
imp/furtherpc/output/assoc/allchr/mnctrlcond1_0.000001  

 

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --glm --
condition-list imp/furtherpc/output/assoc/allchr/cond2 --
pfilter 0.00001 --out 
imp/furtherpc/output/assoc/allchr/mnctrlcond2_0.00001 
 

6.2.8.1.1. Clinical parameters 

I had access to phenotype information in a small subset of 243 (225 post QC) 

individuals that were aPLA2Rab positive from a German cohort. Tests for 

association were conducted with gender, age, aPLA2Rab titres, uPCR, eGFR at 

presentation and eGFR decline in those individuals with data over 5 years. These 

analyses were conducted in PLINK; for binary traits logistic regression analyses 

were done and for quantitative traits linear regression. 
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6.2.8.2. Multiple testing  

The association tests are conducting and analysing over 2 million tests. This results 

in a large multiple testing burden and can result in detection of false positives. There 

are different statistical methods to correct for multiple testing in GWAS; Bonferroni 

correction, Benjamini–Hochberg false discovery rate (FDR), and permutation testing.  

 

The Bonferroni correction is the most widely adopted method and adjusts the p-value 

threshold by dividing the standard cutoff (0.05) by the number of SNVs being tested. 

However, this is too conservative because SNVs are in linkage disequilibrium with 

one another and therefore are not truly independent tests.  

 

Simulations using different multiple testing corrective methods in the WTCC dataset 

to address this issue were previously investigated [318]. The authors concluded that 

irrespective of the SNV density the widely used genome wide significance threshold 

of 5´10-8 is adequate at estimating the effective number of tests and therefore 

controlling for multiple testing in a European population [318]. 

 

6.2.8.3. HLA association test 

The HLA association test was performed in PLINK 2.0 with the --glm tool. This tool in 

PLINK v2.0 fits a linear model for quantitative traits and fits a regression model for 

binary traits. For the HLA association test this was the logistic regression model. 

Different datasets for the HLA association were examined; all aPLA2Rab positive 

AMN cases against controls and all anti-THSD7A antibody AMN cases against 

controls. This was done in the datasets imputed with both the T1DGC reference 

panel and the HapMap European reference panel. There were 115 HLA types for the 
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association test so a statistically significant p-value was calculated with a Bonferroni 

correction. The statistically significant p-value for HLA association testing was 

calculated as 0.05/115 = 0.00043. 

plink2 --bfile data/unimpcasectrl/hlaimp/pla2_ctrl --glm --out 
data/unimpcasectrl/hlaimp/pla2_ctrl_logassoc 
 

6.2.8.4. Epistasis 

Epistasis can be checked for with PLINK v1.9. PLINK uses logistic regression for a 

binary trait and makes a model based on allele dosage (0,1,2) for each SNV. The 

test in PLINK only considers allelic by allelic epistasis. To reduce computational 

processing time and as the lead SNVs had been identified, epistasis was checked in 

the data for the lead SNVs. These were extracted from the original dataset using the 

--extract tool which reference a text file with the 4 lead SNVs each on a new line. 

plink2 --pfile 
imp/furtherpc/output/filter/merge/mnctrlallchrstatus --extract 
imp/furtherpc/output/sigsnv --make-bed --out 
imp/furtherpc/output/filter/merge/mnctrlsigsnv 
 

Epistasis was then checked for using the --epistasis tool. The default for PLINK is to 

only output significant data with a p-value <0.0001 so to change this default the --

epi1 tool is used.  

plink --bfile imp/furtherpc/output/filter/merge/mnctrlsigsnv -
-epistasis --epi1 1 --allow-no-sex --out 
imp/furtherpc/output/assoc/allchr/mnctrlsigsnvepi 
 

Epistasis in PLINK can also be checked for only in cases: 

plink --bfile imp/furtherpc/output/filter/merge/mnctrl2sigsnv 
--fast-epistasis --case-only --allow-no-sex --out 
imp/furtherpc/output/assoc/allchr/mnctrl2sigsnvepicase 
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An alternative statistical method based on the W-test was utilised as an additional 

check for epistasis [319, 320]. The W-test measures the association between a 

binary phenotype and creates a contingency table with the different number of 

combinations that are possible with the genotype data (9 for 2 SNVs; 

00,01,10,11,12,21,22,02,20). The statistic tests to see if there is a distributional 

difference between cases and controls through a combined log odds ratio. It is more 

powerful in lower frequency variants than alternative methods such as logistic 

regression, Chi-squared test and multifactor dimensionality reduction [319]. 

 

This was run in R with a package called ‘wtest’ [320]. Data were first converted to 

two separate *.csv files. One with the phenotype status of each individual coded as 1 

for cases and 0 for controls, this was transposed so that the format matched as that 

required for wtest; so that each separate individual was in a different column. For the 

genotype data this was converted to an additive genotype *.ped file in PLINK which 

was transposed in to a new *.csv to create a matrix with genotypes in columns and 

subjects in the rows.  

plink --file imp/furtherpc/output/filter/merge/mnctrlsigsnv --
recodeA --allow-no-sex --out 
imp/furtherpc/output/filter/merge/mnctrlsigsnvrecode 

 
Then to process the data in R for the pairwise interaction calculation the following 

commands are followed. 

To load the data: 

mn.geno <- read.csv("~/Downloads/2leadsnp.csv") 

mn.pheno <- read.csv(“~/Downloads/mnpht.csv”) 
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To undertake the W-test statistics: 

hf1 <- hf(mn.geno, w.order = 1, B = 1) 

hf2 <- hf(mn.geno, w.order = 2, B = 1) 

w2 <- wtest(mn.geno, y = mn.pheno, w.order = 2, input.pval = 
NULL, input.poolsize = NULL, output.pval = NULL, hf1 = hf1, 
hf2 = hf2) 

 
To produce a histogram graph: 

w.diagnosis(data = mn.geno, w.order = 2, hf2 = hf2, main = 
NULL, xlab = NULL, ylab = NULL) 

 
To calculate the odds ratio for interaction: 

y <- as.numeric(mn.pheno) 

or.snv1.snv2 <- odds.ratio(mn.geno, y, w.order = 2, 
which.marker = c(1,2))	  
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6.3. Genetic risk score 

The GRS is calculated from a set of independent risk variants associated with a 

particular disease or phenotype based on a prior GWAS. For each individual, the 

number of risk alleles at each variant is summed (0,1,2) and is weighted by its effect 

size [227]. The summation of the scores assumes that each SNV has an additive 

independent risk and so independent SNVs need to be used for the calculation, see 

5.4.2.4 for further detail.  

 

LMN	HOP

=
-Q	Q)	*34664308	*T3U	&''('(3	 × ln(2.22) + -Q	Q)	*32187668	*T3U	&''('(3	 × ln	(6.07)

4  

Equation 6.5: Equation for the AMN genetic risk score (GRS). 
 

A weighted genetic risk score (GRS) was calculated using the previously reported 

odds ratios for at rs4664308 (PLA2R1), and rs2187668 (HLA-DQA1) ascertained 

from an independent study of AMN in Europeans, Equation 6.5 [73].  The calculation 

was undertaken for each individual. Allele counts of the risk variants were also 

examined. With a stringent Bonferroni correction the p-value threshold for 

significance of <0.0033 (0.05 / 15) was used for the GRS. 

 

6.3.1. Case and control selection 

DNA from 1409 individuals with biopsy-proven AMN was available from patients 

recruited across three European centres, this is the same cohort as 6.2.2. Phenotype 

data was available on a subset of these cases. In 1130 of these individuals, serum 

taken within 6 months of diagnosis of AMN was available and aPLA2Rab and anti-
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THSD7A antibody titres were measured at a single centre (Medizinische Klinik und 

Poliklinik III, Universitatsklinikum Hamburg-Eppendorf, Hamburg, Germany). In a 

smaller subset of 243 German individuals from a single centre, uniformly collected 

phenotype data were available; age at onset of AMN, sex, uPCR at diagnosis, eGFR 

decline per year (with a minimum of five year follow up data) and treatment with 

immunosuppression.  

 

Through our collaborators, I also had access to DNA from a small incredibly rare 

AMN cohort of 15 non-familial European paediatric cases of dual antibody negative 

biopsy-proven AMN. Age of onset of disease was less than 16 years of age. This 

DNA was obtained at a later stage and so these individuals were genotyped on the 

Illumina Infinium OmniExpress 24 v1.2 microarray beadchip [321]. Quality control 

was done on these cases as per 6.2.5. The steroid sensitive nephrotic syndrome 

(SSNS) GRS was also calculated from statistically significant independent lead loci 

as identified in the GWAS from our group [307, 322]. As I was interested in pairwise 

interactions between the paediatric group alone I undertook the Wilcoxon rank sums 

test for comparison. 

 

Another rare cohort of anti-contactin-1 antibody associated AMN and CIDP patients 

were made available to me. I had access to the DNA for 7 biopsy-proven AMN cases 

with confirmed anti-contactin-1 antibodies that were negative for aPLA2Rab. These 

cases were genotyped on the Illumina Infinium Multi-Ethnic Global BeadChip and 

QC was done on these cases as per 6.2.5. The ancestry of these individuals was not 

known so principal components analysis was done to obtain a European cohort prior 

to GRS calculation. As I was interested in pairwise interactions between the 
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paediatric group, I firstly undertook the Wilcoxon rank sums test for comparison and 

then subsequently undertook Kruskal-Wallis and Dunn’s multiple comparison test. 

 

For the control dataset the same three datasets were used as negative controls as 

those used in the GWAS (WTCC, Oxford and Illumina). I also decided to use a 

positive nephrotic control to further demonstrate that the results were specific to 

AMN; 422 individuals with SSNS were used. 

 

6.3.2. Computational tools 

There are different computational tools available for calculating a GRS or otherwise 

sometimes known as a polygenic risk score.  

 

6.3.2.1. R and Rstudio 

The statistical analyses for the lead 2 SNV analysis of GRS was conducted in R 

language through the Rstudio interface [323]. R was used to undertake regression 

analyses and figures were produced using the packages ggplot2, qqman and 

EnvStats [323-326]. Kruskal-Wallis and Dunn’s multiple comparison test was 

performed to assess differences with a stringent Bonferroni correction to consider 

pairwise comparisons of 6 different groups using a p-value threshold for significance 

of <0.0033 (0.05 / 6C2). For linear regression a standard p-value <0.05 was used.   

 

6.3.3. Datasets for analysis 

Investigation and comparison of binary and quantitative traits with the phenotype 

data was possible in the AMN cases. I was most interested in investigating antibody 
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status and had data on aPLA2Rab and anti-THSD7A antibody. Comparisons were 

made with all groups with both healthy controls and renal disease controls [293, 294, 

322, 327, 328]. Renal disease controls were individuals with SSNS that met standard 

international criteria for nephrotic syndrome and steroid sensitivity was defined as 

per the international guidelines of standard response to steroid treatment within four 

weeks of treatment [322]. In a smaller subset of individuals association was 

examined with other clinical parameters, The GRS was calculated in the paediatric 

and anti-contactin antibody cohorts.  
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6.4. UK Biobank 

The UK Biobank is large biomedical database that provides access to medical and 

genetic data of almost 500,000 individuals to accredited researchers. I sought to 

utilise this resource in the UK population to estimate the population risk of AMN 

[329].   

 

6.4.1. Data accessibility 

Data was accessed and downloaded after approval of the application through the 

UKBB portal and requires a 32-character MD5 Checksum and a 64-character 

password [330]. Genotyped data is available in PLINK binary format and was 

downloaded using the following commands: 

./ukbgene cal -c22 -v 

./ukbgene cal -c22 -v -m  

./ukbgene cal -c22 ukb_snp_bim.tar 
 
These commands download chromosome 22 *.bed, *.fam and *.bim files 

respectively. UKBB also provides an imputed dataset which greatly increases the 

number of SNV markers across the genome. The main limitation is that despite 

being in a *.bgen format (compressed binary format for typed and imputed data 

[331]) they are incredibly large making data analysis challenging. The data for all 22 

chromosomes was downloaded and is available in our in-house data server. 

./ukbgene imp -c22 -v 
 

The 2 GRS SNVs were within the genotyped data and so the imputed data was not 

examined.  
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6.4.2. Quality control 

Due to issues with imputed dataset size and computational processing power I 

decided to first undertake quality control from the genotyped data. From the search 

tool on the UKBB website the two risk AMN SNVs were within the genotyped dataset 

and so the imputed dataset did not need to be used for the GRS calculation.  

 

The first step was to merge all chromosomes together, this was done using PLINK 

and the --merge tool and specifying a text file containing the names of the bfiles.  

plink --bfile rawdata/ukb_chr1 --merge-list 
rawdata/controlallchr.txt --make-bed --out rawdata/ukb_allchr 
 

Then standard QC protocols as per 6.2.5 in PLINK were done. The per individual QC 

was: call rate <90%, heterozygosity rate >3 standard deviations and for IBD relatives 

were excluded if they were greater than or equal to third degree relatives. Due to the 

large number of individuals in the UKBB dataset and to improve preservation of the 

maximum number of individuals for IBD the KING robust kinship estimator in PLINK 

v2.0 was used. The KING-robust kinship estimator creates a relationship matrix and 

works independent of allele frequencies and in mixed population datasets [332]. It 

excludes only one member of each pair of samples with kinship. KING kinship 

coefficients are scaled so the standard IBD cut-off of 0.1875 is 0.094 in the 

command. 

plink2 --pfile ukbb/workingfile/ukbunimppruned --king-cutoff 
0.094 --out ukbb/workingfile/ukbunimppruned  
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The per SNV QC was done on call rate <98%, minor allele frequency <99% and 

HWE <0.001. No information on the X-chromosome was available and as the file 

format was PLINK non-biallelic SNVs had already been filtered out. 

 

6.4.2.1. Population stratification 

The GRS score is only valid in those of European ancestry and so these individuals 

needed to be extracted. Studies utilising the UKBB dataset do not undertake 

population stratification and instead use self-reported ancestry information. UKBB 

provide information on individuals’ self-reported ancestry, of which 472,725 are of 

European ancestry. Bycroft et al. analyse the UKBB data for PCA analysis using a 

Bayesian outlier detection algorithm with three intersecting clusters of the largest 

number of individuals [333]. This list of 409,728 individuals using self-reported 

ancestry and genetic data is entitled ‘white British ancestry subset’ although this was 

not readily accessible [333]. 

 

Visualisation of the genetic spread was done using R (see 0). Exclusion of outliers 

was better done with the assistance of other specific tools rather than a visual 

estimation of outliers. The available tools were not able to analyse such a large 

dataset; SVS due to its user interface was unable to import the dataset. The 

alternative routinely used method called SmartPCA (undertaking an EIGENSTRAT 

calculation) was also unable to process a dataset of this size [334]. I therefore 

decided to use the 472,725 self-reported white European individuals for the dataset.  
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6.4.3. GRS in UK population 

From the filtered dataset of self-reported white European ancestry individuals, the 

two GRS risk SNVs separately were extracted.  

plink2 --bfile ukbb/workingfile/ukb_allchr_selfeur --extract 
ukbb/pla2snv.txt --make-bed --out 
ukbb/workingfile/ukb_selfeur_pla2snv 
 

To facilitate a uniform dataset only individuals that had both GRS risk SNVs 

genotyped were examined and those that either had one SNV or none were 

excluded using the --keep tool in PLINK.  

plink2 --bfile ukbb/workingfile/plasnp --keep 
ukbb/workingfile/hlasnv.fam --make-bed --out 
ukbb/workingfile/plasnv_hlasnvmatch 
 
To ensure the correct risk allele was examined the minor allele was changed in 

PLINK to match that per the GRS calculation using the --reference-allele tool in 

PLINK which specifies and changes the reference allele as per a text file.  

plink --bfile ukbb/workingfile/plasnv_hlasnvmatch --reference-
allele ukbb/workingfile/mnrefallele.txt --make-bed --out 
ukbb/workingfile/plasnv_hlasnvmatch_a1risk 

 
An additive dosage file was created, this tool converts the alleles to a numerical 

count to represent the numbers of minor alleles.  

plink --bfile ukbb/workingfile/plasnv_hlasnvmatch_a1risk --
recodeA --out ukbb/workingfile/plasnv_hlasnvmatch_add 

 
This data was imported and then analysed in R using R studio.  
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7.  Results 

7.1. PLA2R1 intronic variant analysis 

7.1.1. Patient characteristics 

The study population were from the UK glomerulonephritis (GN) consortium. There 

were 335 European patients with biopsy-proven AMN. The gender ratio was 2.2:1 

with 231 males and 104 females. The mean age at diagnosis was 52.5 years 

(±13.3). Owing to the historical nature of this cohort antibody testing was not in 

routine practice so their aPLA2Rab status is unknown. 

 

7.1.2. Computational analysis 

7.1.2.1. Overview 

From the raw sequencing data after alignment to the reference genome 2203 

variants were identified by deCODE. These were filtered for poor and medium quality 

variants. Variants without a matching bi-allelic control or mismatching alternate 

control allele were also excluded, totalling a further 13 variants. 949 good quality 

variants were identified in the PLA2R1 locus. Of the 949 variants, 482 were known 

and described in dbSNP v147 and 467 were novel. The association of variants was 

computed with the p-value significance from the chi-squared result for each variant. 

There were 9 highly scoring variants with a p-value £10-50 and 109 variants with a 

significant p-value <5 x10-8. The most strongly associated variant was rs528521365, 

with a p-value 7.96x10-227, see 7.1.2.4. This variant is intronic and is predicted to be 

in a TFBS.  
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I was predominantly interested in the functionality of the associated variants so that a 

biologically plausible explanation could be determined in the intronic regions for 

PLA2R1. For this reason and also because the lead variant was found to be in a 

potentially functionally relevant site, I decided to examine all variants with a known 

function first. This would then enable me to focus the further investigation in to not 

only the lead variant but also any other strongly associated variants with an ascribed 

function to them. I then focused the analysis on the lead variant examining any other 

strongly associated variants that may be in linkage disequilibrium with it.   

 

7.1.2.2. Functional variants 

Functionality of all PLA2R1 variants was computationally examined from UCSC 

genome browser: 33 are in the coding region and 141 in the regulatory region. Of the 

33 coding variants there are: 15 missense (non-synonymous) variants, 15 neutral 

variants (synonymous) and 3 in either exonic or intronic splice sites, Table 7.1. There 

were no nonsense variants. 10 missense, 9 synonymous and 1 splice site variants 

are unique to the cases and are not found in the control population. 
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Chromosomal 
position p-value 

Functional 
annotation rsID 

*160808075 1.82 ´10-11 Non-synonymous rs3828323 
*160885418 4.50´10-9 Non-synonymous rs35771982 
160836409 5.95 ´10-7 Non-synonymous   
160797866 3.21´10-5 Synonymous rs201062324 
160885442 5.14´10-5 Non-synonymous rs3749117 
160797510 0.00036 Synonymous   
160797862 0.00036 Synonymous   
160797864 0.00036 Synonymous   
160797597 0.00075 Synonymous rs61094689 
160812310 0.002 Non-synonymous   
160833188 0.011 Splice rs2715918 
160801449 0.022 Non-synonymous   
160801450 0.022 Non-synonymous   
160901517 0.025 Synonymous rs4665143 
160879259 0.043 Non-synonymous rs33985939 
160797748 0.052 Synonymous   
160798224 0.052 Synonymous   
160869875 0.052 Synonymous   
160889543 0.052 Synonymous rs769505521 
160798300 0.052 Non-synonymous   
160889571 0.052 Non-synonymous   
160804072 0.052 Splice   
160811706 0.052 Splice rs372064390 
160798233 0.12 Synonymous   
160798385 0.12 Synonymous   
160901310 0.12 Synonymous   
160801452 0.12 Non-synonymous   
160803350 0.12 Non-synonymous   
160825830 0.12 Non-synonymous   
160869843 0.12 Non-synonymous   
160797848 0.13 Synonymous rs145983336 
160808076 0.75 Synonymous rs72954858 
160901353 0.83 Non-synonymous rs12327936 

Table 7.1: Table of all coding variants sorted by p-value, showing 
chromosomal position on chromosome 2, annotated function and the rsID. 
Novel variants do not have an rsID number, variants denoted with * are 
variants previously described by Coenen et al. [72]. 
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7.1.2.3. Functional annotation 

7.1.2.3.1. Coding variants 

There was a total of 33 coding variants identified in AMN cases, 10 had a p-value 

<0.05 and only 2 had p-value <5x10-8, Table 7.1. The 2 significantly associated 

coding variants were both missense variants: rs3828323 and rs35771982.  

 

Variant rs3828323 is located on 2:160,808,075 and had an association with AMN, p-

value =1.82x10-11. It is protein altering, p.Gly1106Ser, in exon 24 of PLA2R1 which is 

located within the protein domain of the linker region between C-type lectin domain 

(CTLD) 6 and 7. This is a tolerated variant with a SIFT (sorting intolerant from 

tolerant) score [335, 336] of 0.84, and has a high minor allele frequency of 0.56 in 

European controls, making it a common variant but in the cases it was less frequent 

and had an allele frequency of 0.35. It has been described in the Korean AMN 

population with the CC genotype having an odds ratio of 1.36 but without reaching 

statistical significance [337]. It is also one of the 6 common variants identified by 

exon sequencing of PLA2R1 [72].  

 

Variant rs35771982’s location is 2:160,885,418 and is associated with AMN with a p-

value =4.5x10-9. It is a missense variant g.160,885,418 or c.898 G>C in exon 5 of 

PLA2R1, with a predicted protein alteration of p.(His300Asp), Table 7.1. This variant 

was also one of the common variants demonstrated by Coenen et al. and alters 

amino acids in CTLD-1 [72]. The control minor allele frequency is high at 0.49 which 

is lower in AMN at 0.33. It has been demonstrated to be associated with AMN 

although the risk allele has been different in different ancestries - C allele in Koreans 
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compared to a G allele in Taiwanese and Japanese. This could however be due to 

ambiguity in the DNA strand that the allele was called from.  

 

7.1.2.3.2. Regulatory variants 

There were 141 variants in the dataset annotated to be in TFBS, of which 63 had p-

values <0.05, of these 7 were highly associated with p-values <5x10-8. This included 

the lead variant discussed below, 7.1.2.4. These variants were associated with a 

variety of transcription factors, many of which are associated with inflammatory 

responses, cell proliferation or apoptosis which may be relevant mechanisms in 

AMN. 

 

7.1.2.3.3. Rare variants 

Only 15 rare variants were detected with an allele frequency <1%. All were novel, 8 

were missense and 7 synonymous. These could be private variants as the number of 

alleles with these are low, ranging from 3 to 5.  

 

7.1.2.4. Lead AMN variant 

7.1.2.4.1. Overview 

The most strongly associated variant was at position 2:160856173 (rs528521365), 

p= 7.96x10-227. This variant (rs528521365) is in an intronic region between exon 11 

and 12 and in UCSC is in a predicted TFBS for CCAAT/enhancer binding protein 

beta (CEBPB). In AMN cases, allele C has an allele frequency of 98% compared to 

the population allele frequency of 17%, so is present in 653 of 668 case alleles. By 

contrast, the alternative allele A is present in 2% of cases and 83% of controls. The 

SNV score for the lead variant was 13.5 (with the cut-off threshold being <10). 
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7.1.2.4.2. Linkage disequilibrium 

To understand the relationship of the lead variant (rs528521365) with the other 

variants LocusZoom plots were created from control LD data, Figure 7.1. Variants 

with a known functional effect from UCSC were filtered to visualise possible 

associations, this demonstrated the variant is in LD with other variants in predicted 

TFBSs and a splice site, Figure 7.2. Subdividing this further to assess linkage with 

only the coding regions demonstrated more clearly the strong linkage disequilibrium 

with a splice site variant and a synonymous coding variant, Figure 7.3. In all these 

graphs it is clear to see the missing region near exon 1 that does not have any data. 

This is because of the failure of a primer in the pooled DNA sequencing and 

corresponds to the large missing region that is highlighted over exon 1 in Figure 6.1.  
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Figure 7.1: LocusZoom plot centred on the lead variant (rs528521365), 
demonstrating the other variants known to be in linkage disequilibrium with 
one another in the control data. The key demonstrates the different shapes 
and the ascribed function. The colour of the r2 (correlation coefficient) 
demonstrates the strength of the linkage disequilibrium. The red line 
highlights the proposed haploblock. The gap near exon 1 corresponds to the 
failure of a large primer overlying this region. 
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Figure 7.2: LocusZoom plot centred on the lead variant (rs528521365), 
demonstrating the other variants with an ascribed function on UCSC in linkage 
disequilibrium with the lead variant. The key demonstrates the different 
shapes and the ascribed function. The colour of the r2 (correlation coefficient) 
demonstrates the strength of the linkage disequilibrium. 
 

 
Figure 7.3: LocusZoom plot centred on the lead variant (rs528521365), 
demonstrating only coding variants with the colour representing the strength 
of the linkage disequilibrium. Strong linkage disequilibrium can be seen with a 
splice site and a synonymous variant. The key demonstrates the different 
shapes and the ascribed function. The colour of the r2 (correlation coefficient) 
demonstrates the strength of the linkage disequilibrium. 
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7.1.2.4.3. Analysis of variants in linkage disequilibrium 

Variants in LD with the lead variant were analysed to consider alternative potential 

associations with AMN that may not have reached statistical significance, Table 7.2. 

The LD with the splice site variant is very high with an r2 of 0.99. The splice site is an 

intronic splice site between exon 16 and 17 and is 8 bp 5’ upstream of exon 16 in 

PLA2R1. The splice site variant (rs2715918) itself does not have a statistically 

significant association with AMN, p-value =0.01. Further, the splice site variant is 

common in European controls in the ExAC database. HSF predicts no significant 

splicing motif alteration with the splice variant. The significance of this is therefore 

questionable.  

 

The TFBS variant that it is in strong LD (r2 = 0.99) with the lead variant is rs2667025. 

This is a predicted TFBS for zinc finger protein 263 (ZNF263). This is a 

transcriptional repressor and is involved in control of cell growth, cell differentiation 

and development [338]. This variant is not significantly associated as it does not 

reach the genome wide level of significance with AMN, p-value =0.0001.  

 

There are four other variants that are in LD with the lead variant, 3 are in TFBS 

(though none in the predicted DNA binding motifs) and another in the exonic coding 

region. None of these variants themselves are statistically significantly associated 

with AMN (statistical threshold for significance is <5 x10-8). In descending order of 

LD; the third variant is rs2667011, the fourth variant is rs62176719, the fifth is 

rs1995951, and the final variant is rs61094689, although there is no information 

available about how this variant may affect gene expression.  
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rsID r2 Function 
rs2715918 0.99 intronic splice site between exon 16 and 17 
s2667025 0.99 TFBS for zinc finger protein 263 (ZNF263) 
rs2667011 0.74 TFBS for the transcription repressor CCCTC binding 

factor (CTCF) 
rs62176719 0.63 TFBS for TCF7L2 (transcription factor 7 like 2) and 

FOXA1 (forkhead box A1) 
rs1995951 0.62 GATA2 (GATA binding protein 2) and EP300 (E1A 

binding protein P300) 
rs61094689 0.62 3’ UTR variant (in exon 30) of PLA2R1 
Table 7.2: Table of variants in linkage disequilibrium with the lead variant. 
None of these variants reach statistical significance. rs identifiers (rsID) are 
shown, with correlation coefficient (r2) and the ascribed function.  
 

7.1.2.4.4. Functional analysis: CEBPB motif 

The CEBPB annotated element from the ChIP-seq region in UCSC for PLA2R1 

covers 468 base pairs but the motif of the actual TFBS is only 14 base pairs and 

ranges from chr2: 160856239-160856252. The causal motif is ordinarily centrally 

positioned and this is a method that is used as a confirming diagnostic [339]. The 

motif for CEBPB is not centrally positioned and instead is directed towards the 3’ end 

suggesting the possibility that there may be a potential mistake in the calling of the 

binding site motif, Figure 7.4. Utilising an alternative tool to the data from ENCODE 

ChIP-seq it was confirmed that the CEBPB DNA binding site for this transcription 

factor was correct. A search on the Motif alignment and search tool (MAST) (MEME 

suite version 4.12.0) [340] of the 468 base pair CEBPB grey defined UCSC region 

also predicted this same site [341]. The determined logo (visual representation of the 

positional weight matrix) on UCSC and MAST are the same, Figure 7.5. Further, this 

is the same consensus domain sequence from in vitro experiments of the DNA 

binding specificity found by PCR-mediated random site selection of the CEBPB 

family transcription factors [342].  
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Figure 7.4: Overview of the variant position on the UCSC genome browser hg19. This demonstrates the variant of interest 
in the red box and its position on the PLA2R1 gene and the track per which the function was assigned to a transcription 
factor binding site. The section highlighted green on the CEBPB track is the proposed DNA binding motif for CEBPB.  
 

 

 
Figure 7.5: The proposed graphical representation (logo) of the positional weight matrix from UCSC for CEBPB. The 
identified variant is 66bp downstream of this logo. 
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7.1.2.4.5. Transcription factor binding sites 

7.1.2.4.5.1. TRANSFAC 

The TRANSFAC database (version 7.0, Public, 2005) [263] was used to determine 

alternative potential TFBS near the lead variant chromosomal position. The 468bp 

TFBS sequence from the CEBPB DNA binding domain from UCSC was scanned 

using different programs via TRANSFAC. The lead variant of interest in AMN is at 

position 289 within this sequence. Searching all species there are two potential 

TFBS for paired box protein (Pax-6) (binding motif starts 4 bp downstream) or 

vitellogenin gene-binding protein (VBP) (binding motif starts 4 bp downstream of the 

variant). The reason for this is TRANSFAC uses the same DNA binding motif of 

CGTAA for both transcription factors. Examining both the variant and the major allele 

in controls this had no apparent impact on the DNA binding motif as assessed by 

similarity between the core and matrix similarity scores. The scores for the core 

similarity score examine just the core part of the DNA binding motif, whereas the 

matrix similarity score examines the whole matrix for the sequence [343]. Both 

scores measure the quality of the match between the sequence and the matrix, a 

score of 1 is an exact match [343]. There was no difference in both scores between 

the control and the variant sequences. No alternative TFBS were discovered in 

TRANSFAC. 

 

7.1.2.4.5.2. Patch 1.0 

The same search was conducted in Patch [263] which uses sequence pattern 

recognition to identify potential TFBS [264]. In Drosophila melanogaster, the reverse 

strand has a potential TFBS for ultrabithorax (Ubx, member of the Hox family). With 
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the lead AMN variant, Ubx would no longer be able to bind to this site. Whilst this is 

interesting, it is unlikely to have an effect as Ubx is not found in humans [344, 345]. 

Within the 468 bp sequence Patch also identifies at position 289 the start of a 

proposed TFBS for c-Fos, c-Jun and CEBPB. This suggests that this is potentially an 

alternative binding site for a CEBPB complex. With the AMN variant the binding 

score of CEBPB reduces from 87.5 to 71.4 which may influence the overall binding 

affinity and efficiency and may be relevant in AMN pathophysiology.  

 

7.1.2.4.5.3. Other prediction tools 

There was no difference in TFBS found with the control DNA sequence and AMN 

DNA sequence in P-Match 1.0 Public [346], MatrixCatch 2.7 [347] and SignalScan 

[348]. AliBaba 2.1 [349] implicates Sp1 in the region of the lead variant. With the 

control allele the transcription factor Sp1 binding site does not extend to the position 

of the variant, however, with the allelic change from an A to a C the Sp1 TFBS 

extends across this location and the binding site changes from 10 to 14bp.  

 

7.1.2.4.6. Alternative splicing 

Analysing the 468bp CEPB sequence surrounding the lead variant in HSF 3.0 [261, 

350] did not demonstrate any potential splicing sites near the variant. The variant is 

at position 289 within the 468bp sequence and the closest splice site is at position 

291. However, comparing the control allele and the AMN allele there is no difference 

in the consensus value suggesting that the variant has no effect on this splice site. 

HSF also scans MaxEntScan [351] which also identified the same donor splice site 

but again without any significant alterations with the variant sequence.  
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7.1.2.5. Other high scoring variants 

The next 4 highest scoring variants are within 5 base pairs of each other. This region 

has a CAAA microsatellite and dbSNP reports a deletion in this region. For this 

reason, this cluster of 4 variants is in fact a single variant. This has originated due to 

the sequencing technique and the inability to differentiate copy number variants. 

Initially they were mistakenly analysed as SNVs by myself until further investigation 

into the region was undertaken to identify the microsatellite. The association of the 

supposed SNVs was high. The sixth variant is rs7560040 which has previously been 

described in dbSNP in association with a deletion. It too is in an area of CT repeats 

and the allelic variation is described as changing from the reference C to T.  

 

The seventh lead variant is rs2715942, p-value =1.1 x10-68. This variant has an allele 

frequency of T at 69% and C at 31% which is different to the controls (25% and 75% 

respectively). It is intronic and there is no known function but it is in a DNase 

hypersensitivity site and is in LD with a TFBS variant.  

 

7.1.2.6. TFBS variants 

There are 5 associated predicted TFBS variants to rs2715942 with an r2 score of 

>0.6. The strongest LD is with rs3792185 with r2 =1, the variant itself has a p-value 

of 0.001 and is associated with CTCF, CBX3 (chromobox 3), RAD21 (RAD21 

cohesin complex component) and ZNF143. The next TFBS in LD is rs3792186, r2 

=0.99, p-value =0.01 and this is associated with the same four transcription factors - 

CTCF, CBX3, RAD21 and ZNF143. The third TFBS in LD is rs2715945, r2 =0.76, p-

value =1.69 x 10-7, and is associated with CTCF. The fourth is rs2715950, r2 =0.76, 

p-value =8.1 x10-6 associated with EP300 and FOS (fos proto-oncogene). The final 
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fifth TFBS variant is rs2667011, r2 =0.74, p-value =7.25 x10-7 and is associated with 

CTCF. In summary, 4 of the 5 TFBS variants in strong LD with the seventh leading 

variant are associated with CTCF binding from the ENCODE ChIP-seq data. 

Bioinformatic tools (Patch, P-Match and Matrix Catch) scanning positional weight 

matrices predict none of these variants are within the DNA binding motif.  

 

7.1.2.7. Haploblocks 

The haploblock for the lead variant, rs528521365, extends from 2:160,831,261 to 

2:160,879,888, r2 =0.961 and 0.475 respectively. The strongly associated core of the 

haploblock (r2 = 0.8-1) is between 160,830,000 to 160,865,000, Figure 7.6. This 

extends towards the right (160,865,000 to 160,875,000) to an extended orange 

haploblock with lower correlation scores (r2 = 0.6-0.8).  

 

Two different haploblocks were apparent dependent on the variant used for the 

association plot. The lead variant and the seventh variant were plotted to 

demonstrate the two strong haploblocks in AMN, Figure 7.6. The first haploblock 

associated with the lead variant, rs528521365, is between 2:160,830,000 to 

160,870,000 and the second haploblock is between 160,870,000 to 160,885,000. 
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Figure 7.6: LocusZoom plot centred on the two lead variants with available 
linkage disequilibrium data; this demonstrates the two discrete haploblocks 
associated with the variants. Red circles represent variants in stronger LD with 
rs528521365 and blue triangles represent variants in stronger LD with 
rs2715942. 
 

7.1.3. In vitro analysis 

There was sufficient computational and statistical evidence that the lead variant 

(rs528521365) was associated with AMN and that it was associated with the TFBS 

for CEBPB. No other strong candidates were found that were linked to this lead 

variant and so I decided to focus the in vitro analysis to the lead variant. Of particular 

interest was that the lead AMN variant may affect the binding of CEBPB and the 

potential mechanism that CEBPB may have in autoimmune disease, see 8.1.1.1.  

 

7.1.3.1. Transcription and translation of CEBPB 

The recombinant CEBPB protein was reconstituted and analysed to ensure that it 

was the correct product. The results of the Western Blot to visualise the product is 
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shown in Figure 7.7. Comparison is made to the genomic ladder with known 

molecular weights. The weight of the reconstituted CEBPB protein was between 37 

and 50 kDa (lane 2 in Figure 7.7) and the predicted weight of CEBPB is 39.7 kDa. In 

the empty vector there were non-specific bands suggesting that other proteins were 

also present, see lane 3 in Figure 7.7. These same bands were also present in the 

reconstituted CEBPB product.  

 

 

Figure 7.7: Western Blot of production of CEBPB protein from Origene cDNA. 
The highlighted band is at the predicted molecular weight for CEBPB at 
39.71kDa. Lane 1 is the molecular weight protein ladder, lane 2 is the 
visualised CEBPB band and lane 3 is the control demonstrating no CEBPB 
band but two other larger bands are visible.  
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7.1.3.2. EMSA 

The functionality and effect of the variant on CEBPB transcription factor binding was 

assessed with an EMSA. There was no shift or difference between the control and 

the variant sequence on three separate occasions, Figure 7.8. 

 

Figure 7.8: Electrophoretic mobility shift assay with and without the lead 
variant with the transcription factor CEBPB. No shift is seen.  
Lane; 1. Positive control: EBV extract with EBV DNA; 2. No protein with variant 
IMN DNA; 3. No protein with control DNA; 4. TNT proteins & recombinant 
CEBPB with variant DNA; TNT proteins & recombinant CEBPB with control 
DNA; 6. TNT proteins (empty vector) with variant MN DNA; 7. TNT proteins 
(empty vector) with control DNA 
 

7.1.4. Replication 

Because no functionality of the lead variant was identified and the SNV score of the 

variant was low it was decided that replicating these findings in a different cohort with 
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alternative methodology would be a better way to proceed and save further 

resources and time. Initially KASP genotyping was outsourced to LGC Genomics. 

This was unsuccessful so Sanger sequencing was then tried with the goal of 

sequencing not just the lead variant but also the next cluster of variants 2 to 5. 

 

7.1.4.1. KASP Genotyping 

KASP genotyping was performed with the reference and variant sequence for the 

lead variant. Genotyping was unsuccessful as LGC were unable to make the assay 

work due to the polymorphic nature and high GC content of the region. The allele 

that was amplified in their control sample was C/C instead of the major control allele 

of A/A. LGC tried two different primer designs on 44 samples as part of a validation 

project and over 50% of the samples stayed in the origin, Figure 7.9A. This 

compares to the expected results and separation of alleles as undertaken on a 

validation control sample by myself, Figure 7.9B.  
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7.1.4.2. Sanger Sequencing 

The two regions of interest (lead AMN variant and cluster of variants number 2 to 5) 

were chosen for Sanger sequencing, Figure 7.10. This first needed to be optimised 

in healthy control DNA before repeating in the AMN cases.  

 

7.1.4.2.1. Polymerase Chain Reaction 

Before Sanger sequencing was possible, I needed to amplify the DNA region of 

interest in control DNA. 2 sets of primers were selected for each variant that had 

produced the correct sized product.  

 

For variant 1 the correct bands were 636bp with the primers 1.1 forward and 2.1 

reverse and 161bp with 3.1 forward and 3.1 reverse, Figure 7.11. For variant 2 the 

correct bands were all 455bp with primers 8.2 forward and reverse and 10.2 forward 

and reverse, Figure 7.12.  

  

A B 

Figure 7.9: A. Results of KASP genotyping control assay with allele specific 
primers for the lead AMN variant. B. Results of a KASP genotyping control 
validation assay demonstrating the expected separation of homozygous and 
heterozygous alleles. 
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A B 

Figure 7.11: Electrophoresis gel UV transillumination result of PCR products for 
variant 1 (yellow border). The starred boxes were the PCR products sent for 
sequencing. The box highlights if a correctly sized product was made and the colour 
of the box represents if the original whole genomic DNA was used (red box) or if 
nested PCR was used and the amplified DNA was used (green box). 
 
A:  
Lane 1 – genomic ladder  
Lane 2 – primer 1.1 forward and 2.1 reverse only, no DNA 
Lane 3 – primer 1.1 forward and 2.1 reverse & DNA control 1   
Lane 4 – primer 1.1 forward and 2.1 reverse & DNA control 2 
Lane 5 – primer 1.1 forward and 2.1 reverse & amplified DNA control 2 
Lane 6 – primer 3.1 forward and 3.1 reverse only, no DNA 
Lane 7 – primer 3.1 forward and 3.1 reverse & DNA control 1 
Lane 8 – primer 3.1 forward and 3.1 reverse & DNA control 2 
 
B:  
Lane 1 – genomic ladder 
Lane 2 – primer 3.1 forward and 3.1 reverse & amplified DNA control 2 
Lane 3 – primer 4.1 forward and 4.1 reverse only, no DNA 
Lane 4 – primer 4.1 forward and 4.1 reverse & DNA control 1 
Lane 5 – primer 4.1 forward and 4.1 reverse & DNA control 2 
Lane 6 – primer 4.1 forward and 4.1 reverse & amplified DNA control 2 
Lane 7 – primer 5.1 forward and 5.1 reverse only, no DNA 
Lane 8 – primer 5.1 forward and 5.1 reverse & DNA control 1 
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A 
B 

Figure 7.12: Electrophoresis gel UV transillumination result of PCR products for 
variant 2 (blue border). The starred boxes were the PCR products sent for 
sequencing. The box highlights if a correctly sized product was made and the colour 
of the box represents if the original whole genomic DNA was used (red box) or if 
nested PCR was used and the amplified DNA was used (green box). 
 
A:  
Lane 1 – genomic ladder  
Lane 2 – primer 8.2 forward and 8.2 reverse only, no DNA 
Lane 3 – primer 8.2 forward and 8.2 reverse & DNA control 1 
Lane 4 – primer 8.2 forward and 8.2 reverse & DNA control 2 
Lane 5 – blank lane 
 
B:  
Lane 1 – genomic ladder 
Lane 2 – primer 8.2 forward and 8.2 reverse & DNA amplified control 1 
Lane 3 – primer 8.2 forward and 8.2 reverse & DNA amplified control 2 
Lane 4 – primer 10.2 forward and 10.2 reverse only, no DNA 
Lane 5 – primer 10.2 forward and 10.2 reverse & DNA control 1 
Lane 6 – primer 10.2 forward and 10.2 reverse & DNA control 2 
Lane 7 – primer 10.2 forward and 10.2 reverse & DNA amplified control 1 
Lane 8 – primer 10.2 forward and 10.2 reverse & DNA amplified control 2 

1.       2.    3.    4.   5. 

1000 bp 

 

500 bp 

300 bp 

100 bp 

1000 bp 

 

500 bp 

300 bp 

100 bp 

1.     2.     3.      4.    5.      6.      7.        8 
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7.1.4.2.2. Sequencing 

The electropherogram demonstrated no signal for either variant with either of the 

primers, see Figure 7.13 for an example of the results. The sequencing also failed 

with nested primers on a subsequent attempt, Figure 7.14.  

 

Finally, a combination of nested PCR primers and the pre-amplified control DNA 

demonstrated some peaks at the third attempt, Figure 7.15 and Figure 7.16. For both 

variants the expected band length does not correspond to the length of the 

sequencing and the peaks are all single suggesting homozygosity. This may suggest 

that only a single allele is being amplified and hence an inaccuracy in the 

sequencing. Further the quality score is very low for most of the sequencing and is 

therefore unreliable.  

 

As none of these multiple attempts worked successfully on control DNA samples, I 

decided to discontinue this work as it was not replicable and therefore not reliable.   
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Figure 7.13: Electropherogram of sequencing results for variant 1. No peaks are seen, the sequencing has not worked. 
 

Page: 1 / 3
19.10.2018

Sequence: 25555066 Samples:
Bases:
Average spacing:

16301
473
35.0

Average quality >= 10: 318, 20: 27, 30: 1

Quality: 0 - 9
10 - 19
20 - 29
>= 30

T G A A T T A A A A
10

A A G A A G A A T T
20

T T G G A T G T A G
30

G T G A T A G C T T
40

G T C G T T C T T G
50

C T G A C G T A T G
60

C T A C C T A A C G
70

A C A T T T T A C C
80

C G A A

C A G G A T
90

A T C G T C T A G G
100

G A G G G C A G G T
110

G G A C T G A A A T
120

T G T G T C A T A A
130

T G C A C T G T A A
140

T C A A T T C T T T
150

A C T T C T T A C A
160

C C C C C

T T T T T
170

T A T T G A T C T C
180

C T T T A T A T A C
190

T T T G A C A A C A
200

A C C T C G G T T C
210

C T T T G T C A T T
220

G C A A T T T G C A
230

A G T A C C A T G C
240

C A A C A A C T

T T
250

T G T A C G G C C A
260

C C G G T T T A T A
270

G A A T T C A A C G
280

T T A C T T T A A T
290

A G T A C C T A T C
300

G G C A A C A T A G
310

G G A T A A T A C T
320

C C T G A T T A T A
330

T

A T C A T T A T T
340

C G A T T C A A G A
350

A C C A A G T G G A
360

A A T C T C T A T T
370

A A T A T A T T A G
380

T T G T A G T A T T
390

T T T G A A T T A T
400

A T A C C T G A A C
410

A

A T G C T A T T T
420

T T T A T T T C T T
430

A A T T T A T T A T
440

C A C T G A A C G A
450

A A T A A A A T C A
460

T A A A C T T G T T
470

G T
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Figure 7.14: Electropherogram of sequencing results for variant 1 with nested PCR primers. Some peaks are seen on the 
top row but these are inconsistent and do not continue, the sequencing has not worked. 
 

Page: 1 / 3
19.10.2018

Sequence: 25554663 Samples:
Bases:
Average spacing:

16300
315
52.0

Average quality >= 10: 150, 20: 49, 30: 50

Quality: 0 - 9
10 - 19
20 - 29
>= 30

C CC G T T G A A G
10

T C T G C AG T G C
20

A G T G G C G C G A
30

T C T C G G C T C A
40

C T G C A A CG C T
50

C C G C C T C C C G
60

G G T T C A C G C C
70

A T T C T C C T G C
80

C T

C A G G C T C C
90

C G A G T A G C T G
100

G G A C T A G G G G
110

C G C C C G C C A C
120

C A C G C C C G G C
130

T A A T G T T T T T
140

G A T T T T C C G T
150

T T T A T A G C C T
160

A A T T A

T T T A T
170

C A G G G C T C T A
180

C C C A C T A A A T
190

T T T T T C T T T A
200

T A T G C C A C G C
210

A C T T T G T A C T
220

A G T G T T T T T G
230

T T T T T A C T G T
240

C C T C T T T

T T T
250

A C T C T C A T C T
260

C T C C A A A A C T
270

C A T G A A T T T T
280

T A T T C A T A G C
290

A A T G G A A T C C
300

T G G G A C A T G A
310

G C C T
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Figure 7.15: Electropherogram of variant 1. Yellow box highlights the SNV of interest to be sequenced. The peaks are 
not clearly demarcated indicating this has not worked correctly.  
 
A: PCR product from primer 5.1 forward and 6.1 reverse with amplified DNA 
B: PCR product from primer 3.1 forward and 3.1 reverse with amplified DNA 

A 

B 
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Figure 7.16: Electropherogram of variant 1. Blue box highlights the SNV of interest to be sequenced. The peaks 
are not clearly demarcated indicating this has not worked correctly.  
 
A: PCR product from primer 11.2 forward and 11.2 reverse with amplified DNA 
B: PCR product from primer 10.1 forward and 10.2 reverse with amplified DNA 

A 

B 
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7.2. Genome wide association study 

7.2.1. Case dataset 

A summary of centres and sample numbers are shown in Table 7.3.  

Site Number 
North East & Central London, UK 96 
Manchester, UK 917 
Hamburg, Germany 420 
Total 1433 
Table 7.3:Table of all AMN individuals genotyped and the source of whole 
blood samples 
 

A summary of the antibody status subsets are shown in Table 7.17. Clinical 

parameters of the 225 aPLA2Rab positive cohort are summarised in Table 7.4. 

 

Clinical parameter Mean / 
Median 

Standard deviation / 
Interquartile range 

Age 55 ±15 
Gender Male 0.71: Female 0.39 
Immunosuppression Received 0.76: None 0.34 
eGFR at diagnosis (ml/min/1.73m2) 81 49 – 98 
eGFR decline (ml/min/1.73m2/year) -4.32 -7.7 – 0.41 
Urinary protein creatinine ratio at diagnosis 
(mg/mmol) 

6450 4083-10160 

Anti-PLA2R1 antibody (Kunits/L) 112 45 – 294 
Table 7.4: Clinical parameters of the 225 aPLA2Rab positive cohort (eGFR, 
estimated glomerular filtration rate; PLA2R1, phospholipase A2 receptor-1) 
 

7.2.1.1. Quality control 

7.2.1.1.1. Remedy 

Remedy identified 1,748,250 loci from the Illumina microarray bead manifest. There 

were 940,800 SNVs unmatched to dbSNP. After all the filtering from Remedy there 

were 754,473 SNVs remaining.  
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7.2.1.1.2. Ambiguous SNVs 

Ambiguous SNVs remained within the dataset and did not allow merging of the data 

due to strand issues, so these were excluded and filtered out; there were 82,357 

ambiguous SNVs.  

 

In the merged dataset for all AMN individuals there were 1409 individuals with 

672,116 SNVs.  

 

7.2.1.1.3. Per individual 

Quality control of the individuals was done first. Despite sending 1433 individuals for 

genotyping only 1409 individuals passed the immediate genotyping quality control 

checks. This could be due to failed genotyping most likely due to insufficient DNA. 

Post QC (following steps) there were 1269 AMN individuals, see Figure 7.19 for 

summary. 

 

7.2.1.1.3.1. Call rate 

To examine the call rate the number of individuals missing per SNV were reviewed in 

a histogram, Figure 7.17. From the histogram I decided to use a stringent threshold 

to exclude any individual with a genotyping call rate <98%. This excluded 32 

individuals. 
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Figure 7.17: Histogram showing proportion of cases with missing SNVs 
 

7.2.1.1.3.2. Heterozygosity rate 

The heterozygosity rate was calculated in a pruned dataset of 98,676 independent 

SNVs and a graphical representation of the proportion was visualised to determine 

which parameters to exclude, Figure 7.18. A decision was made to exclude 

individuals ±3 standard deviations from the mean. This removed 57 individuals. 
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Figure 7.18: Histogram of heterozygosity rate in cases (with 98,676 pruned 
SNVs) 
 

7.2.1.1.3.3. Identity by descent 

IBD filtering >0.1875 excluded 51 individuals.  
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Figure 7.19: Flowchart of per individual filtering in the case dataset (SD = 
standard deviation) 
 

7.2.1.1.4. Per SNV 

Next, quality control per SNV was undertaken. This process had already been 

started by Remedy which had filtered from 1,748,250 to 672,116 SNV markers. See 

Figure 7.22 for the per SNV filtering summary. 

 

7.2.1.1.4.1. Call rate 

I graphically visualised the spread of the call rate for all SNVs and then using this 

decided to use a stringent threshold and exclude any SNV with a genotyping call rate 

of <98%, Figure 7.20. This excluded 43,979 SNVs and left 628,137 SNVs for 

continuing QC.  



 183 

 

Figure 7.20: Histogram of SNV call rate; showing proportion of SNVs with 
missing proportion call rate. 
 

7.2.1.1.4.2. Minor allele frequency 

A histogram was plotted to visually review the spread of the SNVs MAF, Figure 7.21. 

Removing SNVs with a MAF of <1% excluded 166,100 however from the histogram 

to include good quality common variants only I decided to exclude SNVs with a MAF 

<5%. This excluded 280,863 SNVs and left 347,274 SNVs for downstream analysis.  
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Figure 7.21: Histogram of minor allele frequency proportion of SNVs 
 

 

Figure 7.22: Flowchart of filtering per SNV done on the case dataset 
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7.2.2. Control dataset 

Data was downloaded from three different sources of publicly available control 

datasets; the Oxford cohort, the Illumina cohort, and the Wellcome Trust Case 

Control Consortium Controls (WTCC). Overall, this gave a combined control dataset 

of 6036 individuals. These individuals were from European countries and were 

reported to be European but their ancestry was not confirmed.  

 

The Oxford cohort contains data on 432 self-reported European healthy volunteers; 

144 individuals using the HumanOmniExpress-12 v1_J microarray chip with 730,525 

SNV; and in 288 individuals on the HumanOmniExpress-12 v1_A with 733,302 SNV 

markers. Overlapping SNV markers on both microarray chips totalled 730,397.  

 

The Illumina ethnicity control dataset contains 270 individuals across 4 different 

ethnicities, and for the purposes of population stratification initially I downloaded all 

data on all individuals. Genotyping is done on a HumanOmniExpress-12 v1_C 

microarray chip with 731,442 SNV markers. 

 

The WTCC dataset includes; 2,732 self-reported White individuals born in England, 

Wales and Scotland in 1958; and 2602 healthy blood donors. Genotyping was done 

on an Illumina 1.2M Duo Custom BeadChip with 1,106,184 SNV markers.  

 

7.2.2.1. Quality control 

7.2.2.1.1. Per individual 

In total, from 6036 individuals after per individual filtering there were 5257 controls 

for subsequent analyses, see Figure 7.23 for a summary.  
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7.2.2.1.1.1. Call rate 

Call rate was used to exclude individuals with a high rate of missing genotypes. The 

overall aim was to be obtain overlapping SNVs as the case dataset so I decided to 

use a less stringent call rate criteria for the controls. I excluded individuals with a call 

rate <98%. This excluded 662 individuals and so 5374 were left.  

 

7.2.2.1.1.2. Heterozygosity rate 

Filtering for extremes of heterozygosity rates was done. Using the standard criteria 

to exclude individuals ±3 standard deviations from the mean. This excluded 58 

individuals and 5316 were remaining. 

 

7.2.2.1.1.3. Identity by descent 

In the control datasets individuals with an IBD score >0.1875 were excluded. 59 

individuals were excluded and so 5257 individuals remained passing per individual 

QC.  
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Figure 7.23: Flowchart summary of per individual filtering in the control 
dataset 
 

7.2.2.1.2. Per SNV 

QC per SNV was first undertaken by Remedy excluding 40,469 SNVs. Resulting in 

an overall 1,065,715 SNVs across the whole control dataset, see Figure 7.24 for a 

summary.  

 

7.2.2.1.2.1. Call rate 

Each SNV with a genotyping call rate <98% was excluded. This excluded 103,402 

SNVs leaving 926,313 passing call rate filtering.  

 

7.2.2.1.2.2. Minor allele frequency 

SNVS with a MAF <5% were excluded; 285,636 were excluded and 753,644 

remained. 

 



 188 

7.2.2.1.2.3. Hardy-Weinberg equilibrium 

HWE filtering with a high threshold cut-off for SNVs with a p-value <0.001 was used. 

This excluded; 2,336 SNVs and for subsequent analysis there were 751,308 SNVs.   

 

 

Figure 7.24: Flowchart summary of per individual filtering in the control 
dataset 
 

 

7.2.3. Population stratification 

The next step for the case and controls was to undertake population stratification to 

ensure only individuals from a European ancestry remained for analysis, see 6.2.5.2.  
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7.2.3.1. Principal components analysis 

7.2.3.1.1. Illumina ancestry controls 

PCA was undertaken using the Illumina ancestry controls, this comprises 270 

individuals; 89 African, 91 European and 90 East Asian individuals. The spread of all 

cases and controls’ ancestry is shown in Figure 7.25.  

 

Filtering was done using the standard deviation (SD) from the European ancestry 

controls. The best scenario was examined by trialling different SD cut-offs. First, a 

non-stringent SD was tried with 3, Figure 7.26, this excluded 132 AMN cases and 

439 controls. Then a more stringent SD cut-off was examined at 2.5; this excluded 

143 AMN cases and 1053 controls, Figure 7.27. An even more stringent SD cut-off 

was tried next at 2.25; this excluded 156 AMN cases and 2441 controls, Figure 7.28.  

 

I decided to strike a balance between excluding too many cases and controls and 

including too many outliers. For this reason, I chose an SD cut-off of 2.5 and 

excluded 143 AMN cases and 1053 controls. The final number of remaining AMN 

cases for analysis was 1125 and controls was 4204.  
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Figure 7.25: Principal component analysis to show divergent ancestries in 
AMN cases and reference controls. AMN cases are highlighted in red, controls 
in green, European ancestry controls in black, African ancestry controls in 
blue and East Asian ancestry controls in orange.  
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Figure 7.26: Principal component analysis of divergent ancestries in AMN 
cases and reference controls. Filtered with a standard deviation of 3 from the 
European ancestry controls. AMN cases are highlighted in red, controls in 
green, European ancestry controls in black, African ancestry controls in blue 
and East Asian ancestry controls in orange.  
 

 

 
Figure 7.27: Principal component analysis of divergent ancestries in AMN 
cases and reference controls. Filtered with a standard deviation of 2.5 from the 
European ancestry controls. AMN cases are highlighted in red, controls in 
green, European ancestry controls in black, African ancestry controls in blue 
and East Asian ancestry controls in orange. 
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Figure 7.28: Principal component analysis of divergent ancestries in AMN 
cases and reference controls. Filtered with a standard deviation of 2.25 from 
the European ancestry controls. AMN cases are highlighted in red, controls in 
green, European ancestry controls in black, African ancestry controls in blue 
and East Asian ancestry controls in orange. 
 

7.2.3.1.2. 1000 Genomes Project ancestry controls 

Because whole genome imputation was going to be done with the 1000 Genomes 

Project European individuals as the reference panel, I wanted to ensure there was 

good overlap with these datasets. As an additional check prior to imputation, I 

decided to do PCA with the case-control dataset and the 629 ancestral controls. 

Before intersection of variants between the three datasets (case, control and 

ancestry controls) some QC was required. 

 

In the 1000 Genomes Project the data was filtered with the standard QC measures, 

these are summarised in Table 7.5. This left 5,808,310 SNVs in the 629 individuals 

in the 1000 Genomes Project dataset.  
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Exclusion criteria Numbers excluded 
Call rate <98% 0 individuals 
SNV call rate <98%  17,247,743 SNVs 
MAF <5% 2,432,435 SNVs 
Table 7.5: Summary table of exclusion criteria on 1000 Genomes project 
ancestry controls 
 

QC for the combined case-control dataset was also undertaken as an additional 

check to ensure good overlap and intersection of SNVs, the details of this are 

summarised in Table 7.6. 

Exclusion criteria Numbers excluded 
SNV call rate <98%  720,230 SNVs 
MAF <1% 0 SNVs 
HWE <0.001 56 SNVs 
Table 7.6: Summary table of exclusion criteria on combined case-control 
dataset 
 

The final number of individuals in the case control dataset was 1269 cases and 5257 

controls with a total of 188,662 SNVs.  

 

After merging the three datasets together there were 179,928 SNVs in a total of 

7155 individuals (1199 cases, 5249 controls and 629 ancestral controls).  

 

Calculation for PCA were done for the top 10 principal components in an unpruned 

dataset for all 179,928 SNVs. These were then plotted to visually represent the 

spread of ancestry in the dataset, Figure 7.29. 
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Figure 7.29: Principal component analysis of divergent ancestries in AMN 
cases and controls with the ancestry controls from 1000 Genomes Project. 
AMN cases are highlighted in red, controls in green, European ancestry 
controls in black, African ancestry controls in blue and East Asian ancestry 
controls in orange. 
 

Different criteria were examined to determine the best SD cutoff, these are 

summarised in Table 7.7 and shown in Figure 7.31. I decided to use an SD cut-off of 

3.25 and excluded 111 AMN cases and 70 controls. This left a dataset of 1158 AMN 

cases and 5187 controls.  
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Standard 
deviation cut-off 

No of AMN cases 
excluded 

No of Controls 
excluded 

Corresponding 
PCA plot 

2.0 845 2560  
2.5 348 947 Figure 7.31f 
3.0 152 138 Figure 7.31e 
3.25 111 70 Figure 7.31d 
3.5 103 50 Figure 7.31c 
3.75 102 42  
4.0 96 36 Figure 7.31b 
Table 7.7: Table of the different standard deviation cut-offs analysed for 
extraction of European ancestry cases and controls with the 1000 Genomes 
Project ancestry controls.  
 

7.2.3.1.2.1. Further principal component analysis 

After conducting the association test after chromosome 2 imputation there was still 

considerable population stratification (see 7.2.6.2.2) for this reason I decided to 

undertake further principal component analysis of the intersecting SNVs in the case 

and control dataset, Figure 7.30a. This demonstrated continuing population 

stratification, so I filtered further to reduce this population stratification and chose a 

standard deviation of 2.5 which removed a further 123 AMN cases and 107 controls 

resulting in a final number of 1035 AMN cases and 5080 controls, Figure 7.30b.   

 

 

Figure 7.30: Principal component analysis of AMN cases (red) and controls 
(green). a. Unfiltered principal component analysis with 1158 AMN cases and 
5187 controls showing outliers visible to the left. b. Filtered for standard 
deviation >2.5 resulting in 1035 cases and 5080 controls.  
 

a. b. 
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7.2.3.2. Multidimensional scaling 

MDS was done as an additional check for ancestry outlier exclusion. For MDS I  

used the 1000 Genomes Project ancestry controls. The same filtered case-control-

ancestral control dataset was examined for MDS, Figure 7.32. This showed good 

overlap with the European ancestry controls and so this dataset was used for 

downstream analyses.  

 

Figure 7.32: Multidimensional scaling analysis of divergent ancestries in AMN 
cases and reference controls with 1000 Genomes Project ancestry controls. 
AMN cases and controls as a combined dataset are shown in black crosses, 
European ancestry controls in green, African ancestry controls in blue, East 
Asian ancestry controls in red and admixed Americans in pink. 
 

7.2.4. Imputation 

7.2.4.1. Chromosome 2 imputation 

Imputation was done with two different reference panels from the 1000 Genome 

Project phase 3 data; the 503 European or the 2504 all ancestry individuals. For 



 198 

each of the different datasets I first imputed chromosome 2 only, the numbers of this 

analysis are summarised in Table 7.8. 

 Pre-
imputation 

Conform-
gt 
exclusion 

Imputation 
reference 
panel 

Post-
imputation 

Post-
QC 

AMN 
cases 

28,788 20 European 2,384,141 316,997 
All ancestry 2,627,240 664,510 

Controls 62,043 97 European 2,384,141 335,156 
All ancestry 2,409,325 518,843 

Merged 
AMN-
control 

15,341 11 European 2,384,141 310,213 
All ancestry 2,409,325 167,116 

Table 7.8: Overview of pre and post imputation of chromosome 2 with the 
different datasets and the different reference panels used.  
 

7.2.4.1.1. Quality control post imputation 

Post imputation QC is necessary to exclude poor quality imputed SNVs, see 

6.2.5.1.2 and 6.2.6.4. The overview for each dataset remaining post QC is 

summarised in Table 7.8.  

 

7.2.4.2. Whole genome imputation 

Pre-imputation there were 188,662 QC filtered SNVs in the merged case-control 

dataset. In the European ancestry 503 individuals there are 27,520,389 SNVs in this 

reference panel across all chromosomes.  

 

Post imputation all 22 chromosomes were merged and this resulted in 2,064,561 

good quality SNVs across the whole genome in 1035 AMN cases and 5080 controls.     

 

7.2.5. HLA imputation 

HLA imputation was done with both the HapMap European reference panel (124 

individuals, 3924 SNVs and 109 4-digit classical HLA alleles) and the T1DGC 
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reference panel (5225 individuals, 5868 SNVs and 298 4-digit classical HLA alleles), 

see 6.2.7.1. Since the T1DGC were first degree relatives of individuals with type 1 

diabetes mellitus this might not be the best reference panel due to known HLA allele 

association in type 1 diabetes mellitus. This was the reason for the comparison of 

imputation with both reference panels. 

 

With the T1DGC as the reference panel HLA imputation yielded 8962 SNV markers 

in the case and control dataset. With the HapMap reference panel the cases and 

controls were both imputed to 6701 SNV markers. 

 

7.2.5.1. Quality control  

For QC criteria see 6.2.7.4. R2 score !0.8 excluded 171 SNV markers from the case 

and control dataset imputed with T1DGC reference panel and 2725 SNV markers 

from both case and control dataset imputed with the HapMap reference panel.  

 

Imputation cannot accurately impute rare alleles, so MAF <1% was excluded. This 

excluded 815 SNV markers from the data imputed with the T1DGC reference panel 

and only a single SNV in those imputed with the HapMap reference panel. 

 

Overall, there were 7976 SNV markers remaining post QC with the T1DGC 

reference panel and 3975 SNV markers with the HapMap as a reference panel. I 

wanted to assess only the 4-digit HLA types so excluded SNV markers that started 

with an rsID or the 1kg prefix. There were 115 4-digit HLA types with the T1DGC 

panel imputation and 56 with the HapMap reference panel remaining after QC, see 

Figure 7.33 for a summary. 
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7.2.6. Association tests 

An additive model was used for association tests. The association test undertaken 

was logistic regression followed by logistic regression with additional co-variates with 

the top 10 principal components, to further account for population stratification and 

correct for minor differences within the case and control ancestry. Conditional 

analyses were undertaken on the lead identified SNVs.  

 

7.2.6.1. Genome wide pre-imputation association test 

To first explore the data prior to whole genome imputation I decided to run an 

association test with the post QC combined case-control dataset. This has a final 

number of 5080 controls and 1035 AMN cases. The number of intersecting SNVs 

was low at 188,662. An association test with logistic regression was done, Figure 

7.34. With logistic regression the odds ratio for the lead SNV in chromosome 6, 

rs2854275 in HLA-DQB1, was 3.53 with a p-value of 4.19 x10-95. The lead SNV in 

Figure 7.33: Flowchart summary of post HLA imputation quality control 
filtering. a. Filtering steps shown for the data imputed with the T1DGC 
reference panel. b. Filtering steps shown for the data imputed with the HapMap 
reference panel 

a. b. 
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chromosome 2, rs3792189 in PLA2R1, was 1.73 with a p-value of 2.37 x10-28.  

Covariate analysis with the lead 10 principal components weakened the strength of 

the association but the two lead SNVs were still statistically significantly associated; 

HLA-DQB1, rs2854275 p=1.6x10-24, OR 3.12 and PLA2R1, rs3792189 p=2.96x10-17, 

OR 1.57.  

 
Figure 7.34: Manhattan plot of genome-wide logistic regression association 
test comparing European AMN cases to European controls. The x axis shows 
chromosome location, and the y axis shows negative decadic logarithmic p-
values. Standardised genome-wide significance at p=5x10-8 is depicted by the 
horizontal red line. The genomic inflation factor, lambda is 1.22. The inset 
graph is the QQ plot for observed vs expected p-values for this association 
test. 
 

7.2.6.2. Chromosome 2 post-imputation association test 

I undertook exploratory tests of the different imputation datasets in chromosome 2 

alone. This was to save computational processing time prior to imputation across all 

the chromosomes. I wanted to ensure that the PLA2R1 peak was replicable after 
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imputation and to ensure there was limited stratification which can result in a noisy 

Manhattan plot.  

 

7.2.6.2.1. Datasets 

After imputation of chromosome 2 there were 4 different datasets, summarised in 

Table 7.9. 

Dataset 
number 

Case and control Imputation reference 
panel 

Number of 
SNVs 

1 Case and controls 
imputed separately 

European 213,698 

2 Case and controls 
imputed separately 

All ancestry 353,361 

3 Merged case and 
controls imputed together 

European 167,116 

4 Merged case and 
controls imputed together 

All ancestry 310,213 

Table 7.9: Overview of different post imputation datasets for chromosome 2. 
 

7.2.6.2.2. Population stratification 

Firstly, I calculated the genomic inflation factor to assess if there was potentially an 

issue caused by imputation that had affected population stratification. For dataset 1 

the lambda had increased to 2.22, for dataset 2 =1.86, dataset 3 =1.23 (unchanged) 

and dataset 4 =1.27. It was at this stage due to these high genomic inflation factors I 

decided to undertake further principal component analysis to minimise this, see 

7.2.3.1.2.1. After removal of 123 AMN cases and 107 controls I repeated the 

calculation of the genomic inflation factor; dataset 1 =1.68, dataset 2 =1.44, dataset 

3 =1.25, dataset 4 =1.3. I didn’t want to lose too many cases and controls and so 

decided to proceed with this because co-variate analysis with the lead principal 

components will further rectify the issue with population stratification. 
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7.2.6.2.3. Association analysis 

A summary of the logistic regression association test is shown in Table 7.10: 

Dataset Lambda Lead SNV OR p-value 
1 1.68 PLA2R1: rs17341301 0.55 3.61 x10-30 
2 1.44 ZNF385B: rs148306409 3.86 3.2 x10-75 
3 1.25 PLA2R1: rs3792189 1.74 4.33 x10-28 
4 1.3 Intergenic upstream of PLA2R1:  

rs4292050 
0.55 1.45 x10-28 

Table 7.10: Summary of the chromosome 2 logistic regression association test 
for the different datasets. OR = odds ratio. 
 

These results demonstrated considerable deviation from the expected lead SNV and 

region from the pre-imputation association test apart from dataset 3. Further the 

odds ratio was inversed in dataset 1 and 4 whereas these are expected to be risk 

SNVs. As an additional check I reviewed the *.fam file to ensure that the phenotype 

had been coded correctly as 1 for controls and 2 for cases; this was correct and 

there was no difference when I specified the phenotype *.fam file from the dataset 3.  

 

The high genomic inflation factor could have been contributory to the unexpected 

results so logistic regression with the 10 lead principal components as co-variates 

was done. The results are summarised in Table 7.11. 

Dataset Lead SNV OR p-value 
1 Intergenic upstream of SLC39A10: rs34055576 0.55 3.61 x10-30 
2 ZNF385B: rs148306409 3.95 3.28 x10-76 
3 PLA2R1: rs3792189 1.74 1.47 x10-27 
4 Intergenic upstream of PLA2R1:  rs4292050 0.55 2.27 x10-27 
Table 7.11: Summary of the chromosome 2 logistic regression association test 
with the 10 lead principal components as an additional covariate for the 
different datasets. OR = odds ratio. 
 

The results had not changed significantly or improved despite the additional co-

variate with principal components.  
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A final idea I had was datasets 2 and 4 had been imputed with the all ancestry 

reference panel which is known to be less accurate for rare SNVs. So, I decided to 

perform further MAF filtering and exclude any SNVs with a MAF <5% to further 

minimise any imputation error. To enable direct comparison, I decided to also 

perform the MAF filtering on the datasets imputed with a European reference panel 

(dataset 1 and 3). Further logistic regression association tests were done which did 

not change the results for datasets 1, 3 and 4. For dataset 2, the lead SNV did 

change to another gene which was not near PLA2R1. Interestingly in dataset 2 the 

second lead SNV was in PLA2R1, rs4665138, with an odds ratio of 0.54 and a p-

value =8.03 x10-34. The results for the lead SNVs with a MAF >5% are summarised 

in Table 7.12:  

 

Dataset Lead SNV OR p-value 
1 PLA2R1: rs17341301 0.55 3.62 x10-30 
2 DNAJC27-AS1: rs2196792 2.02 1.55 x10-42 
3 PLA2R1: rs3792189 1.74 4.33 x10-28 
4 Intergenic upstream of PLA2R1:  rs4292050 0.55 1.45 x10-28 
Table 7.12: Summary of the chromosome 2 logistic regression association test 
only including SNVs with a minor allele frequency >5%. OR = odds ratio. 
 

After direct comparison of all the results and the differences between the expected 

region of interest from the pre-imputed data and the previously reported lead 

chromosome 2 SNV in Stanescu et al. [73] I decided that the most reliable dataset to 

proceed for whole genome imputation was dataset 3. This is the merged AMN and 

control dataset imputed with the European reference panel. The results were 

consistent despite the different remedial measures trialled and it also matches the 

results from the pre-imputation association analysis. From this point on I chose to 

exclusively analyse dataset 3. 
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7.2.6.3. Whole genome post-imputation association test 

7.2.6.3.1. Logistic regression 

Logistic regression was done with the 1035 AMN cases compared to 5080 controls 

of European ancestry. After imputation there were 2,064,561 SNVs spanning the 

whole genome for association analyses. There were two significantly associated 

regions; one in chromosome 2 and another in chromosome 6, Figure 7.35. The lead 

SNV in the chromosome 2 peak was in PLA2R1, rs3792189, OR 1.72, p-value =3.5 

x10-28, with a A>C substitution. The lead SNV in chromosome 6 was in HLA-DQA1, 

rs9272532, OR 3.29, p-value =1.16 x10-102, with a C>A substitution. Other regions 

not reaching statistical significance are; chromosome 1, rs6675787 in HPCAL4, OR 

1.29, p-value =4.52 x10-7; chromosome 4, rs9918077 intergenic region and closest 

genes are TRPC3 and KIAA1109, OR 0.69, p-value =8.16x10-7; chromosome 9, 

rs670028 in DENND1A, OR 1.39, p-value=4.0 x10-7. 
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7.2.6.3.2. Principal component co-variate analysis 

The top 10 principal components were calculated and utilised as an additional co-

variate in the logistic regression association analysis. This did not change the results 

of the association test and the same two lead SNVs were still associated with AMN. 

In PLA2R1 on chromosome 2, rs3792189, the odds ratio was slightly lower at 1.63 

and the p-value had increased to 1.95 x10-21 which was still statistically significant. 

The lead SNV in HLA-DQA1 on chromosome 6 also remained, rs9272532, OR 2.6 

and p-value increased considerably to 1.29 x10-29. 

 

Figure 7.35: Manhattan plot of genome-wide logistic regression association test 
comparing 1035 European AMN cases to 5080 controls.  
The x axis shows chromosome location, and the y axis shows negative decadic 
logarithmic p-values. Standardised genome-wide significance at p=5x10-8 is 
depicted by the horizontal red line. The genomic inflation factor, lambda is 1.24. 
The inset graph is the QQ plot for observed vs expected p-values for this 
association test. 
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7.2.6.3.3. Conditional analyses 

Conditional analyses on the lead SNVs within the identified GWAS peaks were 

conducted in a stepwise manner to identify any further independent SNVs within 

either the chromosome 2 or chromosome 6 peaks as seen in the Manhattan plot. 

The first conditional analysis was done on the lead SNV in chromosome 6, 

rs9272532. The chromosome 2 lead SNV, rs3792189, in PLA2R1 was the second 

independently associated SNV with an odds ratio of 1.68 and p-value =1.28 x10-23, 

see Figure 7.36 

Figure 7.36: Manhattan 
plot of genome-wide 
logistic regression 
association test 
conditioned on the lead 
SNV, rs9272532. 
Comparison of 1035 
European AMN cases to 
5080 controls.  
The x axis shows 
chromosome location, 
and the y axis shows 
negative decadic 
logarithmic p-values. 
Standardised genome-
wide significance at 
p=5x10-8 is depicted by 
the horizontal red line. 
The inset graph is the 
QQ plot for observed vs 
expected p-values for 
this association test. 
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Conditional analysis done on the lead 2 SNVs in both chromosome 2 and 6 identified 

a second SNV in the chromosome 6 peak; rs9469220 which is intergenic but the 

closest gene is HLA-DQB1. The odds ratio is 0.66 suggesting it is a protective SNV, 

p-value =4.46 x10-14, see Figure 7.37. 

 

Conditional analysis done on the lead 3 SNVs in both chromosome 2 and 6 identified 

a second SNV in the chromosome 2 peak; rs2292390 in PLA2R1, OR 1.57, p-value 

=1.31 x10-8, see Figure 7.38a. Conditional analysis done on the 4 independent SNVs 

Figure 7.37: Manhattan plot of genome-wide logistic regression association 
test conditioned on the lead 2 SNVs, rs9272532 and rs3792189. Comparison 
of 1035 European AMN cases to 5080 controls.  
The x axis shows chromosome location, and the y axis shows negative 
decadic logarithmic p-values. Standardised genome-wide significance at 
p=5x10-8 is depicted by the horizontal red line. The inset graph is the QQ plot 
for observed vs expected p-values for this association test. 
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resulted in no further statistically significant associations. The remaining non 

significantly associated lead SNV was in chromosome 1, rs538758, in HPCAL4, OR 

1.34, p-value =8.29 x10-8, see Figure 7.38b. 

 

 

 

 

7.2.6.4. Antibody status 

With the phenotype data I examined genome wide association for the specific sub-

antibody groups. 

 

Figure 7.38: Manhattan plot of genome-wide logistic regression conditional 
association tests. 1035 AMN cases compared against 5080 controls. Inset 
graphs are the associated QQ plot for that test. Standardised genome-wide 
significance at p=5x10-8 is depicted by the horizontal red line. 
 
a. Conditioned on the lead 3 SNVs, rs9272532, rs3792189 and rs9469220.  
b. Conditioned on lead 4 SNVS, rs9272532, rs3792189, rs9469220 and rs2292390 

a. b. 
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7.2.6.4.1. aPLA2Rab positive versus controls 

Extracting aPLA2Rab AMN cases and healthy controls resulted in 372 cases and 

4929 controls. The logistic regression association test demonstrated an association 

in two identified regions; HLA-DQA1 and PLA2R1, Figure 7.39, with both SNVs 

being the same as in 7.2.6.3.1. The lead SNV in HLA-DQA1 is rs9272532, OR =4.78 

and p =2.83x10-74. The lead SNV in chromosome 2 is rs3792189, OR =2.03 and p= 

5.42x10-20. There is a demonstrable peak visible in chromosome 4, the lead SNV 

here is rs73236604 which is close to TLR10 but it does not reach statistical 

significance, p=1.94x10-7 and OR 1.79. 

 

Figure 7.39: Manhattan plot of genome-wide logistic regression association 
tests. 372 aPLA2Rab AMN cases compared against 4929 controls. 
Standardised genome-wide significance at p=5x10-8 is depicted by the 
horizontal red line. 

 

7.2.6.4.2. Anti-THSD7A antibody positive versus controls 

The anti-THSD7A antibody AMN cases and healthy controls were merged; resulting 

in 31 AMN cases and 4929 controls. A logistic regression for association did not 

demonstrate any statistically significant associations, Figure 7.40. 
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Figure 7.40: Manhattan plot of genome-wide logistic regression in 31 anti-
THSD7A AMN cases compared against 4929 controls. Standardised genome-
wide significance at p=5x10-8 is depicted by the horizontal red line. 
 

7.2.6.4.3. Anti-THSD7A antibody positive versus aPLA2Rab  

This analysis compared 31 anti-THSD7A antibody positive AMN cases against 372 

aPLA2Rab positive AMN cases. There were no statistically significant associations 

and the lead SNV was rs9272343 which is in HLA-DQA1, p=1.07x10-6. 

 

7.2.6.4.4. Dual negative antibody versus controls 

Comparing 355 dual negative antibody cases against 4929 controls demonstrated a 

statistically significant association in both HLA-DQA1 and PLA2R1. The lead 

association in chromosome 6 is in rs6932167 with an OR of 2.86, p=2.61x10-29 and in 

chromosome 2 is rs3792189, OR of 2.86, p=1.58x10-9 which is the same lead SNV 

as the previously identified PLA2R1 SNV in this study, 7.2.6.3.1, Figure 7.41. See 

8.2.4.5 for specific limitations. 
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7.2.6.5. Clinical parameters 

Relevant important clinical phenotype information was available in a small subset of 

243 aPLA2Rab positive AMN individuals from our German cohort, of which 225 were 

within the post QC dataset. I decided to investigate if there was any genetic 

association with these clinical parameters at a genome wide level in the imputed 

post QC dataset. Because all of these individuals had been genotyped on the same 

microarray I was able to use all the post imputation post QC SNV markers for these 

tests; 2,064,561 SNVs in the German cohort and 5,132,131 SNVs in the historical 

2011 AMN cohort.  

 

Figure 7.41: Manhattan plot of genome-wide logistic regression in 355 dual 
antibody negative AMN cases compared against 4929 controls. Standardised 
genome-wide significance at p=5x10-8 is depicted by the horizontal red line. 
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7.2.6.5.1. Association with glomerular filtration rate 

Estimated glomerular filtration rate decline is a useful analysis as treatment for AMN 

involves in preserving kidney function. Data was available in 225 European AMN 

individuals for eGFR across different time points. I calculated the average eGFR 

decline per year in individuals only with data for more than 5 years. The eGFR 

decline was examined with a linear regression association test. There was no 

association between eGFR decline (mL/min/1.73m2/year) in the German cohort, 

Figure 7.42.  

 

Figure 7.42: Manhattan plot of genome-wide association test with linear 
regression with average eGFR decline / year (mL/min/1.73m2/year) Comparison 
of 225 German, European AMN cases. The x axis shows chromosome location, 
and the y axis shows negative decadic logarithmic p-values. Standardised 
genome-wide significance at p=5x10-8 is depicted by the horizontal red line.  
 

 

7.2.6.5.2. Association with other correlates of poor renal outcomes 

The main interest was to see if there were any other good genetic predictors for 

individuals that have poor renal outcomes. If so, this would enable a tool to identify 

individuals that may require early treatment to preserve their renal function. 
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Association tests with other known predictors of poor renal outcomes (at diagnosis); 

uPCR (mg/mmol), anti-PLA2R antibody titres (kunits/L), eGFR at presentation 

(mL/min/1.73m2), age and gender were undertaken. Immunosuppression data was 

available and this was added as a co-variate to account for individuals that had 

treatment and therefore had an intervention to protect renal function. These 

association tests are demonstrated in Figure 7.43. Statistically significant 

associations were found with uPCR on chromosome 11 (rs637148, p-value 1.89 

x10–8) and with aPLA2Rab on chromosome 4 (rs6840215, p-value 3.99 x10-8). No 

other statistically significant associations were found with the other clinical 

parameters.  
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a. 

d. 

b. 

Figure 7.43: Series of Manhattan 
plots of genome-wide association 
tests with different clinical 
parameters and 
immunosuppression as a co-variate. 
Comparison of 225 AMN individuals 
with 2,064,561 SNV markers. The x 
axis shows chromosome location, 
and the y axis shows negative 
decadic logarithmic p-values. 
Standardised genome-wide 
significance at p=5x10-8 is depicted 
by the horizontal red line. 
a. Linear regression of baseline 
uPCR (mg/mmol) 
b. Linear regression of anti-PLA2R 
antibody titres (kunits/L) 
c. Linear regression of baseline 
eGFR (mL/min/1.73m2) 
d. Linear regression of age 
e. Logistic regression of gender 
 

c. 

b. a. 

d. 

e. 
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7.2.6.6. HLA association test 

The HLA association test was performed with only the 4-digit HLA types. Owing to 

the issues described in 6.2.7.1 I undertook the association tests in both imputed 

datasets (T1DGC reference panel and HapMap reference panel). With the T1DGC 

reference panel in the case control dataset there were 115 4-digit HLA types, and 

with the HapMap reference panel there were 56. Two main analyses for HLA 

association were done; firstly all aPLA2Rab positive AMN cases against controls, 

secondly all anti-THSD7A antibody AMN cases against controls.  

 

7.2.6.6.1. Anti-PLA2R antibody AMN versus controls 

The HLA association test for anti-PLA2R antibody AMN had 372 cases compared 

against 4717 controls.  

 

7.2.6.6.1.1. HLA imputation with the T1DGC  

The strongest signal was observed in HLA-DQA1*05:01 (p-value =1.02x10-68, odds 

ratio 4.38), Table 7.13. The second lead signal was in HLA-DRB1*03:01 (p-value 

=1.67x10-64, odds ratio 4.73). These are the two same HLA types identified in the 

most recent GWAS by Xie et al. [171]. To overcome population stratification, I 

undertook the association test with correction for the 10 lead principal components. 

This still identified the same two lead HLA types, but the strength of the association 

and odds ratio reduced, Table 7.14. Finally, a conditional analysis with HLA-

DQA1*0501 and the 10 lead principal component analysis confirmed that the 

association with HLA-DRB1*03:01 was independent with an OR =2.64 and p-value 

=2.31 x10-7. This should be interpreted with care as discussed in 5.2.8 as these two 

HLA types are in tight linkage and so can not be accurately delineated. 
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Unconditioned HLA analysis    
HLA type OR p-value CI (95%) AF controls AF cases 
HLA-DQA1*05:01 4.39 

 
1.02E-68 
 

3.72 - 5.17 0.25 0.55 

HLA-DRB1*03:01 4.73 
 

1.67E-64 
 

3.95 - 5.66 0.15 0.39 

HLA-DQB1*02:01 4.6 6.65E-63 3.85 - 5.5 0.15 0.39 
HLA-B*08:01 
 

3.57 7.25E-42 2.97 - 4.3 0.15 0.32 

Table 7.13: HLA association test for anti-PLA2R antibody AMN against 
controls, data imputed with the T1DGC reference panel. This is an 
unconditioned logistic regression association analysis. Results shown are 
HLA type, odds ratio (OR), p-value, confidence interval (CI) and allele 
frequencies (AF). Data are sorted by p-values. 
 
 
HLA association corrected for 10 principal components 
HLA type OR p-value CI (95%) 
HLA-DQA1*05:01 3.21 2.35E-20 

 
2.51 - 4.11 

HLA-DRB1*03:01 4.31 
 

1.04E-15 3.02 - 6.17 
 

HLA-DQB1*02:01 3.83 4.25E-14 1.4 - 3.33 
HLA-DQA1*03:01 0.35 5.98E-08 1.0 - 3.33 
Table 7.14: HLA association test for anti-PLA2R antibody AMN against 
controls with correction for the 10 lead principal components, data imputed 
with the T1DGC reference panel. Results shown are the HLA type, odds ratio 
(OR), p-value, confidence interval (CI). Data are sorted by p-values. 
 
 
7.2.6.6.1.2. HLA imputation with the HapMap reference panel 

With the data imputed with the HapMap reference panel the strongest signal was 

observed in HLA-C*07:01, p-value =4.81x10-46, OR =3.46. The second strongest 

association was in HLA-DRB1*03:01, p-value 1.35x10-41, OR =3.41. The results of 

the lead associations are shown in Table 7.15. With correction for the 10 lead 

principal components the associations were considerably different with HLA-

DQB1*05:03 being the lead variant, p-value =3.24x10-10, OR =3.14. The second 

strongest association was in HLA-A*03:01, p-value 2.24x10-6, OR =2.73, 
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summarised in Table 7.15. These are different to those previously reported and 

different to the data imputed with the T1DGC reference panel. 

Unconditioned HLA analysis HLA association corrected for 10 
principal components 

HLA type OR p-value HLA type OR p-value 
HLA-C*07:01 3.46 

 
4.81E-46 
 

HLA-DQB1*05:03 3.14 3.24E-10 
 

HLA-DRB1*03:01 3.42 
 

1.35E-41 
 

HLA-A*03:01 2.73 
 

2.24E-6 
 

HLA-DQA1*05:01 2.96 1.76E-41 HLA-C*07:01 1.93 3.97E-6 
 

HLA-B*08:01 
 

3.52 4.96E-41 HLA-DRB1*15:01 2.52 5.64E-6 
 

Table 7.15: HLA association test for anti-PLA2R antibody AMN against 
controls, data imputed with the HapMap reference panel. Unconditioned data 
analysis is shown on the left. On the right the conditioned data is conditioned 
only for the top 10 lead principal components. Results shown are the HLA 
type, odds ratio (OR) and the p-value. Data are sorted by p-values. 
 

 
7.2.6.6.2. Anti-THSD7A antibody AMN versus controls 

I was interested in determining the HLA type for the anti-THSD7A antibody AMN 

cases and so explored this with an HLA association test with the dataset comprising 

of 32 cases compared against 4717 controls.  

 

7.2.6.6.2.1. HLA imputation with the T1DGC  

An HLA association was found with anti-THSD7A antibody AMN cases and HLA-

DRB1*08:01 in the unconditioned analysis. After correction for the 10 lead principal 

components none of the HLA types reached statistical significance (p-value 

<0.00043). Data for the lead HLA types are summarised in Table 7.16.  
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Unconditioned HLA analysis HLA association corrected for 10 
principal components 

HLA type OR p-value HLA type OR p-value 
HLA-DRB1*08:01 79.8 

 
8.53E-5 
 

HLA-DPB1*13:01 14 
 

0.0037 
 

HLA-DQB1*02:02 2.74 0.0005    
Table 7.16: HLA association test for anti-THSD7A antibody AMN against 
controls, data imputed with the T1DGC reference panel. Unconditioned data 
analysis is shown on the left. On the right the conditioned data is conditioned 
only for the top 10 lead principal components. Results shown are the HLA 
type, odds ratio (OR) and the p-value. Data are sorted by p-values.  
 

7.2.6.6.2.2. HLA imputation with the HapMap reference panel 

With the data imputed with the HapMap reference panel the strongest signal was in 

a class I HLA type; HLA-B*44:03, p-value =0.0011, OR 29.46. With principal 

component correction the lead HLA type was HLA-DRB1*11:01, p-value =0.01 and 

OR =1.14. Neither of these were statistically significant.  

 
7.2.7. Epistasis 

It was important to examine the historical 2011 GWAS data so that the genetic risk 

score could be calculated correctly as there should be no epistasis in an additive 

model. Utilising the lead 2 SNVs from the 2011 AMN study a test for epistasis in 

PLINK v1.9 did not demonstrate any interaction between the two loci. The odds ratio 

for interaction between the 2 SNVs (rs4664308 and rs2187668) was 0.88 and the p-

value =0.35. 

 

I also analysed my current data for epistasis between the four lead SNVs identified in 

this GWAS. To facilitate and reduce computational processing time I undertook 

pairwise interaction tests between each of these 4 SNVs only. In PLINK this 

demonstrated epistasis between the 2 lead SNVs in chromosome 2 and 

chromosome 6 in the combined case and control dataset, p-value =9.25 x10-5 
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(statistically significant p-value =0.0083 (0.06/6)) with an odds ratio for interaction of 

1.38. Assessing for epistasis in AMN cases only also confirmed epistasis was 

present with a p-value =2.64 x10-5.  

 

To confirm there was epistasis between the two lead SNVs an alternative method for 

epistasis was undertaken. Because PLINK had already identified interaction between 

the 2 lead SNVs I decided to check for interaction in these 2 SNVs only. Utilising the 

W-test this also demonstrated epistasis between the 2 lead SNVs, rs9272532 and 

rs3792189. The odds ratio is 1.38 for interaction and the p-value =1.43 x10-127. The 

W-test statistics show a good estimation of the parameters at each of the 9 different 

combinations of genotypes, see Figure 7.44. 

 

Figure 7.44: The expected versus observed histogram of the W-test statistics 
at each combination size (k) with degrees of freedom (df).  
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7.3. Genetic risk score 

The GRS was calculated from the previously identified 2011 independent risk 

variants associated with AMN. My analysis utilised the odds ratio from this previous 

GWAS. In the 2011 data there was no epistasis and for this reason I used an 

additive model for the genetic risk. For each individual from the genotyped case 

dataset the GRS was calculated, see 6.3 for further details. 

 

7.3.1. Case-control dataset 

There were 1102 European MN cases; 823 had known status for both anti-PLA2R 

and anti-THSD7A antibodies. The composition of the cohort is detailed in Table 7.17. 

Through collaborators, I also had access to DNA from a small and very rare AMN 

cohort of 15 non-familial European paediatric cases of dual antibody negative AMN 

as well as 7 anti-contactin antibody associated MN cases; these two groups are 

examined separately. 

 

 

 

Table 7.17: Composition of cohort (AMN, membranous nephropathy; PLA2R1, 
phospholipase A2 receptor-1; THSD7A, thrombospondin type-7 domain 
containing 1A) 
 

Healthy Controls 5642 
Steroid sensitive nephrotic syndrome 422 
MN: Anti-PLA2R1 antibody positive 406 
MN: Anti-THSD7A antibody positive 32 
MN: Dual antibody (PLA2R1 & THSD7A) positive 1 
MN: Dual antibody (PLA2R1 & THSD7A) negative 384 
MN: Serum not available 279 
Total Membranous nephropathy 1102 
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7.3.2. Antibody group and genetic risk 

Compared with the GRS in 5642 healthy controls (median =0.17) and 422 SSNS 

controls (median =0.17), GRS was significantly elevated in the aPLA2Rab group (N 

=406; median =0.67; p <0.0001), Figure 7.45. GRS in the 384 individuals with dual 

antibody negative MN and the 279 individuals in whom serum was unavailable was 

0.34; intermediate and statistically significantly different from, the control (p <0.0001) 

and PLA2R1-positive groups (p <0.0001), consistent with them comprising a mixture 

of PLA2R1-positive and negative individuals. The median GRS among the 406 with 

aPLA2R1ab was significantly higher than among the 32 with THSD7A antibodies 

(0.17, p <0.0001).  

 

7.3.3. Allele count 

The risk allele counts at both the PLA2R1 and HLA-DQA1 loci were compared to 

determine their individual contribution to the genetic risk of AMN.  

 

7.3.3.1. PLA2R1 risk allele 

Corroborating previous studies [91], the data demonstrated that the PLA2R1 risk 

allele number was significantly different between healthy subjects and the 

aPLA2Rab group (p <0.0001), Figure 7.46. Healthy subjects were also significantly 

different from the dual antibody negative (p <0.0001) and the serum unavailable (i.e. 

antibody status unknown) groups (p <0.0001). The SSNS group had the similar risk 

allele frequency as healthy controls and were statistically significantly different to the 

same three groups: aPLA2Rab group, dual antibody negative and serum unavailable 

(p <0.0001 in all groups). The dual antibody negative and serum unavailable groups 
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are a mixed group of individuals and are statistically different compared to the 

aPLA2Rab group (p =0.0007 and p =0.0003, respectively). When correcting for the 

multiple comparisons in this study, the difference in PLA2R1 risk allele number was 

not statistically significant (p =0.04) between anti-THSD7A antibody cases and 

aPLA2Rab cases. 
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Figure 7.45: Violin plot of genetic risk score in different phenotype groups. 
Number of individuals in each group is shown. The black dot represents the 
median. Statistically significant differences from Controls are highlighted by 
blue braces, (p <0.0001). Statistically significant differences from PLA2Rpos 
are highlighted by red braces, (p <0.0001). SSNS, steroid sensitive nephrotic 
syndrome; PLA2RPos, anti-PLA2R1 antibody positive AMN; THSD7APos, anti-
THSD7A antibody positive AMN; DualPos, PLA2R1 and THSD7A antibody 
positive MN; DualNeg, PLA2R1 and THSD7A antibody negative AMN; 
SerumNA, serum not available. 
 

* 

* 

* 

* 

* 

* 
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Figure 7.46: Stacked box plot of PLA2R1 risk variant allele count proportions 
in different phenotype groups. The proportion of individuals within each group 
are demonstrated by the colour of the allele count stack. Statistically 
significant differences from Controls are highlighted by blue braces, (p 
<0.0001). Statistically significant differences from PLA2Rpos are highlighted 
by red braces, (p =0.0007 versus DualNeg and p =0.0003 versus SerumNA). For 
simplicity, statistical difference with SSNS is not shown but is the same as 
Controls, p <0.0001. SSNS, steroid sensitive nephrotic syndrome; PLA2RPos, 
anti-PLA2R1 antibody positive AMN; THSD7APos, anti-THSD7A antibody 
positive AMN; DualPos, PLA2R1 and THSD7A antibody positive AMN; 
DualNeg, PLA2R1 and THSD7A antibody negative AMN; SerumNA, serum not 
available for testing.  
 

*  

*  

*  

*  
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7.3.3.2. HLA-DQA1 risk allele 

The HLA-DQA1 locus risk allele number demonstrated greater variability, Figure 

7.47. Healthy subjects were statistically different to: the aPLA2Rab cases (p 

<0.0001); dual antibody negative cases (p <0.0001); and the serum unavailable 

group (p <0.0001). The SSNS group was similar to healthy controls and similarly 

differed from the same three MN groups (p <0.0001 in all groups). For this locus the 

anti-THSD7A antibody cases were statistically different to the aPLA2Rab cases (p 

<0.0001), the dual antibody negative cases (p =0.0001) and the serum unavailable 

group (p <0.0001) but not controls.  

 

 

 

 



 227 

Figure 7.47: Stacked box plot of HLA-DQA1 risk variant allele count 
proportions in different phenotype groups. The proportion of individuals 
within each group are demonstrated by the colour of the allele count stack.  
Statistically significant differences from Controls are highlighted by blue 
braces, (p <0.0001). Statistically significant differences from THSD7APos are 
highlighted by red braces, (p <0.0001 versus PLA2Rpos and SerumNA, p 
=0.0001 versus DualNeg). For simplicity, statistical difference with SSNS is not 
shown but is the same as Controls, p <0.0001.  
SSNS, steroid sensitive nephrotic syndrome; PLA2RPos, anti-PLA2R1 
antibody positive MN; THSD7APos, anti-THSD7A antibody positive MN; 
DualPos, PLA2R1 and THSD7A antibody positive MN; DualNeg, PLA2R1 and 
THSD7A antibody negative MN; SerumNA, serum not available for testing. 
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7.3.4. Age and genetic risk 

Analysis of two subsets of the aPLA2Rab positive cases with demographic data was 

performed. GRS and age of onset of disease are inversely associated among both 

the 243 German and 117 British aPLA2Rab positive cases (p-value =0.005 and 0.02 

respectively, Figure 7.48). Because the findings were replicated in the separate 

analyses the German and British datasets were combined to assess the effect of risk 

loci.  

 

In the combined cohort of 342 European aPLA2Rab AMN linear regression with the 

PLA2R1 risk allele showed no association, Figure 7.48c. However, the HLA-DQA1 

risk allele was associated with age (p = 0.001, Figure 7.48d). The higher the HLA-

DQA1 allele count the younger the age of onset.  

 

7.3.5. Other clinical parameters 

Among the 225 German subjects for whom uniformly collected phenotype data were 

available, regression analyses of GRS with uPCR, glomerular filtration rate decline 

per year (minimum five-year follow-up data) with anti-PLA2R1 antibody titre, 

immunosuppression, gender and age as co-variates revealed no statistically 

significant associations.  
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Figure 7.48: Linear regression of age of onset in anti-PLA2R1 antibody AMN, statistically 
significant graphs are marked by an asterisk with p-values shown in the box.  
a. Linear regression of combined genetic risk score and the age of onset of anti-PLA2R1 
antibody AMN in a German European cohort, n =225. 
b. Linear regression of combined genetic risk score and the age of onset of anti-PLA2R1 
antibody AMN in a British European cohort, n =117. 
c. Linear regression of allele count in the PLA2R1 locus and the age of onset of anti-
PLA2R1 antibody AMN in the combined European cohort, n =342. 
d. Linear regression of allele count in the HLA-DQA1 locus and the age of onset of anti-
PLA2R1 antibody AMN in the combined European cohort, n =342. 
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7.3.6. Paediatric onset AMN 

A cohort of 15 individuals with paediatric onset of aPLA2Rab negative AMN was 

investigated. Due to the historical nature of this cohort Semaphorin 3B had not been 

discovered at the time of DNA and serum collection so this has not been measured, 

see 5.1.7.5. 

 

Post genotyping there were 713,599 SNV markers for analysis. QC per individual 

removed 0 individuals. Per SNV filtering excluded 58,576 SNVs for call rate <95% 

and 107,747 SNVs for MAF <5%, leaving 547,276 SNV markers. From the filtered 

genotyping data, the two lead SNVs for PLA2R1 and HLA-DQA1 were extracted.  

 

First the paediatric AMN group were compared to the aPLA2Rab AMN cases. A 

Wilcoxon rank sum test demonstrated that there were statistical differences in all 

three components between these two groups; the GRS (p =0.002), the PLA2R1 

allele count (p =0.0007) and HLA-DQA1 allele count (p =0.03), Figure 7.49. 

 

I then decided to compare the paediatric AMN cases to healthy controls and SSNS 

in addition to aPLA2Rab positive AMN cases. A Dunn’s test for multiple groups 

testing demonstrated a statistically significant difference (p <0.02) between the 

paediatric AMN group and the aPLA2Rab positive group in all three domains; GRS 

(p =0.09), PLA2R1 allele count (p =0.004) and HLA-DQA1 allele count (p =0.02), 

Figure 7.50 and Figure 7.51 respectively. There were no further statistically 

significant associations between the paediatric group and either controls or the 

SSNS individuals.  
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Figure 7.49: Violin plot of genetic risk score in different phenotype groups. 
Number of individuals in each group is shown. The black dot represents the 
median. SSNS, steroid sensitive nephrotic syndrome; PLA2RPos, anti-PLA2R1 
antibody positive AMN; Paed, Paediatric AMN. 
 

 

 

 

 

 

 

* 
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Figure 7.50: Stacked box plot of PLA2R1 risk variant allele count proportions 
in different phenotype groups. The proportion of individuals within each group 
are demonstrated by the colour of the allele count stack. Statistically 
significant differences are highlighted by red braces, (p <0.05). SSNS, steroid 
sensitive nephrotic syndrome; PLA2RPos, anti-PLA2R1 antibody positive 
AMN; Paed, paediatric AMN. 

Figure 7.51: Stacked box plot of HLA-DQA1 risk variant allele count 
proportions in different phenotype groups. The proportion of individuals 
within each group are demonstrated by the colour of the allele count stack. 
SSNS, steroid sensitive nephrotic syndrome; PLA2RPos, anti-PLA2R1 
antibody positive AMN; Paed, paediatric AMN. 

* 

* 
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Even though the paediatric AMN cases were biopsy-proven cases as an additional 

check because of the overlap with SSNS in paediatric nephrotic syndrome I 

calculated the SSNS genetic risk score in controls, individuals with SSNS and the 

paediatric AMN cases, Figure 7.52. This demonstrated that there was a clear 

difference between SSNS and healthy controls (p =0), no difference between the 

paediatric AMN cases and controls (p =0.38) and a trend to difference between 

SSNS and paediatric AMN (p =0.09). 

 

* 

Figure 7.52: Violin plot of the SSNS genetic risk score in different phenotype 
groups. Number of individuals in each group is shown. The black dot 
represents the median. Statistically significant differences are highlighted (p 
<0.05). SSNS, steroid sensitive nephrotic syndrome; Paed MN, paediatric 
AMN. 
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7.3.7. Anti-contactin-1 antibody associated AMN 

A cohort of 7 individuals with anti-contactin-1 antibody associated AMN with CIDP 

was investigated. No individuals were removed with per individual QC and per SNV 

QC matches that as summarised in Figure 7.22. Ancestry was examined through a 

principal components analysis, see Figure 7.53. This identified 1 individual did not 

cluster around the European reference controls and were more likely of African 

ancestry, so they were excluded, highlighted with the red circle in Figure 7.53, 

resulting in 6 individuals for analysis. From the filtered genotyping data, the two lead 

SNVs for PLA2R1 and HLA-DQA1 were extracted.  

 

The GRS in the anti-contactin antibody AMN cases is statistically different to the 

aPLA2Rab AMN cases (p =0.01) but not the controls (p =0.93), Figure 7.55. The 

PLA2R1 allele count was statistically different between the anti-contactin antibody 

and aPLA2Rab positive cases (p =0.0004) but not with controls (p =0.61), Figure 

7.54. Interestingly, there was no statistically significant difference with the HLA-

DQA1 allele count when compared to either the aPLA2Rab group (p =0.22) or the 

controls (p =0.22), Figure 7.56. 

 

As an additional stringent statistical test, a Dunn’s test for multiple testing was done 

and this confirmed the same findings; the anti-contactin antibody group are 

statistically different to the aPLA2Rab positive cases in the GRS and the PLA2R1 

risk variant allele count but not the HLA-DQA1 allele count.  
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Figure 7.53: Principal components analysis to demonstrate divergent 
ancestries of the anti-contactin-1 antibody MN cases with the 1000 Genomes 
Project reference controls. Cases are in black, European ancestry controls in 
pink, African ancestry controls in blue and East Asian ancestry controls in 
green. The 1 outlier is highlighted with the red circle.  
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* 

* 

Figure 7.55: Violin plot of genetic risk score in different phenotype groups. 
Number of individuals in each group is shown. Statistically significant 
differences are highlighted by red braces, (p <0.05) but are not shown for 
controls versus aPLA2Rab differences. The black dot represents the median. 
PLA2RPos, anti-PLA2R1 antibody positive AMN; ACPos, anti-contactin antibody 
positive AMN. 

Figure 7.54: Stacked box plot of PLA2R1 risk variant allele count proportions in 
different phenotype groups. The proportion of individuals within each group are 
demonstrated by the colour of the allele count stack. Statistically significant 
differences are highlighted by red braces, (p <0.05) but are not shown for controls 
versus aPLA2Rab differences. PLA2RPos, anti-PLA2R1 antibody positive AMN; 
ACPos, anti-contactin antibody positive AMN. 
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Figure 7.56: Stacked box plot of HLA-DQA1 risk variant allele count proportions 
in different phenotype groups. The proportion of individuals within each group 
are demonstrated by the colour of the allele count stack. PLA2RPos, anti-PLA2R1 
antibody positive AMN; ACPos, anti-contactin antibody positive AMN. 
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7.4. UK Biobank 

7.4.1. Quality control 

There were 488,377 individuals with 784,256 SNVs available for analysis. Standard 

QC protocols as per 6.2.5 in PLINK were done.  

 

7.4.1.1. Per individual 

The per individual QC excluded 11,065 individuals for heterozygosity rate >3 SD. 

The genotyping call rate per individual was low and using a stringent criteria of call 

rate >98% excluded all individuals, Figure 7.57. For this reason, I decided to use 

less stringent criteria and instead used a call rate of >90% which did not exclude any 

individuals.  

 

The IBD calculations in UKBB were tried with two different parameters. UKBB state 

that there are 107,162 related pairs of individuals within the dataset using a more 

stringent IBD co-efficient score of <0.1768 to exclude greater than third degree 

individuals [352]. I calculated the IBD with the KING co-efficient tool (same tool as 

UKBB) and for an IBD score of <0.1768 only excluded 34,691 individuals, which is a 

difference of 18,890 individuals. With a less stringent IBD score <0.1875 this 

excluded 34,255 individuals. Because I wanted to include as many individuals as 

possible and there was already a discrepancy, I decided to proceed with the less 

stringent criteria for IBD (<0.1875); this left 443,063 individuals for analysis.  
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Figure 7.57: Histogram of individual genotyping missingness rate. The x-axis 
is the proportion of missing genotypes per individual. 
 

7.4.1.2. Per SNV 

The per SNV QC excluded; call rate <98% 102,326, Figure 7.58; minor allele 

frequency <1% 98,020, Figure 7.59; HWE <0.001 212,341. No information on the X-

chromosome was available and non-biallelic SNVs had already been filtered out. 

This left 371,569 SNVs for further analysis. 
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7.4.1.3. Population stratification 

The GRS score is only valid in those of European ancestry and so these individuals 

needed to be extracted from the UKBB. The method of principal component analysis 

was attempted to undertake this.  

Figure 7.58: Histogram of the distribution of the minor allele frequency (MAF) 
of all SNVs.  

Figure 7.59: Histogram of SNV genotyping call rate. The x-axis is the 
proportion of missing genotypes per SNV. 
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The post QC UKBB data was merged with the 1000 Genomes project dataset. There 

were 227,967 intersecting SNVs and these were pruned first to 39,815 independent 

SNVs. To facilitate computational processing time and analysis I decided to prune 

the data further to 10,000 SNVs. There were 443,063 UKBB individuals and 629 

1000 Genomes Project individuals. The principal components are shown in Figure 

7.60. 

 
Figure 7.60: Principal component analysis of divergent ancestries in UKBB 
and reference controls. UKBB controls are highlighted in red, European 
ancestry controls in black, African ancestry controls in blue and East Asian 
ancestry controls in green. 
 

Due to the size of the dataset the usual tools used to extract only the European 

individuals were not able to process a dataset of this size. I attempted to use SVS 

which did not have the appropriate computational power, SmartPCA estimated that 

the analysis would take 51 years and the other program I tried was called bigsnpr 

which did not have all the code readily available [334, 353].  
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Other published studies utilising the UKBB dataset use self-reported ancestry 

information. Without any other suitable options, I too, decided to extract the UKBB 

self-reported ancestry individuals; 472,725 are of European ancestry. To visualise 

the diversity within this group I undertook a PCA, Figure 7.61.  

 

 

Figure 7.61: Principal component analysis of self-reported European 
individuals from the UKBB and ancestry reference controls. UKBB European 
individuals are highlighted in red, European ancestry controls in black, African 
ancestry controls in blue and East Asian ancestry controls in green. 
 

7.4.2. GRS in UK population 

The GRS was calculated in the self-reported white European ancestry individuals. To 

facilitate a uniform dataset only individuals that had both risk SNVs genotyped were 

examined and the others were excluded from analysis. For the analysis there were 

419,802 European individuals from the UKBB with data in both risk SNVs for AMN.   
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The number and proportion of individuals with the different numbers of PLA2R1 risk 

alleles and HLA-DQA1 risk alleles is shown in Table 7.18. The GRS was calculated 

and the proportion of individuals from the population at risk of AMN having all 4 risk 

alleles is 0.8%, Table 7.19 and Figure 7.62. A comparison of the distributions 

between the GRS from healthy controls and confirmed aPLA2Rab positive cases 

was done with the UKBB dataset, Figure 7.62. 

Table 7.18: Table showing the percentage of European individuals from UKBB 
with the number of risk alleles for AMN 
 

Table 7.19: Table showing the percentage of European individuals from UKBB 
with the number of risk alleles for AMN 
 

 

No of PLA2R1 risk allele No of individuals Percentage of individuals 
0 73,384 17.48% 
1 204,003 48.6% 
2 142,415 33.92% 
 
No of HLA-DQA1 risk allele No of individuals Percentage of individuals 
0 307,868 73% 
1 101,918 24.28% 
2 10,016 2.39% 

Genetic risk score No of individuals Percentage of individuals 
0 53,780 12.81% 
0.173 149,430 35.6% 
0.345 17,841 4.24% 
0.347 104,658 24.93% 
0.519 49,692 11.84% 
0.691 1,763 0.42% 
0.692 34,385 8.19% 
0.864 4,881 1.16% 
1.04 3,372 0.8% 
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Figure 7.62: Histogram showing the genetic risk score distribution across the 
three different cohorts. Controls = healthy European controls, PLA2RPos = 
aPLA2Rab positive European AMN cases, UKBB = self-reported European 
individuals from UK Biobank.  
 

 

While the proportion of individuals having the risk allele in PLA2R1 is high when this 

is combined with the HLA-DQA1 risk allele it becomes rare and less frequent.  

 

Due to the apparent skewing of data for the HLA-DQA1 risk allele count towards a 

lower allele count I did a manual check to make sure that this SNV was not out of 

Hardy-Weinberg equilibrium:  

HLA-DQA1 SNV 

p2 frequency = 0.73 

2pq frequency = 0.24 

q2 frequency = 0.024 

1 -0.73 -0.24 -0.024 = 0.03 
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This demonstrates that the HLA-DQA1 SNV does indeed follow the HWE criteria. 

Which means that the data analysis is reliable.  

 

7.4.3. Further work 

After the thesis submission I undertook some further work on the UKBB dataset. 

Based on hospital episode statistic data individuals with a diagnosis of membranous 

nephropathy were extracted. I calculated the allele counts for the first reported 

GWAS [73] and for the most recent GWAS [171]. From this data I calculated the 

relative risk for each genotype for having AMN. Colleagues did the same using the 

SNVs from a third GWAS [147]. This data is summarised Table 7.20. Colleagues 

further calculated the relative risk for AMN is 23.44 in the highest risk genotype, 

Table 7.21. 

 SNV Allele AMN RR (95% CI) 

1 
 

HLADQA1 
rs2187668 

CC 44/357516 (0.01%) 1 
CT 39/118070 (0.03%) 2.68 (1.74-4.13) 
TT 14/11622 (0.12%) 9.79 (5.36-17.85) 

PLA2R1 
rs4664308 

GG 11/81861 (0.01%) 1 
AG 34/230759 (0.02%) 1.10 (0.56-2.16) 
AA 52/174588 (0.03%) 2.22 (1.16-4.25) 

2 

HLADRB1/ 
DQA1 
rs9271573 

CC 24/170192 (0.01%) 1 
AC 41/234411 (0.02%) 1.24 (0.75-2.05) 
AA 32/82375 (0.04%) 2.75 (1.62-4.68) 

PLA2R1 
rs17831251 

TT 11/80771 (0.014%) 1 
CT 33/227843 (0.01%) 1.06 (0.54-2.10) 
CC 51/172495 (0.03%) 2.17 (1.13-4.16) 

NFKB1 
rs230540 

CC 11/59492 (0.02%) 1 
CT 43/216576 (0.02%) 1.07 (0.55-2.08) 
TT 41/205265 (0.02%) 1.08 (0.56-2.10) 

IRF4 
rs9405192 

AA 4/33043 (0.01%) 1 
GA 39/182247 (0.02%) 1.77 (0.63-4.95) 
GG 54/259096 (0.02%) 1.72 (0.62-4.75) 

Table 7.20: Genetic risk analysis using the lead SNVs from GWAS 1 [73] and 
GWAS 2 [171] in the UK Biobank. SNV = single nucleotide polymorphism, AMN 
= autoimmune membranous nephropathy, RR = relative risk, CI = confidence 
interval. 
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Risk groups Genotype AMN RR (95% CI) 
Low Risk CCGG 5/59756 (0.01%) 1 
Medium Risk All else 84/423373 (0.02%) 2.37 (0.96-5.85) 
High Risk TTAA 8/4079 (0.20%) 23.44 (7.67-71.62) 
Table 7.21: Genetic risk and calculated relative risk of AMN (autoimmune 
membranous nephropathy). 
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8.  Discussion 

8.1. PLA2R1 intronic variant analysis 

This work has identified intronic and exonic variants that are strongly associated with 

AMN in European patients. After quality control filtering of the initial 2203 variants 

and Chi-squared analysis a statistically significant association with 109 variants was 

found. Of the variants that had a statistically significant association only 2 were 

coding variants, these were the two previously described common exonic variants 

[72]. 7 variants were annotated to be in putative TFBS from the UCSC annotations 

although, further assessment revealed that none of these were within the specific 

transcription factor DNA binding domain. Association does not equal causation and 

unidentified confounders could be present that could affect both AMN and the 

identified variants [354]. The association itself does not mean direct causality, 

however in the absence of any other information it suggests a hypothesis [354]. The 

stronger the association the stronger the potential hypothesis, however the more 

variables that are examined the more likely spurious associations will be made [354]. 

It was for this reason that I decided to focus the initial examination of the potential 

association with AMN on the lead variant with the caveat in mind that correlation 

does not amount to causation.  

 

8.1.1. Lead variant 

The power of association of the most statistically significant associated variant, 

rs528521365, is exceptionally large with a p-value of 7.96x10-227. This variant is 

present in 98% of alleles in 334 AMN patients compared to only 17% of controls. It 
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was because of the strength of this association that I sought to investigate if there 

was a potential causative mechanism. I attempted to ascertain the potential impact 

of this variant and potential mechanism of inducing disease. The initial UCSC 

annotation suggested that this variant was in a TFBS which is why it was flagged in 

the analysis, however, it is 66 bp downstream of a TFBS for CEBPB. The c-Fos, c-

Jun and CEBPB complex starts at this position so this may be implicated. 

 

8.1.1.1. CCAAT/enhancer binding protein beta 

CEBPB regulates expression of genes involved in immune and inflammatory 

responses [59, 355-357] which provided further support to its potential causative role 

in AMN; a disease driven by an abnormal immune response. Further both CEBPB 

and PLA2R1 have been identified and localised to alveolar epithelial cells; in 

response to the respiratory syncytial virus, CEBPB is synthesised rapidly in 

pulmonary alveolar epithelial cells within 3 hours of infection and continues to 

accumulate until 48 hours [358]. Similarly, PLA2R1 has been found to be 

overexpressed in alveolar epithelial brushings of asthmatic children and PLA2R1 

knockout mice have more dendritic cells, increased levels of IgG and increased 

production of cytokines by lung leucocytes [359, 360]. The presence of both proteins 

co-localising to the same tissue cells [358] and involvement of the immune system 

with CEBPB in respiratory diseases [358] provided further support to the potential 

role of CEBPB in AMN. CEBPB has been identified as an important transcription 

factor regulating expression of genes involved in both immune and inflammatory 

responses [361].  
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The contrasting evidence to this is that to date there is no published evidence of a 

renal phenotype in CEBPB knockout mice. CEBPB knockout mice are small, have 

reduced bone mass and are protected from obesity [362-364]. However, CEBPB 

expression was increased in animal models during worsening kidney injury and 

could be a mechanism of kidney damage [365].  This provided further implications of 

the role of CEBPB expression in a diseased kidney to support my follow up 

experiments.  

 

A specific and potential role in AMN can be proposed as CEBPB has an anti-

proliferative effect via Myc on T-cells and facilitates T-helper cell 2 (Th2) 

differentiation [59, 355-357]. The most active subclass in aPLA2Rab mediated AMN 

is IgG4 [366]. It is this very IgG subclass (IgG4) that is upregulated during Th2 

responses and has been found to be specific to AMN compared to other 

glomerulonephritic diseases [367]. There is no evidence to date to suggest an 

interaction between CEBPB and PLA2R1, however, it is possible CEBPB could 

facilitate Th2 differentiation in AMN. A variant in the CEBPB TFBS in PLA2R1 may 

disrupt this binding; either by strengthening the binding to create a prolonged 

activation of the Th2 response by CEBPB or by weakening the binding - this is 

speculative.  

 

8.1.1.2. Functionality of proposed variant 

To investigate the possible functionality of the lead variant in CEBPB I considered 

bioinformatic assessment for in silico predictions and in vitro experiments. In vivo 

experiments are difficult as the variant and the nearby genomic region is not 

conserved across species and in particular is not present in commonly used animal 
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models such as mice, rats, rabbits or pigs [70]. Rat models have been established 

with Heymann’s nephritis to model membranous nephropathy but these are not 

helpful [368].  

 

8.1.1.2.1. Bioinformatic assessment of function 

8.1.1.2.1.1. CEBPB motif 

The CEBPB DNA binding motif was confirmed with MAST because the ENCODE 

consortia ChIP-Seq experiments about CEBPB is derived from a single submitted 

experiment so is not entirely reliable [369, 370]. ENCODE have performed ChIP-seq 

experiments on only 140 different transcription factors and histone modifications 

[339] and is not a fully comprehensive list of all identified human transcription factors. 

Depending on the database used, the estimates for the total number of transcription 

factors ranges from approximately 2000 to 3000. UniProt estimates 1317, Gene 

Ontology 2718 and the DNA Binding Domain transcription factor database 2886 

[371-374], which is a large disparity. It is difficult to assess TFBSs if there are 

discrepancies as to what transcription factors exist. There are limitations within the 

ENCODE data and these provide further explanation for the vast discrepancy in 

identified transcription factors and confirmed binding sites. One of the biggest 

limitations with ChIP-seq is the lack of available antibodies for the transcription 

factors with subsequent lack of enrichment in the affinity precipitation step [340]. The 

ENCODE consortia state that they have the lowest confidence about data on the 

function and binding of a single transcription factor supported by ChIP-seq [375]. 

Another factor may be that the data on transcription factor occupancy is dependent 

on p-values which are set conservatively and are dependent on statistical analyses 

[375]. These factors meant that the CEBPB binding motif results may not be as 
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reliable as first predicted and more importantly that other transcription factors may 

bind here. 

 

8.1.1.2.1.2. Alternative transcription factor binding sites 

There are multiple search tools for predicting TFBS and these yield different results. 

Utilising Patch 1.0, the control population with the allele A have a TFBS starting at 

the very position of the variant - 289 - with the sequence TGACGTAGT on the 

reverse strand for the the c-Fos, c-Jun and CEBPB complex. The AMN variant 

reduces the binding score and may potentially reduce the affinity of binding. c-Fos 

and c-Jun form a heterodimer to create the AP-1 transcription factor complex and 

subsequently is involved in TGF-beta mediated signalling [376]. This AP-1 

transcription factor complex interacts with the immune system making it a potentially 

implicated transcription factor. The unusual aspect is that the proposed mechanism 

of the inability to bind in AMN precipitates disease whereas one would expect 

increased binding increases the Th2 response. This is potentially the most promising 

and interesting prediction to suggest an alternative TFBS within the region of the 

variant which has the potential to be pathogenic. 

 

As there are up to 2746 transcription factors that have not been examined by 

ENCODE it is possible that one of these transcription factors may bind to the region 

near the lead variant. This was investigated with the TRANSFAC database and this 

identified another potential binding sites for Pax-6 in humans. Pax-6 is not expressed 

in the kidney and is associated with neural development, in particular oculogenesis 

[377, 378], so did not seem relevant. Alibaba implicates Sp1 which may be 

implicated as it promotes activity of podocalyxin in rat podocytes [379]. Sp1 supports 
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transcriptional regulation of podocalyxin which is an integral membrane protein in the 

foot processes of the rat podocytes that helps maintain the interdigitations of the 

podocyte foot for urinary filtration [379]. It is possible that Sp1 binding affects the 

podocalyxin protein function, causing podocyte disease or AMN.  

 

The different results and implicated transcription factors based on these in silico 

analyses demonstrate the difficulty with these techniques. They are still viewed as 

hypothetical based on algorithms and calculations; so functional in vivo experiments 

were necessary.  

 

8.1.1.2.2. Experimental assessment of variant function 

Laboratory based techniques such as in vitro, ex vivo or in vivo are considered to be 

reliable methods of validating and proving the in silico analyses due to their historical 

nature, accepted guidelines and techniques. The lead variant is intronic so the direct 

effect on protein expression is not immediately demonstrable. Unfortunately, the 

variant is not in a conserved region in animals and so animal models are not 

amenable. It is commonly accepted that conserved regions are functionally important 

[380] so it was surprising that this region in PLA2R1 was not. However, there is 

evidence that non-conserved regions can have a role in gene regulation and in 

enhancer regions [381, 382]. For this reason, I continued to investigate the lead 

variant. The two common mechanisms that intronic variants can have an affect are 

either with alternative splicing of the mRNA or affect protein binding for repressors or 

enhancers.  
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8.1.1.2.2.1. Transcription factor binding site 

Although a few different transcription factors may be implicated with this variant I 

only investigated the role of CEBPB with EMSA. EMSA did not demonstrate any 

difference in binding of the transcription factor to DNA with or without the variant. 

While this was repeated three times, EMSAs do not often meet the required 

throughput for transcription factor and DNA binding site interactions [383]. One 

problem may be that the TNT mix system produces additional proteins (visible on the 

Western blot) that may interact and/or affect DNA binding. One way to overcome this 

may be to extract CEBPB from nuclear extracts.  

 

Alternative methods are available and these could have been pursued. DNA 

immunoprecipitation (DNA-chip) utilises purified chromosomal DNA instead of 

synthesised DNA which is immunoprecipitated with protein-specific antibodies [383]. 

The formalin-fixed paraffin-embedded (FFPE) AMN renal biopsy tissue could be 

used for an ex vivo method such as ChIP-seq. This has a higher throughput however 

is dependent on protein abundance, cross-linking efficiency and antibody availability 

and specificity [383]. Proteomics of isolated chromatin segments (PICh) investigates 

associated proteins to a genomic locus using mass spectrometry and has the 

advantage of being indiscriminate about indirect or direct transcription factor binding 

to DNA [383].  

 

8.1.1.2.2.2. Alternative mRNA splicing 

The computational prediction tools did not predict an effect on alternative splicing 

between AMN and the controls however these are not completely reliable. It is not 

known if differences occur between PLA2R1 isoform expression in AMN but Western 
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blotting first identified PLA2R1 in glomeruli from AMN patients with controls missing 

the same protein band [57]. This suggests that protein expression is different in AMN 

glomeruli. PLA2R1 messenger RNA is directly correlated with aPLA2Rab titres being 

negative in remission and higher in active disease [384]. Renal biopsies are a perfect 

source to obtain RNA as it is the tissue that is directly affected. However, renal 

biopsies are stored in FFPE which can make RNA extraction more difficult due to 

degradation [385]. RNA transcripts can be studied with reverse transcription PCR 

followed by quantitative PCR [369]. There are technologies that can improve RNA 

extraction from FFPE renal biopsies such as RNAse scope which utilises in situ 

hybridisation to RNA [386].    

 

8.1.1.3. Reliability of lead variant 

The biggest concern that I had throughout the analysis of the lead variant was the 

low functional impact score. deCODE provide a ‘SNV score’ for each variant in the 

output results. This is a log likelihood ratio test score, compared to a chi square table 

with one degree of freedom. deCODE state, “The higher the SNV score the more 

likely the SNV is real. We only report SNVs with a score of 10 or higher. Real SNVs 

often get a score of several hundred, even several thousand”. My concern was that 

the lead variant’s score was only 13, and therefore I did not think it was truly reliable. 

However, this was a deCODE quality control measure cut-off which had to be trusted 

to avoid a biased selection of results and so I pursued the investigation with the lead 

variant.  
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8.1.2. Replication 

Replication was not successful despite pursuing and investigating multiple different 

methods. I have access to DNA from 1409 European AMN patients for a replication 

study. KASP genotyping failed due to the high GC content and polymorphic nature of 

the lead variant. LGC Genomics found that the C allele was amplifying on their 

control samples even though this is present in only 17% of the controls. This is the 

same allele that was amplified and sequenced in our original sequencing and so 

suggests there is an amplification bias.  

 

The PCR products are of the correct size suggesting that the DNA amplification 

worked. There can be different reasons for the failure of Sanger sequencing. This 

could be due to insufficient DNA; I sent 10ng of DNA as the overall concentration 

from the purified PCR product was low. The purified PCR product DNA may be a 

poor product due to the purification process which can contain salts and buffers that 

can interfere or destroy the DNA [387]. To overcome this as a potential problem 

ExoSAP-IT is an alternative PCR product purifier that could be tried [388]. There are 

other suggested problems which have been excluded: loss of sequencing products 

during the clean-up, wrong primer use, impure water, primer degradation, degraded 

primers [387]. Problems beyond my control due to outsourcing to GATC are loss of 

sequencing products during the clean-up, degradation of Taq DNA polymerase and 

ddNTPs and a blocked capillary [387].  

 

A major issue is the high numbers of repeats and polymorphisms surrounding this 

variant. As a result, sequencing by standard techniques may not be possible. There 
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are kits available for GC rich region PCR and sequencing and these may be 

required. 

 

8.1.2.1. Alternative methods of replication 

A discussion with Dr Tony Brooks at ICH, UCL Genomics led me to explore 

alternative methods for sequencing. The alternative methods were examined for not 

only coverage of the lead variant but also of the other lead 9 variants as these all 

had a SNV score of >200. Two different methods of hybrid capture sequencing were 

explored; NEB Next Direct predicted coverage of 7 out of 10 variants, whereas 

Nonacus estimated coverage of 2 out of the 10. The desired method for sequencing 

in a high GC content and repetitive element rich DNA segment is long read 

sequencing. Nanopore technology has the advantage of not requiring PCR 

amplification and single DNA molecule sequencing [389]. The long reads would 

improve the mapping and the insertions that are in the region [389]. Due to estimated 

costs these methods were not affordable. 

 

8.1.2.2. Decision to stop further analyses 

The difficulties encountered with alternative methods of replication and the poor 

coverage of the 10 lead variants with other standard techniques provided further 

evidence that the lead variant is not reliable and does not have a true association 

with AMN. There was a low SNV score and alternative sequencing methods were 

not able to provide good coverage. I therefore decided to stop pursuing analysis and 

replication of these results. 
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8.1.3. Limitations 

There were limitations to the study due to the pooled DNA sequencing. The most 

significant and important limitation was the failure of one long range PCR reaction 

and the consequent loss of a 10,000 bp region near exon 1 (visualised in Figure 6.1). 

The first exon is particularly involved in expression of the gene; whereby the first 

exon length itself can contribute to the speed of protein expression [390]. Or the first 

exon’s methylation status can affect translation [391]. Loss of the variants in this 

region is a great limitation and it is impossible to predict what valuable information 

was lost. Secondly, important haplotype frequency information was unavailable 

which may have helped determine the haploblock associated with AMN rather than a 

prediction based on control data [193]. Due to limitations with analysis and chi-

squared testing, multi-allelic variants were excluded; potentially losing valuable 

information. The lack of PLA2R1 or THSD7A antibody status was another limitation; 

this may have strengthened the association with a PLA2R1 variant if only the 

aPLA2Rab positive patients were investigated.  

 

Another major limitation was that the control dataset was not sequenced on the 

same technology as our case dataset. This meant that valuable data was lost and 

the control data had to be filtered. The 1000 genome project used low coverage 

whole genome sequencing with imputation and therefore is not good quality deep 

coverage sequencing. There is mapping bias in the 1000 genome project data [392]. 

In the PLA2R1 region, the 1000 genome project data has a greater discrepancy in 

incorrectly mapped variants of 5.15% compared to the whole chromosome of 2.9%. 

Incorrect mapping has been described in the HLA region and causes an error in the 

frequency estimation in the 1000 genome project dataset [392]. If these frequency 
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estimations are incorrect then we cannot rely on the difference to be indicative of a 

true variant in our MN dataset.  

 

8.1.4. Re-analysing work 

Given the opportunity to re-analyse the work now with the current knowledge I would 

make some changes to the workflow of analysis. Firstly, I would set an arbitrary 

scale for the SNV score to be greater to fulfil the criteria of being a more reliable ‘real 

SNV’. I would also analyse only variants that are reported in dbSNP and exclude 

novel variants to avoid sequencing errors. Further exclusion of ambiguous SNVs 

would ensure the dataset was reliable and did not include SNVs incorrectly aligned 

to the reference genome by deCODE. This should facilitate replication. Ideally, if 

there was no limitation with expenditure I would re-sequence the entirety of the 

PLA2R1 region with a more robust modern method of sequencing such as hybrid 

capture sequencing or nanopore sequencing.  

 

A newer bioinformatic tool, called PAINTOR utilises the statistical data generated 

from an association study and integrates functional genomic data to prioritise 

variants for follow up analysis [393]. It then outputs a probability for a SNV to be 

causal for the trait of interest. This may be useful as an alternative method to 

analyse data for functional intronic variants with the existing data that is available 

without any extra expenditure. Due to time constraints in learning the methodology I 

was unable to undertake this.   
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8.1.5. Conclusion 

A Sanger sequencing study of the PLA2R1 coding region in 95 AMN patients failed 

to identify any single rare causative variant for AMN, instead identifying common 

variants that are found frequently in the healthy population. I replicated the findings 

of the two common coding variants in a larger cohort of 335 AMN individuals with 

both variants having a strong statistical association, p-value <5 "10-8. I also identified 

an additional 107 intronic variants that were statistically associated with AMN.  

 

The identified lead intronic variant is of uncertain reliability due to a low quality score 

and the difficulties encountered with replication. This suggests the pooled 

sequencing would have had similar difficulties and amplification bias. It is in a region 

that is difficult to sequence due to a high GC rich content and nearby short 

interspersed nuclear element. The lead variant if reliably implicated would have been 

interesting because it is located within a known DNA region identified by ENCODE 

ChIP-seq experiments as a TFBS for CEBPB. CEBPB is a transcription factor 

involved in a T-helper 2 cell response which is the main mechanism of autoimmunity 

in AMN.  

 

For future studies HLA gene sequencing with PLA2R1 sequencing would help 

identify potential shared risk genotypes in AMN. With the further work that I 

undertook I hypothesise that the lead PLA2R1 variant is conditional on a specific 

HLA class II intra-locus configuration to cause disease. A combination of interactions 

may occur between PLA2R1 and HLA risk variants and the environment to initiate 

AMN. It is possible that the common exonic variant when combined with the specific 
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HLA type is rare and this is what causes disease. While this data did not identify an 

intronic causative variant in AMN it successfully replicated the previously identified 

coding variants.   
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8.2. Association analysis 

8.2.1. Genome wide association tests 

This study replicates the findings of the two previous GWASs demonstrating that the 

two most strongly associated loci with AMN are HLA-DQA1 and PLA2R1 [73, 171]. 

 

8.2.1.1. PLA2R1 locus association 

In this study, the PLA2R1 locus has two independent SNVs associated with AMN; 

rs3792189 and rs2292390. The association with PLA2R1 is strongly established with 

AMN and it was identified as the first podocytic antigen in AMN in adults [57]. The 

lead SNV is in the fourth intron of PLA2R1. The second SNV is in the third intron of 

PLA2R1. Both have similar signals with OR =1.72 and =1.31, respectively. It is the 

first time that two independent signals within PLA2R1 have been identified with 

conditional analysis. This could be due to a higher proportion of anti-PLA2R antibody 

AMN cases within this dataset. Utilising the GRS work this is estimated to be over 

72% of the total AMN cases. The additional risk loci in PLA2R1 suggests that the 

pattern of association of this gene to disease may be more considerable and 

complex than initially envisioned.  

 

8.2.1.2. HLA locus association 

The strongest association with AMN remains in HLA-DQA1 per this association 

study. The lead SNV is often in linkage disequilibrium with the true causative SNV 

and so as per the HLA association studies, this SNV is likely to be a marker for the 

two lead HLA types associated with AMN, see 8.2.2. The strength of the association 

remains very strong as previously identified by the two other GWASs [73, 171]. Even 



 262 

with co-variate analysis with the 10 lead principal components the strength of the 

association remained high with an OR =2.6 in a heterozygous state. Conditional 

analysis demonstrated an additional SNV within chromosome 6 which was located 

near HLA-DQB1. Again, this is similar to the study by Xie et al., which reports 3 

independent SNVs in the HLA region [171]. Reviewing the location of the Xie et al. 

SNVs in UCSC, the lead SNV is closest to HLA-DQA1, the second SNV to HLA-B 

and the third SNV to HLA-DQB1. These results are like the results presented in this 

study, although the HLA-B signal was not identified. This lends further support and 

evidence to the accuracy of these findings. The two independent SNVs in the HLA 

region support the two HLA types found in European AMN cases in this study. It is 

important to recall as previously discussed that even those these are being identified 

as independent associations these two HLA types form part of a tightly linked 

multigene haplotype, see 5.2.8. 

 

My case cohort includes 111 non-European ancestry individuals, this is a mix of 

individuals with predominantly South Asian and African ancestry with a few admixed 

and East Asian ancestries, see Figure 7.29. Because of the small number of 

individuals in each of these non-European ancestries and more importantly the lack 

of reference controls for both imputation and for association testing, I was unable to 

analyse this cohort. It is likely that they have a different HLA type associated with 

AMN with some overlap to Europeans as Xie et al. found with the East Asian cohort. 

The difficulty with a smaller number of individuals is the lack of power to detect an 

association. However, ancestry differences can cause over- or underestimation of 

associations. This is because allele frequencies of variants differ across different 

ancestries and are not related to the phenotype itself [304]. In addition, different 
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ancestries are associated with different environmental exposures [394]. Further, 

while genetic population sub-structure can be accounted for with the statistical 

methods, it may not fully compensate for them [304]. Non-European, in particular 

African ancestries, have more genetic variation and this could help discover novel 

associations but the predominance of genetic analysis in Europeans hinders this 

discovery [395].    

 

8.2.1.3. Unidentified associations 

This study did not identify the two newest loci identified to be associated with AMN; 

NFKB1 and IRF4. The reason for this is likely to be due an underpowered study as 

these two loci were only detected in the meta-analysis of both European and East 

Asian ancestry which totalled 3782 cases compared to 9038 controls. The European 

discovery-2 cohort had 1045 European cases and 1094 controls; similar to my case 

sample size. In the discovery cohort GWAS neither NFKB1 nor IRF4 reached 

statistical significance with a p-value of 0.05 and 0.02 respectively. NFKB1 and IRF4 

were not identified in any of the sub-cohort analyses but only in the final meta-

analysis of all ancestries. Another advantage was that the cases and controls were 

all genotyped on the same microarray chip which increased the pre-imputation 

intersecting SNVs which meant imputation was improved and the post-imputation 

genotyping data provided better resolution and coverage, see 8.2.4.2. Post 

imputation my analysis only had over 2 million SNVs whereas the Xie et al. study 

had over 6 million SNVs for analysis. I examined if any SNVs overlying these two 

genes were present in the association test results and there were none. Identifying 

an association would have been dependent on a few neighbouring gene linked SNVs 

which explains the difficulty in identifying the association. [171]  
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No further associations were found with clinical parameters in the 225 aPLA2Rab 

positive AMN cases. This could be due to a lack of power because of the low 

number of cases; which is a methodological problem. Or it may represent a 

weakness of association - i.e. there is no association between clinical parameters 

and aPLA2Rab AMN.  

 

8.2.1.4. Antibody status 

The genome wide association study with aPLA2Rab status strengthened the 

association with the two risk loci in PLA2R1 and HLA-DQA1. The odds ratio for the 

risk of aPLA2Rab mediated disease increased from 3.29 in HLA-DQA1 to 4.78. 

which is 1.45 times greater odds ratio than for all cases of AMN GWAS. The odds 

ratio with the PLA2R1 variant increased from 1.72 to 2.03. This is striking and is a 

representation of the fact that the majority of cases in the unselected AMN case 

cohort are predominantly aPLA2Rab positive and drive this association. I 

hypothesise that these loci are specifically associated with aPLA2Rab positive AMN. 

This is corroborated by the differences seen in the different antibody status and GRS 

which also confirms that the aPLA2Rab positive group is genetically different to the 

other antibody groups, see 7.3.2. A suggestive locus in TLR10 is present but does 

not reach genome wide statistical significance. This is 64 Mb away from NFKB1 so is 

unlikely related to the previously identified chromosome 4 association [171]. 

 

Due to the low number of cases in the anti-THSD7A cohort, no statistically significant 

findings were made. This is due to the study being underpowered. Because it was 

difficult to obtain more cases (as it is a rare antibody) I decided to proceed with the 
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analysis with this in mind. The Michigan Genetic Association Study power calculator 

was used to calculate the number of cases required for a statistical power exceeding 

0.8 [396, 397]. This calculated 160 anti-THSD7A antibody positive cases were 

necessary to detect a statistical difference of p-value <5 x10-8. For this reason, 

meaningful conclusions cannot be drawn from this GWAS in the anti-THSD7A 

antibody positive group, which only contained 31 cases. Based on the differences 

seen in the GRS, I propose that the associations will be different to the aPLA2Rab 

group with a different HLA-type and potentially with THSD7A on chromosome 7.  

 

Interestingly the association with the dual negative antibody cases simply identified 

the same lead loci as that of aPLA2Rab positive AMN. This association is most likely 

being driven by the proposed one third of dual negative cases that I hypothesise may 

be missed aPLA2Rab positive cases, see 8.3.1.2.  

 

8.2.1.5. Clinical parameters 

There were statistically significant single SNVs associated with uPCR or aPLA2Rab 

titres with p-values =1.89 x10-8 and 3.99 x10-8 respectively, see 7.2.6.5. Even though 

they reached statistical significance they are not true associations. In a GWAS you 

expect to see a build-up of SNVs in the peak because there are multiple intronic and 

exonic SNVs that are in linkage disequilibrium with the lead SNV. The closest gene 

located on chromosome 11 near the intronic SNV associated with uPCR is 

LOC107984423 which is uncharacterised, so no information is known. The closest 

gene located on chromosome 4 downstream to the lead SNV associated with 

aPLA2Rab titres is the same gene, LOC107984423. The upstream gene is another 

uncharacterised gene called LOC105369410. As both genes are uncharacterised 
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and the association is weak, I do not think this is a true association but rather a false 

positive result.  

 

8.2.2. HLA association tests 

This study provides confirmation of the dominant HLA type in AMN. Statistically they 

were identified as two independent HLA types; DRB1*03:01 and DQA1*05:01. These 

are the same two HLA types that had been identified in the most recent GWAS [171]. 

No further HLA associations were found using the T1DGC as the reference panel for 

imputation, see 8.2.4.4. I also demonstrate that these HLA associations are found in 

the aPLA2Rab AMN group. It is important to appreciate that these HLA types are 

part of the tightly linked common European multigene HLA haplotype and can not be 

accurately separated to determine which part of the haplotype confers disease risk 

[175-177]. This is a limitation of the statistical tests that are employed to analyse the 

genotyped and imputed data. 

 

The HLA association test was underpowered to detect a difference in the HLA types 

in the anti-THSD7A antibody cases. The Michigan Genetic Association Study power 

calculator was again used for a statistical power exceeding 0.8 [396, 397]. This 

calculated that 90 anti-THSD7A antibody positive cases were necessary to detect a 

statistical association with a p-value <0.00043. For this reason, meaningful 

conclusions cannot be drawn about the HLA type of the anti-THSD7A antibody 

positive group, but I propose that this will be different to the aPLA2Rab group. Prior 

to correction for population stratification there was an association with the anti-

THSD7A antibody AMN when HLA imputation was done with the T1DGC European 

reference panel. This is discussed further in 8.2.4.4. As this disappeared once 
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population stratification was accounted for, it represents a false positive due to 

population substructure differences.  

 

8.2.3. Epistasis 

Testing for pairwise epistasis was done with two different statistical models. Both 

confirmed an interactive effect between the HLA-DQA1 and PLA2R1 SNV with 

strong statistical significance. This phenomenon of epistasis in AMN has been 

described before and is not unexpected. In the most recent GWAS by Xie et al., the 

epistatic interaction between the HLA risk haplotype and the PLA2R1 risk allele was 

driven by the main HLA type of HLA-DQB1 in Europeans. For double risk 

homozygotes the OR =14.1 [171], this is similar to the double risk homozygote OR 

calculated within this dataset =13.8. The phenomenon of epistasis has been 

described in smaller studies (280 Europeans) utilising a multifactor dimensionality 

reduction method for analysis which had a higher interaction OR =7.46 [92] 

(compared to 1.38 in my analysis). The strength of association in that smaller study 

may be higher because only aPLA2Rab positive AMN cases were analysed [92].  

 

Epistasis testing only demonstrates a statistical interaction, but there is biological 

plausibility that a biological interaction could exist with these two loci. The presence 

of aPLA2Rab AMN is more likely in this study when both loci are present. The 

podocytic antigen PLA2R1 is different to healthy individuals however it is only when 

the common variant is present does it combine with the specific HLA-type that 

disease manifests. This is not surprising as HLA-DQA1 only recognises PLA2R1 

when the variant is present and only then does it present PLA2R1 as an antigen to 

the immune system.  
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8.2.4. Limitations and challenges 

8.2.4.1. SNV microarray and quality control 

Quality control issues had been identified by colleagues working within our 

laboratory and this had resulted in the development of our in-house program 

Remedy to filter and exclude SNVs not passing quality control and not matching 

dbSNP. There was a high attrition rate following on from Remedy and after minor 

allele frequency filtering. This is a result of the SNV microarray chip design, which 

was designed specifically for multi-ethnic datasets and rare diseases and so 

contained multiple rare variants. If I were to repeat the genotyping I would select a 

different microarray SNV chip. A recent comparison of SNV microarrays can help 

select the one best suited for the study; in this instance I would prioritise a 

microarray designed not with the greater genome wide coverage but one designed 

with imputation quality in mind [398]. These issues were overcome by Xie et al. by 

genotyping controls on the same microarray chip so this would have been an 

alternative though costly mechanism by which to overcome this limitation. In 

retrospect, I also used a harsh MAF filter at the start of the QC process in the cases 

of 5%. This excluded a considerable proportion of SNVs which otherwise could have 

improved the overall number of intersecting variants between the control data prior to 

imputation.  

 

8.2.4.2. Intersecting variants between case and control datasets 

8.2.4.2.1. Pre-imputation 

A considerable issue that resulted in the loss of a large number of SNVs was 

sourcing the control datasets from different publicly available databases. All three 
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control datasets and the cases were genotyped on different SNV microarray chips. 

As a result, despite genotyping 1,779,818 SNVs in the cases there were only 

188,662 good quality SNVs that intersected with the control datasets, which means 

89.4% of SNVs were lost from analysis. This problem was overcome by genome 

wide imputation of the combined case control dataset, which improved the density of 

SNV coverage. Despite this, the number of SNVs only increased to just over 2 

million which is close to the starting genotyped number of SNVs. The same two loci 

(HLA-DQA1 and PLA2R1) were identified in the unimputed dataset providing 

evidence that this was not just due to imputation error but are true associations. 

 

8.2.4.2.2. Post-imputation 

When the case and control datasets were imputed separately, there was 

considerable issues with population stratification. This is because they were 

genotyped on different microarray platforms and so genotyping differences already 

exist [304]. Combining these accentuates the differences and results in false-positive 

associations evidenced by multiple SNVs reaching statistical significance across the 

whole of chromosome 2 in my analysis, Figure 8.1. This was unexpected, as reports 

of successful separate imputation exist. One study reports low pre-imputation 

intersecting SNVs (approximately 38,000) with successful merging post imputation 

with the same (but less stringent) pre SNV QC steps [399]. The caveat to this is, they 

did not perform an association test and their post imputation principal component 

analysis demonstrated considerable divergence across all ancestries. Further 

resources on Biostars also suggest that it is possible to merge datasets after 

imputation [400]. I have not been able to find any published reports of post 

imputation dataset merging causing difficulties. However, at a genetics course, it was 
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stated that imputing cases and controls genotyped on different microarray chips 

separately induces spurious associations and considerable imputation artefacts 

[401]. The advice was to always merge the dataset if genotyped on different 

microarray platforms and impute together [401]. This is consistent with the 

subsequent results I obtained. This makes sense as imputation is used to amplify 

coverage and hence the signal. However, if spurious differences already exist it will 

also amplify these differences and result in noise.  

 

 

Figure 8.1: Manhattan plot of association test for chromosome 2 showing 
multiple false positives. Dataset comparing 1035 AMN cases versus 5080 
controls imputed separately with a European reference ancestry panel and 
merged post-imputation. 
 

8.2.4.3. Whole genome imputation reference panels 

The 1000 Genome Project phase 3 reference panel for imputation is the most 

frequently used reference panel for whole genome imputation [309]. It provides data 

on 2504 individuals, however, only 503 of these individuals are European [309]. 

Because of the selection of predominantly European SNVs or non-ancestry specific 

SNVs in the 1000 Genome Project, it is a reference panel that can be used for 

European dataset imputation with accurate results [312]. For non-European datasets 

it is an inaccurate reference panel [312].  
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The decision between using the European reference panel or all ancestry non-

matched reference panel for imputation is difficult. The European reference panel 

has fewer haplotypes, whereas the all ancestry reference panel has a larger sample 

size. Both a larger sample size and ancestry matching improve imputation accuracy; 

but with the available reference control panels they are achieved differently. Some 

studies report a higher success rate of good quality imputation with a better matched 

reference panel [312] and the European subset of the 1000 Genome Project has 

high genotyping rates and low imputation error rates [313]. Some studies chose to 

extract just the European individuals from the reference panel such as Xie et al. 

[171] whereas others utilise the whole dataset such as Dufek et al. [322]. For rarer 

variants, minor allele frequency <0.5%, imputation should only be done with ancestry 

specific reference panels [402, 403]. There is no consensus on the best method for 

imputation.  

 

Because of the uncertainty in deciding between imputation with a smaller reference 

panel of ancestry matched or a larger reference panel of mixed ancestry I undertook 

imputation using both panels to compare the results for chromosome 2. There was a 

difference in the lead SNV identified with the different ancestry panels. Imputation 

with the European ancestry reference panel matched the expected signal within 

PLA2R1. The lead SNV in chromosome 2 imputed with all ancestry reference panel 

was rs4292050. This variant is intergenic, is 21.9 Kbp upstream of PLA2R1 and is 

protective with an OR =0.55. Making the risk allele for AMN guanine which is the 

major allele (high population allele frequency of 70%) and an OR =1.82. This is 

unusual given the rarity of AMN as the theory of common variant common disease 
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has long held steadfast [404, 405]. To ensure this was not an error in my source 

code I rechecked all the scripts and datasets again. As a further check, I exported 

the dataset to run an association test in SVS which yielded similar results; lead SNV 

rs4292050, OR =0.51, p-value =2.54 x10-9. It is interesting that there is a difference 

between the results for imputation between the two datasets and though they both 

implicate the same gene in the association study, the direction of association is 

different. This has not been described before but I postulate this may be because the 

risk variant could be linked to other protective variants in all ancestries and so the 

allele frequency remains high. In Europeans, the allele frequency of the risk variant 

ranges from 40-50% and so has become less frequent due to genetic drift as it is a 

smaller population. Further even though the risk variant is common it is the 

combination and interaction with the HLA-type that makes AMN a rare phenomenon. 

 

8.2.4.4. HLA imputation reference panels 

The HapMap is an older European HLA reference panel and the more recently 

available T1DGC is the other available European reference panel. The HapMap 

European reference panel has 124 individuals whereas the T1DGC has 5225 

European individuals [315]. The recent GWAS by Xie et al. [171] used the T1DGC as 

their reference panel for HLA imputation. Using this reference panel for HLA 

imputation, it was possible to replicate the findings from this recent GWAS. The 

biggest concern with the T1DGC reference panel is that these individuals are 

disease free parents or siblings of an affected individual with type 1 diabetes 

mellitus. Due to the familial aggregation of class II HLA genes in type 1 diabetes this 

may not be the most suitable reference panel, but it is the most widely used and 

accepted [316]. The HapMap reference panel imputed to 56 4-digit types whereas 
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the T1DGC reference panel imputed to 114. Further, the association test results with 

the T1DGC reference panel matched those previously described, identifying the two 

lead HLA types; DQA1*0501 and DRB1*0301. The HapMap reference panel 

identified two previously unidentified HLA types; DQB1*0503 and A*0301. The HLA 

type of AMN had been demonstrated in previous studies as DQA1*0501 and 

DRB1*0301 [171], so this is surprising and suggests that the HapMap reference 

panel is not accurate for HLA imputation. For this reason, the imperfections with the 

T1DGC reference panel must be accepted. 

 

8.2.4.5. Antibody status 

Another limitation was the lack of detailed phenotype information; in particular the 

antibody status. Due to the historical multi-centre nature of the cohort, serum was 

unavailable in 279 individuals. Further the subdivision of the dual negative group was 

based exclusively on a single serum result. This is likely to have missed some cases 

of aPLA2Rab positive cases as it is recognised that a proportion of cases will only 

have renal biopsy staining for PLA2R. In active disease this difference is estimated 

at 4%, but in remission this is increased to 37% [75]. The German collaborators 

examined biopsies in a subset of 20 cases and confirmed that in these PLA2R was 

negative. Confirming in this subset that cases labelled as dual antibody negative 

were correctly identified. It was not possible to review the remainder of the cohort 

due to the different sources of DNA and lack of biopsy material available. This is a 

limitation as clear and accurate phenotype labelling are essential to determine 

genetic differences and would have strengthened the ability to detect associations.  
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8.2.5. Conclusion 

This study confirms and replicates the findings that AMN is associated with PLA2R1, 

HLA-DQA1 and HLA-DRB1 in a European cohort. In particular, I establish for the first 

time the HLA type associated with aPLA2Rab AMN as DRB1*03:01 and 

DQA1*05:01. Both HLA types are not predominant in anti-THSD7A antibody AMN 

however because this analysis was underpowered meaningful conclusions cannot 

be drawn. The alleles in both loci are common, however when they combine together 

they are rare and therefore increase the preponderance to a rare disease: AMN. 

There is a demonstrable statistical interaction between HLA-DQA1 and PLA2R1 in 

epistatic testing. While the variants are likely not directly causative, the presence of 

both risk alleles in both loci increases the risk of AMN by 14-fold.  
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8.3. Genetic risk score 

8.3.1. Antibodies & genetic risk 

8.3.1.1. PLA2R and THSD7A antibody mediated AMN 

This study confirms there are genetic differences between different autoantigen-

defined subgroups of autoimmune MN. Despite sharing a clinical and pathological 

phenotype, the aPLA2Rab group is genetically distinguishable from the anti-THSD7A 

group. It may be expected that the two antibody groups would differ most 

significantly at the PLA2R1 locus because it has been suggested that the variation in 

the PLA2R1 sequence alters PLA2R1 expression and increases the risk of being 

presented as an autoantigen [72]. Missense SNVs within the C-type lectin domain in 

PLA2R1 are predicted to affect the binding affinity of DRB1*1501 [166] and create a 

T-cell epitope for presentation to DRB1*1501 in a Japanese cohort 

[95]. Interestingly, the difference in PLA2R1 allele count between the anti-PLA2R 

and anti-THSD7A antibody groups did not reach statistical significance. Instead, 

variation at the HLA-DQA1 locus was more strongly associated with antibody status. 

The risk effect of HLA for aPLA2Rab AMN could be explained by HLA antigen 

specificity, whereby the associated allomorph is more likely than others to present 

self-PLA2R1 peptide(s), but not more likely to present self-THSD7A epitopes. HLA 

peptide recognition is known to be highly specific in other kidney diseases [406] so a 

similar method may be present in aPLA2Rab AMN. In ANCA-associated vasculitis 

the different specificity of autoantibodies is associated with distinct subsets of HLA 

class II allomorphs [407].  
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8.3.1.2. Dual antibody negative AMN 

A proportion of the dual antibody negative group have a similar GRS to that of the 

aPLA2Rab group. This contrasts with previous work that only found the PLA2R1 risk 

allele association in aPLA2Rab positive cases [92]; although PLA2R1 positivity was 

detected with biopsy immunofluorescence in that study. This may be explained by 

imperfect sensitivity of the serum assay to detect anti-PLA2R antibodies in some 

patients, loss of antibody due to prolonged storage of serum samples or to patients 

becoming seronegative between onset of disease and sampling of their serum [162]. 

Some antibody-negative cases might be associated with the rarer antigens for which 

we did not test, such as NEP, HTRA1, PCDH7, Sema3B, EXT and NELL-1. 

Nonetheless, the elevation in AMN GRS among this antibody-negative group 

suggests that a significant proportion of the dual antibody negative patients have 

disease driven by PLA2R1 immunoreactivity. This is supported by previous data 

showing that 11% of individuals serologically negative for aPLA2Rab show 

immunoreactivity histologically [408, 409], although in my cohort of dual antibody 

negative cases (N =384) this proportion on its own would not completely account for 

the similarity in GRS I observed between aPLA2Rab positive and antibody negative 

groups.  

 

The sensitivity of serological testing is variable and previous estimates range 

between 50-80% [410]. Simulation analyses (comparing randomly drawn GRS from 

samples of aPLA2Rab positive and healthy control subjects in different proportions) 

indicated that the GRS observed in the antibody negative group is best explained by 

this group comprising approximately 33% aPLA2Rab positive individuals. Since I did 

not observe a correlation between aPLA2Rab titre and GRS I regard this as the best 
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estimate for the proportion of apparently antibody negative individuals who actually 

have disease driven by autoimmunity to PLA2R1. This equates to 127 individuals 

and suggests (assuming a specificity of ³97% as previously reported [411]) that the 

sensitivity of the PLA2R1 assay used to detect PLA2R1 autoimmunity was 76% (127 

out of 533 proven and inferred PLA2R1 positive cases not detected). Our 

collaborators in Germany reviewed a small proportion of the biopsies available from 

the dual negative cases and confirmed that the biopsy PLA2R1 immunofluorescence 

was negative [412]. This corroborates recent findings suggesting the GRS can help 

establish a diagnosis in dual negative MN in 20-37% of cases [171]. 

 

8.3.1.3. Anti-contactin antibody associated AMN 

In a small cohort of 6 European individuals with anti-contactin associated AMN and 

CIDP I was able to identify that the genetic risk is different to aPLA2Rab associated 

AMN. This provides further evidence to the specificity of the GRS for aPLA2Rab 

mediated disease. Interestingly, and different to anti-THSD7A AMN, anti-contactin 

AMN was not statistically different in the HLA-DQA1 risk variant but instead in the 

PLA2R1 risk variant.  

 

The contrasting differences found between the anti-THSD7A and anti-contactin 

genetic associations are difficult to understand. It is likely that the results represent 

either a false negative or a false positive because of the low number of anti-contactin 

cases; so, meaningful and reliable conclusions cannot be drawn. Yet, if the results 

are reliable, then it suggests that the dominant HLA type in anti-contactin cases may 

be the same as in aPLA2Rab AMN, although it should be noted that there were no 

homozygotes for HLA-DQA1 in the anti-contactin cohort. It would be interesting to 
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undertake HLA association in these anti-contactin cases; this was not done currently 

as the analysis would be underpowered. Alternatively, this finding refutes my prior 

hypothesis that HLA specificity is involved exclusively in the presentation of PLA2R1. 

The genetic locations of all three antigens investigated here differ with PLA2R1 on 

chromosome 2, THSD7A on chromosome 7 and CNTN1 on chromosome 12 [413, 

414]. At the structural level THSD7A and PLA2R1 have similar structural and 

biochemical properties [98, 415]. They both have high molecular masses (210 kDa 

and 180 kDa respectively) compared to contactin-1 which has a molecular weight of 

113 kDa [413, 414]. The overall structure of contactin-1, however, appears very 

different to PLA2R1 and THSD7A [415]. It may be this difference in protein structure 

that explains the difference seen in the HLA specificity. 

 

8.3.2. Age and HLA  

The HLA DQA1*05:01 risk allele is associated with a younger age of onset of 

disease in aPLA2Rab positive cases, with an inverse correlation between age and 

allele count observed in both European cohorts studied. A similar finding, but with a 

different HLA type (HLA DRB1*15:01 positive and DRB3*02:02 negative) was 

demonstrated in a Chinese cohort of 100 aPLA2Rab positive cases [158]. No 

association with GRS and age was found in AMN in 1752 unselected primary MN 

cases [171]. With the inclusion of only aPLA2Rab positive cases, this association 

was detected in this study. The phenomenon of HLA risk alleles being associated 

with age of onset has been described in paediatric cases of SSNS where increased 

number of risk alleles in HLA-DRB1 and DQB1 was associated with a younger age 

of disease onset [416].  

 



 279 

In non-nephrotic diseases, this phenomenon has also been described, for example 

homozygosity at three risk HLA alleles (two class II and one class I) was associated 

with younger age of onset of diabetic related ESKD in Saskatchewans (Indigenous 

Canadians) [417]. The increased genetic risk increases the likelihood that the sum of 

risk factors exceeds the threshold for disease manifestations: the disease is more 

likely to happen and thus tends to occur earlier in life. One review speculates 

(without any evidence) that risk genes cause genetic anticipation of AMN such that in 

subsequent generations it occurs at a younger age [418]. I do not think this is 

accurate as there is no evidence that the median age for AMN has changed over the 

past few years, and in this study the median age at onset of disease is 57.   

 

8.3.3. Paediatric onset AMN 

In 15 cases of non-familial aPLA2Rab negative paediatric onset AMN the GRS was 

different to aPLA2Rab AMN. These individuals were also negative for THSD7A but 

the status of other rarer antigens was not known. Of particular interest and reported 

after this work was undertaken, was the finding of Sema3B, see 5.1.7.5. This work 

identifies the strong association of Sema3B with paediatric onset AMN and so it is 

possible that my cohort may have antibodies against Sema3B. It would be ideal if 

saved serum is available to measure Sema3B levels. 

 

The paediatric cohort was different in the GRS, the PLA2R1 allele count and the 

HLA-DQA1 allele count, confirming in all three components their genetic difference 

to the aPLA2Rab group. Calculating the SSNS GRS provided evidence that these 

paediatric onset AMN cases were not misdiagnosed SSNS cases.  
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My study contrasts with that of a larger cohort of 18 paediatric onset AMN cases 

(age range 10-19 years) [419]. In that cohort aPLA2Rab was detectable in 83% and 

PLA2R1 was visible on renal biopsy in 77.8% of cases [419]. My paediatric cohort 

were recruited as paediatric cases of non-familial AMN. After recruitment serological 

testing confirmed their dual antibody negative status. An explanation for this 

difference could be that the collaborators included the aPLA2Rab paediatric onset 

cases within the adult aPLA2Rab cohort. Another explanation is that in the study by 

Kumar et al. most cases were adolescent onset AMN with a mean age of 16 so they 

are more likely to have a greater proportion of aPLA2Rab associated disease 

because they are more similar to adults.  

 

8.3.4. Use of GRS 

It is desirable to assess the contribution of genetic risk to disease risk as this is 

directly and easily measurable; the method proven to have clinical utility is the GRS, 

see 5.4.2.4.  

 

8.3.4.1. Interpreting a GRS score 

The GRS has key components to consider for its interpretation. At a population level 

it can be informative to determine the risk of a certain phenotype. In this study, the 

GRS predicts the risk of aPLA2Rab associated AMN. This is useful for informative 

purposes but identification of individuals that are a greater risk for AMN will not 

results in specific screening or preventative therapeutic or behavioural intervention. 

The onset of AMN is unpredictable and it is possible that, despite having the genetic 

risk factors for aPLA2Rab AMN, an individual themselves will never be afflicted with 

disease. The GRS may be useful as a comparator for an individual but cannot 
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accurately predict true risk. An online tool, called the Polygenic Score Catalog, 

curates information on diseases and associated GRS scores and the SNVs and 

odds ratio are available to be downloaded [420]. As an example, a recent entry for 

the GRS in chronic kidney disease highlights 183,272 SNVs used to calculate the 

genetic risk [420].  

 

8.3.4.2. Utility of GRS at an individual level 

Despite strong evidence and association of disease status and GRS it is difficult at 

an individual level to state what the risk of disease would be to that individual. A 

suggested way to facilitate the conversion of the GRS to a clinical tool is to calculate 

relative and absolute risks which would be more informative at an individual level 

[233]. Another way is to use the GRS with other risk prediction tools and create it as 

an additional feature as part of that tool [233]. This is not possible in AMN as no risk 

prediction tools exist for onset of disease, so it could not be easily utilised as in other 

diseases such as coronary artery disease. Xie et al. develop a combined risk score 

(CRS) which combines the GRS and the serum aPLA2Rab titres [171].  The authors 

state that by using the CRS the need for a biopsy could be obviated [171]. However, 

the added advantage to the CRS compared to aPLA2Rab serum titres is minimal. 

The specificity for aPLA2Rab titre measurement was 100% and for the CRS 99%. 

Further the sensitivity of aPLA2Rab titre measurement was 57% which increased to 

60% with the CRS [171]. No sensitivity or specificity data is provided for the GRS 

they developed nor comparisons of this compared to aPLA2Rab serum titres [171]. 

The area under the receiver operating characteristics curve (AUROC) for GRS in 

Europeans is 0.75 [171] and a meta-analysis predicted the AUROC for aPLA2Rab 

titres at 0.82 [408]. This suggests that the GRS is similar to aPLA2Rab titres in 
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correctly predicting an AMN case. There may be a use for the GRS to the individual 

but with the information that can currently be gleaned with aPLA2Rab titres it is more 

beneficial in identifying the incorrectly diagnosed dual antibody negative AMN cases. 

At present, in AMN, providing individuals with their GRS may not prove beneficial for 

them and instead may bring anxiety and concern about genetic determinism and so 

the sharing of individual risk would need to be done with specific counselling to 

prevent this from happening.  

 

Another way to utilise the GRS at an individual level would be to undertake testing or 

reporting test results at an appropriate time triggered by onset of symptoms, family 

history, age or environmental factors [227]. In AMN it could be used in cases of 

aPLA2Rab negativity. If the genetic risk is high despite negative serology, it suggests 

they have aPLA2Rab mediated disease and so should be treated if relevant with 

immunosuppression. This would prevent unnecessary delay in treatment and 

unnecessary investigations from radiation such as CT scanning that is done in cases 

of antibody negative AMN to exclude secondary causes.  

 

The widespread use of GRS is normally for screening for primary prevention [233]. 

An example of this is in coronary artery disease. The highest GRS quintile group had 

a hazard ratio of 1.66 for a coronary event [421]. A primary prevention strategy with 

statin therapy led to a 45% reduction in the relative risk in the high risk group 

compared to 24% in the other lower risk GRS groups [421]. A primary prevention 

strategy is not relevant in AMN because no screening is routinely undertaken for 

AMN nor would it change disease onset or outcomes. The closest example of 

screening is in Japan where routine urine dipstick screening is done; however, they 
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find a lower proportion of aPLA2Rab AMN [162, 163]. It is unclear if this is because 

of screening but rates of nephrotic range proteinuria are lower than other studies 

suggesting that patients are identified with milder disease and so potentially before 

aPLA2Rab are detectable [422].  

 

8.3.4.3. Commercial use of GRS 

GRS and ease of obtaining genetic data has gained considerable interest over the 

past few years with direct-to-consumer testing and marketing. With the rise of 

commercial platforms such as 23andMe, Nebula Genomics and others that provide 

DNA testing at home, access to genetic data at an individual level is increasing. 

Some of these commercial companies report GRS in diseases such as type 2 

diabetes mellitus, Crohn’s disease and atrial fibrillation [423]. This has been 

particularly contested because these companies create their own risk score from 

publicly available data from GWAS results from as few as a dozen SNVs for the risk 

of each disease [423]. The overall number of SNVs used for the GRS is not a 

concern, however, an attempt to replicate the GRS algorithms demonstrated large 

variability in the predictive ability for these scores [423]. This is very risky and has 

implications in inaccurate results being provided to an individual.  

 

8.3.4.4. Environment and GRS 

The GRS does not take in to account potential gene and environment interactions. 

Having a genetic risk does not mean that disease will ensue and certainly 

contributory environmental exposures are necessary.  
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The role for environmental factors in AMN is not fully elucidated, but there is 

predicted to be an environmental trigger for disease. In China, the increasing 

prevalence of AMN was associated with an increase in fine particulate matter (PM2.5) 

pollution [152]. Another study identified AMN patients had a worse prognosis if they 

had higher levels of Th17 mediated inflammation, which was related to higher levels 

of pollution [424]. Inflammatory triggers are thought to have a contributory role and 

the overlap of inflammatory bowel disease and the AMN genetic risk loci suggests a 

shared mechanism [171]. It is hypothesised that PLA2R1 is upregulated in an 

inflammatory environment and self-tolerance abilities are lost [425]. Couser and 

Johnson [426] hypothesise that firstly, genetic risk factors increase predisposition to 

disease and the response to an environmental factor. Secondly, the exposure to the 

environmental factor activates the immune system via separate epigenetic factors 

[426]. Both then combine to cause autoimmune kidney disease such as AMN.  

 

8.3.5. Further work 

To further develop this aspect of the study it would be useful to calculate the GRS in 

other ancestries. Within the European ancestry there can be a spread in genetic 

diversity and so the target population may not overlap well with the source GWAS 

population. This phenomenon was reported when a European GRS was examined in 

UK, Estonian and German European populations and it was noted that there was a 

difference in the estimation models and applicability because of population 

differences, despite European ancestry matching [427]. To overcome and investigate 

this further, it would be interesting to ancestry match to the original GWAS dataset 

from 2011.  
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GWAS studies in non-European AMN are limited, but most recently the identification 

of four lead SNVs in an East Asian AMN population was made [171]. A particular 

difficulty with this is that the cohort used in this current study has few East Asian 

individuals (based on observations as seen in Figure 7.29), so this would be difficult 

to undertake within this current cohort. One of the strengths of this cohort, is that 

there is a large proportion of South Asians (visualised by the tail extending upwards 

towards the East Asians in Figure 7.29). A GWAS would first need to be conducted 

and then a GRS model could be proposed and validated in a separate cohort. The 

same could also be done for African AMN individuals. It would be interesting to see if 

these individuals had any additional genetic risk factors that increase the chances of 

reaching ESKD.  

 

It would be interesting to apply the GRS with the recently identified 5 lead AMN 

SNVs [171]. This was not done because the genotyping data from my cohort was 

used in this GWAS. This would have meant that the target population and the source 

population for the GRS analysis is the same and would naturally be very biased. To 

overcome this, an alternative methodology suggests adjusting the GWAS odds ratio 

to mitigate the ‘winner’s curse’ [428]. The authors suggest three methods to reduce 

bias estimators, and the one that is the most unbiased is a method called the ‘mean 

square error’. This is a weighted average of the corrected and uncorrected odds ratio 

and prevents both over and under correction [428].  

 

The paediatric cohort is unique and is the largest cohort reported of dual antibody 

negative paediatric onset AMN. The overall number will be too low to detect a 

statistical association(s) to reach genome wide significance but it would be 
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interesting nonetheless to undertake a case-control GWAS to see if this identifies 

any further associations and/or confirms the association with Sema3B. The HLA risk 

SNV of this cohort is different to the AMN risk SNV; investigating this by first HLA 

imputation and then association testing would be interesting to determine if a 

predominant HLA type was demonstrable. The same could be done with the anti-

contactin antibody group.  

 

8.3.6. Limitations 

The greatest limitation with the study was the lack of detailed phenotype information 

across the dataset. Due to the historical multi-centre nature of the cohort, serum was 

unavailable in 279 individuals. This would have helped improve the overall numbers 

and increase the statistical power to detect an association. Other limitations were 

that in 97 individuals genotyping data was not available in the two loci and so they 

had to be excluded from analysis.  

 

8.3.7. Conclusion 

I observed genetic differences between aPLA2Rab and anti-THSD7A antibody 

positive AMN in European populations. Additionally, the similarity of GRS between 

aPLA2Rab and dual antibody negative AMN cases suggests that approximately a 

third of the antibody negative cases represent false negative serology. This implies 

that a negative aPLA2Rab assay alone should not be used to determine diagnosis or 

treatment. With this work I also demonstrate that application of the GRS in AMN can 

distinguish different antibody states even in the presence of false negative 

serological testing. The clinical utility of genetic risk scores is established but further 
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clinical studies are needed to determine whether a GRS in AMN can provide clinical 

benefit to individual patients.   
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8.4. UK Biobank 

In this study the UKBB dataset is analysed for the European AMN GRS in 419,802 

individuals. This demonstrates that 0.8% (3,372) of European individuals in the 

UKBB have a higher genetic risk for developing aPLA2Rab associated AMN. The 

PLA2R1 risk SNV is common in European individuals and is present in 33.9% 

(142,415 individuals) in homozygous state, whereas the HLA-DQA1 risk SNV is rarer 

and is present in only 2.39% (10,019). The number of individuals at risk of AMN is 

high, and higher than the estimate with the current incidence of 10 to 12 per million 

per population. Accurate prevalence data for AMN does not exist and data is only 

available in individuals with ESKD. With this current analysis and the current 

population of 66.65 million people in the UK; 533,200 individuals have a high genetic 

risk of developing AMN. Extrapolating this population genetic risk to the number of 

patients that would eventually reach ESKD would mean 159,960 individuals on 

dialysis in the UK. This would be a huge burden as the current number of total 

dialysis patients is approximately 30,000 for all diseases in the UK. Mitigating the 

genetic risk would be difficult and predictive and prevention tools for AMN are 

difficult. It is important to determine the environmental factors that are contributory to 

AMN as discussed in 8.3.4.4. 

 

Genetic risk does not equate to certainty of disease onset, however, I would have 

expected this to be lower and more in keeping with the rarity of the disease. 

Arguably, this finding of a high population genetic risk is not unexpected and it has 

been demonstrated in type 1 diabetes mellitus. The GRS is utilised in type 1 

diabetes; individuals with a high score (>99.9th centile) have a higher genetic risk for 
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disease onset (>20%) but this only identifies 7% of subsequent type 1 diabetes 

cases [429]. This is similar to the discrepancy that is seen in this AMN analysis. 

Rose [430] describes issues related to individuals in the population with a high risk 

for diseases. He explains because the number of individuals with minimal risk are 

more numerous, the numbers of those individuals with disease will actually be higher 

[430]. To summarise, ‘a large number of people at small risk may give rise to more 

cases of disease than the small number who are at high risk.’ [430] 

 

The utility of GRS is discussed above, see 8.3.4. On a population level, identification 

of individuals at high genetic risk for AMN would be useful if there was a preventative 

or screening option for individuals that would minimise the risk of disease. For 

screening purposes, it may be possible to provide urine dipstick testing for 

individuals at greater genetic risk. This would cause a lot of over testing however and 

treatment strategies are unlikely to change despite seeking earlier medical 

intervention. With other GRS the preventative intervention is considered relatively 

innocuous (for example taking aspirin to lower the risk of coronary artery disease) 

and therefore is more amenable to widespread use at a population level. The main 

utility would be the overall cost savings that could be made in dual antibody negative 

cases of AMN. It has been proven that correct confirmation of aPLA2Rab associated 

AMN has a significant cost saving as it prevents a large array of unnecessary tests 

and screening for secondary causes [431].  
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8.4.1. Limitations 

8.4.1.1. Population stratification 

The GRS score is only valid in those of European ancestry and so it was desirable to 

extract only those individuals from the UKBB. There were considerable issues with 

this due to the size of the dataset and the frequently used tools being unsuitable. 

GRS is only applicable in ancestry matched populations; self-reported ancestry is not 

accurate so it was desirable to undertake this with a PCA method. Pre-computed 

principal components and ancestry cut-offs were not made available [352]. 

SmartPCA predicted 51 years for calculations with the dataset, so was unusable 

[334]. The downloadable code for bignspr did not work and again data used for the 

exclusion of outliers was not made available [353]. There are newer non-PCA 

methods for ancestry discovery and these could be explored, see 8.4.2.1.  

 

UKBB state the self-reported ancestry of ‘White British’ has similar genetic ancestry 

on PCA. Due to the unsuccessful attempts of multiple resources in the interests of 

time I proceeded to use self-reported ancestry for analysis. This is frequently done 

by other published GWAS studies. 

 

Analysing the spread of ancestry from the principal components, Figure 7.60, the 

split of the 1000 Genomes Project European reference control is evident. This is 

most likely because of the diversity across the European continent and in particular 

differences that occur between North and South Europeans [432]. 
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8.4.1.2. AMN patients in UKBB 

A limitation within the UKBB is that there are only 29 AMN patients within the 

dataset. This could be due to missing or incorrect hospital episode statistics not 

capturing the correct code for AMN. This number is lower than expected but it would 

be interesting to examine the AMN GRS in these individuals. Following on with 

further work after the completion of my thesis I was able to further investigate and 

identify more individuals with AMN, see 7.4.3. 

 

8.4.1.3. Imputed dataset size 

The imputed dataset when uncompressed was at least 12 terabytes so could not be 

loaded; this rendered the data inaccessible for use. This could be overcome with 

specialist expertise which would expand the use for the UKBB.  

 

8.4.2. Further work 

8.4.2.1. Non-PCA techniques of ancestry 

It is desirable to have a more robust method of ancestry identification for the UKBB. 

This would facilitate accurate European ancestry identification and creation of a 

control cohort for South Asians and African ancestries for the GWAS studies and 

HLA association studies.  

 

Newer techniques available that use a non-PCA method for ancestry discovery are 

iAdmix and GRAF-pop. iAdmix infers the proportion of admixture per individual using 

a likelihood ratio method based on a reference set of population allele frequencies. It 

takes 5.2 seconds per sample for analysis which for the UKBB dataset would take 
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approximately 30 days [433]. GRAF-pop uses a geometric distance-based approach 

to predict ancestry, accurately identifying the three continental populations of 

European, African and Asian. It is a useful tool but is limited as it is slower taking 75 

seconds per sample in addition to being unable to accurately delineate South Asians 

or admixed individuals [434]. As a result it would not be suitable for use in the UKBB 

dataset.  

 

8.4.2.2. Data with improved genome coverage 

Analysis using the imputed dataset would increase the coverage across the genome 

and the intersection of SNVs with the AMN dataset. However, based on the findings 

in my work the differences would be amplified and so imputation would need to be 

done on the combined dataset. Use of the UKBB whole genome sequenced data 

would overcome this so that all SNVs in the AMN imputed dataset could be extracted 

from the UKBB and the rare variants could also be examined.  

 

8.4.3. Conclusion 

The UKBB dataset was used as a representative population for the United Kingdom. 

In individuals from a self-reported European ancestry, I observed that the genetic 

risk of developing aPLA2Rab AMN is 0.8%. Interestingly, despite this population’s 

higher genetic risk, only 29 individuals had AMN which is 0.86% of all those at high 

genetic risk. This could be due to missed cases of AMN, because AMN is a later 

adult-onset disease so disease had not yet developed or the environmental factors 

that contribute to disease. This further demonstrates the absence of genetic 

determinism and the role for future studies to delineate contributory factors for 

disease onset.  
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8.5. Summary 

This thesis has undertaken a multi-faceted approach to delineate the genetic 

contributors to autoimmune membranous nephropathy. I was able to replicate the 

findings of common coding variants in PLA2R1 in disease. Rarer intronic variants 

were identified but it was beyond the scope of my study to investigate these all. The 

improving availability of cohorts with whole genome sequencing will facilitate repeat 

analysis and re-sequencing of PLA2R1 to identify disease contributory variants. 

Because of the lack of coding variants, I hypothesise that the variant(s) will be 

involved in the regulatory pathways and disruption of these contributes to disease.  

 

I was also able to replicate the GWAS findings from 2011 and partially replicate the 

more recent GWAS findings from 2020. I demonstrate in a cohort of European 

individuals that the strongest association with disease is with the HLA-DQA1, HLA-

DRB1 HLA haplotype and PLA2R1. I hypothesise that the GRS is specific for 

identification of aPLA2Rab associated AMN and can be used in serologically dual 

antibody negative patients to identify missed aPLA2Rab associated AMN cases and 

prevent unnecessary costly and radiating investigations. HLA-DQA1 risk variants are 

associated with a younger age of onset of disease in aPLA2Rab AMN. Dual antibody 

negative paediatric individuals have a different genetic risk score to adult onset 

aPLA2Rab AMN and may represent Sema3B associated AMN cases. Anti-contactin 

antibody AMN cases also have a different genetic risk for AMN compared to 

aPLA2Rab cases. Finally, in the UK Biobank the proportion of individuals with a high 

genetic risk for developing AMN is 0.8% although of these only 0.86% have disease 
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at present. It will be interesting to investigate determinants of disease onset so that 

useful predictive and preventative strategies could be instigated.  
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PhD. There are a few that are currently under review and these have not been 

included. The order matches that as in section 10. 

 



Identification of a Locus

on the X Chromosome Linked

to Familial Membranous Nephropathy

Mallory L. Downie1,2, Sanjana Gupta1, Mehmet C. Tekman3, Chris Cheshire1, Steven Arora4,

Christoph Licht5, Lisa A. Robinson5, Marina Munoz6, Alvaro Madrid Aris7,

Ibrahim Al Attrach8, Paul E. Brenchley9, Daniel P. Gale1, Horia Stanescu1,

Detlef Bockenhauer1,2 and Robert Kleta1,2

1Department of Renal Medicine, University College London, London, UK; 2Paediatric Nephrology, Great Ormond Street

Hospital for Children National Health Service Foundation Trust, London, UK; 3Department of Computer Science, University of

Freiburg, Freiburg, Germany; 4Department of Paediatrics, Division of Nephrology, McMaster Children’s Hospital, Hamilton,

Ontario, Canada; 5Division of Nephrology, The Hospital for Sick Children, Toronto, Ontario, Canada; 6Department of Paediatric

Nephrology, University Hospital Vall d’Hebron, Barcelona, Spain; 7Department of Nephrology, Hospital Sant Joan de Deu,

Barcelona, Spain; 8Department of Pediatrics, Tawam Hospital, Al Ain, United Arab Emirates; and 9Division of Cardiovascular

Sciences, University of Manchester, Manchester, UK

Introduction: Membranous nephropathy (MN) is the most common cause of nephrotic syndrome (NS) in

adults and is a leading cause of end-stage renal disease due to glomerulonephritis. Primary MN has a

strong male predominance, accounting for approximately 65% of cases; yet, currently associated genetic

loci are all located on autosomes. Previous reports of familial MN have suggested the existence of a

potential X-linked susceptibility locus. Identification of such risk locus may provide clues to the etiology of

MN.

Methods: We identified 3 families with 8 members affected by primary MN. Genotyping was performed

using single-nucleotide polymorphism microarrays, and serum was sent for anti-phospholipase A2 re-

ceptor (PLA2R) antibody testing. All affected members were male and connected through the maternal

line, consistent with X-linked inheritance. Genome-wide multipoint parametric linkage analysis using a

model of X-linked recessive inheritance was conducted, and genetic risk scores (GRSs) based on known

MN-associated variants were determined.

Results: Anti-PLA2R testing was negative in all affected family members. Linkage analysis revealed a

significant logarithm of the odds score (3.260) on the short arm of the X chromosome at a locus of

approximately 11 megabases (Mb). Haplotype reconstruction further uncovered a shared haplotype

spanning 2 Mb present in all affected individuals from the 3 families. GRSs in familial MN were signifi-

cantly lower than in anti-PLA2R–associated MN and were not different from controls.

Conclusions: Our study identifies linkage of familial membranous nephropathy to chromosome Xp11.3-

11.22. Family members affected with MN have a significantly lower GRS than individuals with anti-

PLA2R–associated MN, suggesting that X-linked familial MN represents a separate etiologic entity.

Kidney Int Rep (2021) 6, 1669–1676; https://doi.org/10.1016/j.ekir.2021.02.025
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M
N is the most common cause of NS in adults and
is a leading cause of end-stage kidney disease

(ESKD) due to glomerular disease.1 Although common
in adults, MN is uncommon in children and usually ac-
counts for less than 5% of pediatric patients

undergoing biopsy for NS.2 Across ages, MN demon-
strates a 2:1 male predominance and is most often a spo-
radic disease.3 Rare examples of familial MN have also
been reported, usually presenting in siblings.4

Although MN can occur in the context of systemic dis-
ease (secondary), primary (or idiopathic) MN accounts
for 80% of cases in adults, of which approximately
one-third progress to ESKD within 5 to 15years.1,3,5

Importantly, 85% of individuals with primary MN
have IgG4 autoantibodies against the podocyte mem-
brane antigen PLA2R, meaning that treatment tends to
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involve immunosuppressive therapy.3 There remains a
subset of patients with primary MN who have no
identified autoantibodies and indeed have variable
response to immunosuppression.6 The etiology in this
subset of patients is not yet understood, and genetic
studies could provide important clues about disease
mechanisms, especially in the context of familial
clustering.

Although MN has a strong male predominance,
currently associated alleles are all located on auto-
somes.7 Genome-wide association studies implicate risk
alleles in both HLA-DQA1 and PLA2R genes, which
contribute the highest proportion of disease risk, and
in newly identified loci encoding NFKB1 and IRF4,
contributing a smaller proportion.7–10 Identification of
a risk locus (or loci) on the X chromosome could help
explain why males are predominantly affected.

Our study investigates 3 families with idiopathic
MN and negative anti-PLA2R antibodies with pedi-
grees suggestive of X-linked inheritance. We sought (i)
to determine whether there is a risk locus on the X
chromosome in these families, and (ii) to determine
whether the known HLA-DQA1– and PLA2R-associ-
ated risk alleles contribute to their genetic risk.

METHODS

The study recruited 3 families of European ethnicity
with 8 members affected by biopsy specimen-proven
idiopathic MN. Affected members had serum tested
for anti-PLA2R antibodies using the enzyme-linked
immunosorbent assay.11 Clinical features, such as age
at presentation, response to immunosuppressive ther-
apy, progression to renal failure, and renal transplant
status, were also obtained from each individual’s home
institution, if available.

DNA was isolated from the 8 affected and 18
apparently unaffected family members from whole
blood using standard procedures. Family 1 was geno-
typed via Omni-X-24 BeadChip (Illumina, San Diego,
CA), with a total of 741,000 markers, and families 2 and
3 were genotyped via an Infinium Multi-Ethnic Global
BeadChip (Illumina), with a total of 1,779,819 markers.
Genotype files then underwent quality control checks
as described previously.12 Multipoint parametric link-
age analysis, performed for families 1 to 3 using a
model of X-linked recessive inheritance, was conducted
in both Allegro (deCODE Genetics, Reykjavik, Iceland)
and Merlin (University of Michigan, Ann Arbor,
MI).13,14 Alohomora (Max Delbruck Center (MDC) for
Molecular Medicine Berlin-Buch, Germany) was used
to generate input files for both linkage programs, and
linkage output files were visualized using R 3.2.0
software (R Foundation for Statistical Computing,

Vienna, Austria).15 Haplotype reconstruction was per-
formed and visualized in HaploForge (Free Software
Foundation, Boston, MA),16 with input files generated
by Allegro. X-chromosomal regions were considered
significant for linkage if the logarithm of the odds
(LOD) score was >2.475 due to the lower number of
recombination events on gonosomes.17

GRSs in our families with familial MN were calcu-
lated using the odds ratios at each autosomal risk loci,
HLA-DQA1 and PLA2R, determined from an inde-
pendent historical genome-wide association studies
analysis.7 The GRS was computed by the sum of the
natural logarithm of the odds ratio at each autosomal
risk SNP multiplied by the number of risk alleles (0, 1,
or 2), divided by the number of possible alleles.18 The
GRS was calculated for study individuals affected with
familial MN (n ¼ 8), unaffected (n ¼ 18), and combined
(n ¼ 25). Scores were then compared against a Euro-
pean adult cohort of anti-PLA2R–positive MN patients
(n ¼ 410) and healthy European controls (n ¼ 5642).
Results were statistically compared using the c2 test
with the Bonferroni correction for multiple compari-
sons. Statistical analysis and data visualization was
performed in R 3.2.0 software.

RESULTS

Family Pedigrees

Pedigrees for each family are displayed in Figure 1.
Pedigree analysis showed a pattern consistent with X-
linked recessive inheritance in all families.

Clinical Details for Affected Family Members

All affected individuals included in the study had bi-
opsy specimen-proven idiopathic MN and all had
negative serologic test results for anti-PLA2R antibody.
Histopathology images of family 1 have been published
previously4; histopathology images for families 2 and 3
were unavailable. Histopathology features observed in
the 3 families are detailed in Supplementary Table S1.
No other autoimmune diseases were reported in any
family member included in this study. Please refer to
Figure 1 for pedigree position of each individual
(identification numbers in bold) outlined in the family
descriptions, below.

Family 1
Details of this British family have been reported pre-
viously.4 Briefly:

61: Individual presented at age 3 years with NS,
microscopic hematuria, and hypertension, which were
initially responsive to combination therapy of cortico-
steroids and cyclophosphamide. Although this immu-
nosuppression put him into remission at first, he went
on to develop a relapsing course and eventually
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develop ESKD. He received a renal transplant at age 23
years and has not had subsequent recurrence of disease.

79: Individual presented at age 10 years with NS that
was unresponsive to corticosteroids and a trial of
azathioprine. He also had significant hypertension that
led to a hypertensive crisis, seizures, and cerebral
infarction, leaving him with permanent neurologic
deficits. A spontaneous remission of NS occurred after
1 year, but it did eventually relapse. He was treated
with cyclophosphamide and had some improvement.
Like his brother, however, he went on to develop a
relapsing disease course accompanied by declining
glomerular filtration rate. At the last follow-up (age 31
years), he had chronic kidney disease stage 4.

97: Individual presented at age 1 year with NS, he-
maturia, and hypertension, which were unresponsive
to steroids. He has had a relapsing disease course, with
relapses occurring approximately every 3 months. At
the last follow-up (age 16 years), he was in chronic
kidney disease stage 3 and in partial remission and was
being treated with mycophenolate mofetil, cyclosporin,
and an angiotensin receptor blocker.

Family 2
This family resides in Canada.

2020: Individual presented at age 11 years with NS
that eventually progressed to ESKD treated with a renal
transplant. He then developed recurrence of disease
post-transplant. Whether he had response to immu-
nosuppression is unknown.

2023: Individual presented at age 6 years with NS
that also progressed to ESKD, and like his half-brother,
he developed disease recurrence after renal transplant.

2022: Individual presented in teenage period with
kidney disease that progressed to ESKD. Whether he
had features of NS or response to immunosuppres-
sion is unknown. He underwent 3 kidney trans-
plants, all of which failed due to recurrence of
disease.

Family 3
This family resides in Spain.

2025: Individual presented at age 5 years with NS
that was treated with cyclosporine to induce full
remission.

Figure 1. Pedigrees and haplotypes of families 1, 2, and 3 with familial membranous nephropathy. Squares indicate males and circles indicate
females. A black symbol indicates that the individual is affected, a white symbol indicates the individual is unaffected, and a grey symbol
indicates that the individual’s affectation status is unknown. Asterisks indicate individuals who were genotyped and included in the study. Red
boxes indicate the shared haplotype (rs12843640-rs5991828). Pedigree analysis in all 3 families showed a pattern consistent with X-linked
recessive inheritance (i.e., only males are affected and inheritance is via the maternal line with no male-to-male transmission).
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2033: Individual was assessed at age 50 years. At
that time, he had no clinical evidence of kidney disease.
This family was lost to follow-up, and whether pro-
teinuria has since developed is unknown.

2034: Individual is currently age 55 years and has a
phenotype of NS. He presented with symptoms in
adulthood, and whether he had any response to
immunosuppression is unknown.

Genetic Risk Scores

GRSs in familial MN, calculated using risk estimates at
HLA-DQA1 and PLA2R loci, were found to be signif-
icantly lower than in individuals with MN associated
with anti-PLA2R antibodies. GRSs in familial MN were
not significantly different than controls (see Figure 2).

Linkage Analysis

Multipoint parametric linkage analysis for X-linked
recessive inheritance in the 3 families initially revealed
an 11-Mb region of linkage on the X chromosome. This
region had a LOD score of 3.260 and had flanking
markers of rs12014680 and rs2360739 (see Figure 3).

Haplotype reconstruction confirmed that the
affected individuals within each family shared a
haplotype that was also present as 1 allele in the un-
affected “carrier” mothers. In families 1 and 2, this
haplotype was not present in any other individuals;
however, 1 adult man (aged 50 years) with unknown

affectation status in family 3 shared the same haplotype
across the linked region as the affected male in-
dividuals (see Figure 1 and Supplementary Figure S1).
Because disease onset was observed in this family
beyond the pediatric period (>18 years), we designated
this individual as affectation status unknown so his
data do not contribute to the LOD score.

Haplotype reconstruction showed flanking markers
rs3027452 and rs2360739. A shared haplotype (i.e.,
identical alleles at all 8 markers) was further identified
between all individuals carrying a risk allele, spanning
a narrower region of 2 Mb (rs12843640–rs5991828),
suggesting a shared distant common ancestor (founder
effect).

This 11-Mb linked region on the X chromosome
mapped to Xp11.3-p11.22, which contained 167 unique
genes based on the Human Genome Organisation
(HUGO) Official Gene Symbol listed in University of
California Santa Cruz (UCSC) Genome Browser.19 They
represent a wide range of functionalities, including
many ubiquitous proteins. Restricting the linked area
to the 2-Mb region of the shared haplotype (Xp11.22)
limited the list to 70 unique genes (see Table 1).

DISCUSSION

In this study, we present 3 families affected by renal
biopsy specimen-proven idiopathic MN, mostly

Figure 2. Box and whisker plot shows genetic risk scores (GRSs) in familial membranous nephropathy (MN). Median values (line inside the box)
for each group with upper and lower quartiles (top and bottom) are represented by boxes, with whiskers delineating variability outside quartiles.
Outliers are plotted as individual point beyond whisker limits. Asterisks indicate P < 0.05 using the c2 test with the Bonferroni correction.
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presenting in childhood. All affected individuals were
males connected through the maternal line, suggesting
X-linked inheritance. By calculating GRSs in these
families using risk allele counts at known autosomal
risk loci, HLA-DQA1 and PLA2R, we observed that the
GRS was lower in familial MN compared with anti-
PLA2R antibody-associated disease. Combined with
the finding that all affected individuals also had
negative serologic testing for anti-PLA2R antibodies,
this suggested that the observed familial clustering was
unlikely to be attributable to aggregation of known
genetic risk factors and coincidental occurrence of the
most prevalent cause of disease. In addition, although
all of the families were of similar European ethnic
background, they were recruited from 3 countries, and
within each family, individuals from at least 2 different
households were affected. These details imply that
shared environmental exposures are unlikely to explain
the observed familial clustering of disease.

Using X-linked recessive multipoint linkage anal-
ysis, we identified an 11-Mb region on the X chromo-
some (Xp11.3-p11.22) that is linked with MN in these
families. This region can potentially be narrowed to a
2-Mb (Xp11.22) locus at which all marker alleles are
identical-by-state if identical-by-decent inheritance
from a common ancestor is inferred. These results
suggest that familial MN represents a different genetic
etiology than the more commonly associated sporadic
PLA2R-positive MN and that perhaps the inheritance is
derived from an X-linked susceptibility locus mapped
to this newly identified X-linked region.

X-Linked Familial MN

There are several reasons why the linked region iden-
tified on the X chromosome is convincing to explain the
pattern and predominance of primary MN in our 3
families. First, 7 of 8 of the affected individuals pre-
sented with nephrotic syndrome in childhood. We
know that MN in childhood is rare, accounting for only
1.5% to 7% of children undergoing biopsy for NS.20–22

However, because many children with steroid-sensitive
NS do not undergo biopsy, the true prevalence remains
unclear. The incidence of childhood MN is estimated at
less than 1 per 1,000,000-child population per year.23 If
we consider this estimated incidence and calculate the
likelihood of these affected family members presenting
with MN by chance (given the absence of known ge-
netic risk alleles in the families), we find that likelihood
would be less than 10�18 in families 1 and 2, and less

Figure 3. Multipoint parametric linkage analysis on chromosome X for families 1, 2, and 3. The y axis shows the logarithm of the odds (LOD)
score, and the x axis gives the genomic position in megabases (Mb). Note significant linkage of 3.260 in the region of 43 to 54 Mb (reference
genome: GRCh37). The red box indicates the area of shared identical haplotype in all 3 families (51–53 Mb).

Table 1. Unique genes within 2 megabases of shared haplotype
(Xp11.22)

AC239367.3, LINC01284, AC233976.1, AC233976.2, NUDT10, AL158055.1, EZHIP,
NUDT11, LINC01496, CENPVL3, CENPVL2

CENPVL1, GSPT2, MAGED1, AC241520.1, RNU6-504P, AL929410.1, IPO7P1,
AL929410.2, TPMTP3, AC239585.1, AC239585.2, MAGED4B, SNORA11E,
MAGED4, SNORA11D, AC231759.2, AC245177.1, AC231759.1, MIR8088, XAGE2,
AC231532.1, AC231532.2, BX510359.1, BX510359.5, BX510359.8,
BX510359.7, RBM22P6, XAGE1A, BX510359.6, BX510359.2, BX510359.4

BX510359.3, SSXP4, SSXP1, AL450023.2, SSX8P, SSX7

AL450023.1, RNA5SP504, SSXP5, AL450023.3, SSX2, AC244505.2, AC244505.3,
AC244505.5, SSX2B, AC244505.7

AC244505.4, SPANXN5, AC244505.6, XAGE5, AC244505.1

EIF4A2P4, XAGE3, AC244505.1, EIF4A2P4, FAM156B

AC234031.1, FAM156A
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than 10�12 in family 3. Therefore, it is highly likely
that these families share a common basis for disease.

Furthermore, MN is known to have a 2:1 male pre-
dominance. Whether the biological factors that
contribute to this are related to the X-linked mecha-
nism associated with the disease in the 3 families pre-
sented here is unknown. Importantly, previous
genome-wide association studies analyses in MN did
not include the X chromosome due to its unique sta-
tistical challenges, so they would not have detected any
common genetic variants located there that contribute
to disease risk7–10,24

Shared Haplotypes

Haplotype reconstruction further identified a 2-Mb
identical shared haplotype in all individuals who car-
ried the risk allele. This suggests that all 3 families share
a distant common ancestor, representing a founder ef-
fect. Extended family histories were not available.
Comparison of haplotypes between the individuals who
were (n ¼ 9) and were not (n ¼ 17) carrying the 11-Mb
risk allele revealed that no non-carrying individuals
harbored this 2-Mb region, suggesting that this result is
highly unlikely to occur by chance. Furthermore, we
looked at the 1000 Genomes Project phase 3 data set and
found that this haplotype was not present in any of
these control individuals (n ¼2504, of which 670 are of
European ethnicity).25 This result demonstrates that the
haplotype is not a common haplotype in the population
and implies identical by descent inheritance in the 3
families of the 2-Mb region.

Genes of Interest in Linked Regions on X

Chromosome

The 11-Mb region of Xp11.3-p11.22 contains 167 genes
that code for proteins with a wide range of physiologic
functions. Focusing on the 2-Mb common haplotype
(Xp11.22), however, further narrows this list to 70
potential genes. To hypothesize about which genes
were implicated in disease, we dissected the types of
genes/proteins represented within this region. We used
the UCSC Human Gene Sorter, a data-mining tool, to
narrow our list of regional genes.26 Idiopathic MN is
characterized by IgG4 deposition in the glomerular
basement membrane, and IgG antibodies are synthe-
sized exclusively by B cells.27 Therefore, we restricted
our UCSC search to genes/proteins implicated in im-
mune function, including expression in B and T
lymphocytes.

Using the UCSC Human Gene Sorter to visualize gene
expression via Genotype-Tissue Expression (GTEx),28

we identified GSPT2, the G1-to-S phase transition 2
protein that mediates translation termination of a large
protein product,29 and MAGED1, the melanoma

antigen (MAGE) family member D1 gene that regulates
transcription factor complex formation,30 to both have
above-average expression in lymphocytes and whole
blood, respectively. Previous reports have associated
an Xp11.22 deletion encompassing these genes to be
associated with intellectual disability and develop-
mental delay; however, the consequences of loss of
function in either of these genes has not been eluci-
dated in humans or mouse models to date.31 Perhaps
one of these genes has a role in mediating familial MN.
For completion, we also searched in the Human Kidney
Cell Atlas for gene expression in podocytes, but we
found none.32

Lastly, within the UCSC Genome Browser, we used
the Gene Ontology tool to identify whether any of
the 70 genes were cell-membrane proteins that could
possibly be implicated as presenting antigens to the
immune system. FAM156A was the only gene labeled
as such, but showed very low tissue specificity in
the Human Protein Atlas.33 Future work through
whole-genome sequencing and including additional
cases is needed to further unpack these hypotheses,
in order to refine the locus and thereby limit the
coding or noncoding shared rare variants among
affected patients.

Disease Response to Immunosuppression

in Families 1 and 3

We have demonstrated that the genetic region Xp11.3-
p11.22 is linked to the development of familial MN and
propose that this underlying genetic locus causes dis-
ease susceptibility rather than monogenic pathoge-
nicity. This is suggested for 3 reasons: (i) affected
family members in families 1 and 3 demonstrated
varying response to immunosuppression; (ii) there
were varying ages of presentation across all affected
individuals (ages 1 to >18 years); and (iii) the absence
of a history of further affected family members, which
would be expected, if this locus had 100% penetrance.
These clinical aspects raise the hypothesis that instead
of having a causal genetic variant leading to disease,
perhaps instead, these families have a genetically
conferred susceptibility that predisposes them to dis-
ease but requires other triggers for them to fully
develop MN.

Previous susceptibility genes have been described.
Perhaps the best-known example is APOL1, in which
specific genetic variations are found only in individuals
of African descent that lead to increased risk of
developing multiple types of kidney disease.34 More
importantly, polymorphisms in the TNFA gene have
been associated with susceptibility to idiopathic MN in
adults.35 Indeed, further uncovering of the genes and
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their function within this X-linked region will aid in
this search.

CONCLUSIONS

In summary, our study shows significant linkage of
familial MN to chromosome Xp11.3-11.22. MN family
members have a significantly lower GRS than in-
dividuals with more typical MN associated with anti-
PLA2R antibodies, suggesting that genetic risk in fa-
milial MN is distinct and that it encompasses an X-
linked susceptibility locus mapped to this X-linked
region.
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ARTICLE

The genetic architecture of membranous
nephropathy and its potential to improve
non-invasive diagnosis
Jingyuan Xie et al.#

Membranous Nephropathy (MN) is a rare autoimmune cause of kidney failure. Here we report

a genome-wide association study (GWAS) for primary MN in 3,782 cases and 9,038 controls

of East Asian and European ancestries. We discover two previously unreported loci, NFKB1

(rs230540, OR= 1.25, P= 3.4 × 10−12) and IRF4 (rs9405192, OR= 1.29, P= 1.4 × 10−14), fine-

map the PLA2R1 locus (rs17831251, OR= 2.25, P= 4.7 × 10−103) and report ancestry-specific

effects of three classical HLA alleles: DRB1*1501 in East Asians (OR= 3.81, P= 2.0 × 10−49),

DQA1*0501 in Europeans (OR= 2.88, P= 5.7 × 10−93), and DRB1*0301 in both ethnicities

(OR= 3.50, P= 9.2 × 10−23 and OR= 3.39, P= 5.2 × 10−82, respectively). GWAS loci explain

32% of disease risk in East Asians and 25% in Europeans, and correctly re-classify 20–37% of

the cases in validation cohorts that are antibody-negative by the serum anti-PLA2R ELISA

diagnostic test. Our findings highlight an unusual genetic architecture of MN, with four loci and

their interactions accounting for nearly one-third of the disease risk.
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Membranous Nephropathy (MN) is a rare cause of kidney
failure, manifesting as nephrotic syndrome with a peak
incidence between 30 and 50 years of age1. The land-

mark discoveries of pathogenic antibodies against neutral endo-
peptidase in antenatal MN2, and anti-phospholipase A2 receptor
(PLA2R) antibodies in adult MN3 have established MN as the
disease of autoantibodies directed against podocyte antigens.
Several studies have confirmed the presence of autoantibodies
against PLA2R in ~60–70% of cases of primary MN4, with
another 3–5% potentially explained by antibodies against
thrombospondin type 1 domain-containing 7A5.

Previous genome-wide association study (GWAS) for MN
conducted in 75 French, 146 Dutch and 335 British cases geno-
typed with low resolution arrays identified impressively strong
associations of the HLA region and the PLA2R1 locus encoding
the dominant antigen in MN6. These findings suggest that genetic
variation controls the immunogenicity and/or expression level of
the PLA2R auto-antigen, as well as the production of anti-PLA2R
autoantibodies in individuals with a permissive HLA haplotype.
However, specific causal alleles underlying GWAS associations
have not yet been mapped at high resolution. Moreover, prior
GWAS was limited to Europeans, and the reported associations
have not been examined comprehensively across different eth-
nicities. Lastly, because of small sample size, the prior study might
have missed additional disease relevant loci.

Herein, we report a genetic study of primary MN involving
12,820 individuals (3782 biopsy-documented cases and 9038
ancestry-matched controls), across nine cohorts of East Asian and
European ancestries. The composition of our cohorts reflects the
demographics of the centres that have collected DNA samples for
genetic studies of this rare disease over the past 15 years. By using
high resolution arrays with genome-wide imputation and over 7-
fold increase in sample size compared to the prior GWAS, we
discover two previously unreported genome-wide significant risk
loci for MN and perform high resolution mapping and ethnicity-
specific analyses of the known loci.

We describe an unusual genetic architecture of MN, with four
loci and their genetic interactions accounting for nearly one-third
of the disease risk. Our study implicates dysregulation of NFKB1
and IRF4 genes in the disease pathogenesis, providing genetic
support for potential targeting of the NF-κB and interferon sig-
nalling pathways in primary MN. We also refine ethnicity-specific
effects at the HLA locus, defining DRB1*1501 as a major risk
allele in East Asians, DQA1*0501 in Europeans, and DRB1*0301

in both ethnicities. We describe a risk haplotype at the PLA2R1
locus that has a regulatory function and exhibits strong genetic
interactions with the HLA-DRB1 risk alleles. Lastly, we calculate a
genetic risk score (GRS) based on these findings which, when
used in combination with a serum anti-PLA2R ELISA (a serologic
test for MN currently in clinical use), shows superior perfor-
mance in discriminating cases and controls than the ELISA or
GRS alone. We validate the performance of this combined risk
score (CRS) in external validation cohorts. Our results demon-
strate that a combined serum-genetic test can potentially be used
to establish a new diagnosis of primary MN, obviating the need
for a high risk kidney biopsy procedure in the majority of cases.

Results
Study design. Our study involved nine case-control cohorts,
including four East Asian cohorts of 4841 individuals (1632
primary MN cases and 3209 controls) and five European cohorts
of 7979 individuals (2150 primary MN cases and 5829 controls).
Eight cohorts were genotyped with high density SNP arrays,
imputed using the latest whole genome sequence reference panels,
and meta-analyzed genome-wide, and the top 46 loci selected
based on P < 5 × 10−5 were tested by targeted genotyping in the
ninth cohort (Supplementary Table 1). The summary of study
cohorts, genotyping methods, and ancestry-specific imputation
panels is provided in Table 1.

All cases used in this study were defined by a kidney biopsy
diagnosis of idiopathic MN and any suspected secondary cases
due to drugs, malignancy, infection, or autoimmune disease were
excluded. With the exception of the German Chronic Kidney
Disease (GCKD) cohort, all controls used for discovery involved
healthy population controls and any individuals with a known
diagnosis of kidney disease were excluded. The GCKD cohort was
drawn entirely from a prospective observational study of patients
with CKD and consisted of biopsy-defined cases and controls for
whom CKD etiology was clearly assigned to a non-MN cause, as
previously described7.

All genome-wide significant loci (P < 5 × 10−8) were refined by
cohort-stratified stepwise conditional analyses to define indepen-
dently associated haplotypes. We also analyzed classical HLA
alleles and all common amino acid polymorphisms at class I and
class II genes imputed at high resolution. We performed detailed
genomic annotations and explored epistatic effects for significant
loci. Based on significant GWAS loci, we designed a GRS for MN

Table 1 Baseline characteristics of participants in the discovery and replication cohorts.

Cohort Ancestry No. of cases No. of controls Total Genotyping platform Imputation reference
population panel

Asian Cohorts
Chinese Discovery East Asian 561 904 1465 Zhonghua-8 chip (Illumina) 1000G Phase 3 East Asians
Korean Discovery East Asian 164 708 872 MEGA chip (Illumina) 1000G Phase 3 East Asians
Japanese Discovery East Asian 81 358 439 MEGA chip (Illumina) 1000G Phase 3 East Asians
Chinese Replication East Asian 826 1239 2065 KASP (targeted) –
All Asian 1632 3209 4841

European Cohorts
European Discovery 1 European 611 1246 1857 MEGA chip (Illumina) 1000G Phase 3 Europeans
European Discovery 2 European 1045 1094 2139 MEGA chip (Illumina) 1000G Phase 3 Europeans
Turkish Discovery European 254 336 590 MEGA chip (Illumina) 1000G Phase 3 Europeans
Sardinian Discovery European 93 1498 1591 OmniExpress (Illumina) 1000G Phase 3 Europeans
GCKD Discovery European 147 1655a 1802 Omni2.5Exome (Illumina) HRC 1.1
All European 2150 5829 7979
All Participants 3782 9038 12,820

aGCKD participants with chronic kidney disease etiology assigned to a non-MN cause (see Methods).
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and performed its validation in external cohorts, including the
three previously published European GWAS cohorts6 and the
Nephrotic Syndrome Study Network (NEPTUNE) study8.

The descriptions of all cohorts including ancestry analyses and
details of statistical approaches are provided in Methods,
Supplementary Methods, and Supplementary Figs. 1 and 2.

Genome-wide association. The results of combined genome-
wide meta-analyses are summarized in Fig. 1 and Table 2, with
more information provided in Supplementary Table 1 and Sup-
plementary Figs. 3 and 4. We discovered two novel genome-wide
significant loci: a locus on chromosome 4q24 encoding NFKB1
(rs230540, OR= 1.25, Meta-analysis P= 3.4 × 10−12) and a locus
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Fig. 1 Manhattan and regional plots for non-HLA loci for the combined meta-analysis of all MN cohorts. a The results of the combined meta-analysis
across all cohorts; the dotted horizontal line indicates a genome-wide significance threshold (α= 5 × 10−8); the y-axis is truncated twice to accommodate
large peaks over PLA2R1 and HLA loci; genome-wide-significant loci highlighted in red; b Regional plot for the PLA2R1 locus; the upper panel shows
unconditioned meta-results, the lower panel depicts meta-results after conditioning for the top SNP (rs17831251). c Regional plot for the NFKB1 locus; the
upper panel corresponds to unconditioned results; the lower panel shows meta-results after controlling for rs230540. d Regional plot for the IRF4 locus; the
upper panel corresponds to unconditioned results; the lower panel shows meta-results after controlling for rs9405192. The x-axis denotes genomic
location (hg19 coordinates), left y-axis represents –log P values for association statistics, right y-axis represents average recombination rates based on
HapMap-III reference populations combined (blue line). In the conditional analyses, we conditioned on the top SNP in each individual cohort, then meta-
analyzed conditioned summary statistics as described in the Methods.
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on chromosome 6p25.3 encoding IRF4 (rs9405192, OR= 1.29,
Meta-analysis P= 1.4 × 10−14). We also confirmed strong and
highly significant associations at the previously described loci,
including chromosome 2q24.2 encoding PLA2R1 (rs17831251,
OR= 2.25, Meta-analysis P= 4.7 × 10−103) and 6p21.32 encod-
ing HLA-DQA1/DRB1 genes (rs9271573, OR= 2.41, Meta-
analysis P= 2.7 × 10−154).

Conditional analyses of the three non-HLA loci revealed that
each signal is explained by a single SNP in each cohort, suggesting
a single shared risk haplotype per locus in East Asian and
European populations (Fig. 1b–d). To further test if the causal
variants at these loci are likely shared between Europeans and
East Asians, we performed 99% credible set analyses using
summary statistics for each ancestry-defined subgroup and
compared them with credible sets derived from the trans-ethnic
meta-analysis. We confirmed that the predicted causal variants
derived from the trans-ethnic analysis were largely overlapping
with ancestry-specific results (Supplementary Fig. 5). In contrast,
stepwise conditional analyses of SNPs at the HLA region revealed
a complex pattern of association, with at least three indepen-
dently genome-wide significant SNPs explaining the signal across
all cohorts (Supplementary Table 2).

Given the complexity of the association signal at the HLA locus
and known differences in linkage disequilibrium (LD) patterns by
ancestry, we performed additional analyses of this region
separately in East Asians and Europeans. In the conditional
analyses of the East Asian cohorts, only two independently
associated SNPs explained the entire signal at this locus
(rs9269027 and rs1974461). In Europeans, stepwise conditional
analyses revealed three independently associated genome-wide
significant SNPs (rs9271541, rs9265949, and rs2858309), suggest-
ing a more complex pattern of association (Supplementary
Table 2). In both ethnicities, the top signal centred on HLA-DRB1
and DQA1 genes (Fig. 2a, b).

Classical HLA alleles and amino acid polymorphisms. We next
imputed classical HLA alleles at two- and four-digit resolution
using ethnicity-specific reference panels (see Methods). The first
two digits specify a group of HLA alleles known as super-types as
defined by older typing methodologies. The third through fourth
digits specify nonsynonymous substitutions. Moreover, we
imputed individual amino acid polymorphisms at class I (HLA-A,
-B, and -C) and class II (HLA-DQB1, -DQA1 and -DRB1) genes.

In East Asian cohorts, stepwise conditioning on classical HLA
alleles defined two independent risk alleles, DRB1*1501 (OR=
3.81, Wald test P= 2.0 × 10−49) and DRB1*0301 (ORconditioned=
3.88, Wald test P= 4.5 × 10−24, Fig. 2c, Supplementary Table 3).
In the analysis of polymorphic amino acid sites, genetic variation
at only two codons encoding residues at positions 13 and 71 in
DRβ, explained the entire HLA-DRB1 signal (Fig. 3a, Supplemen-
tary Table 4). Specifically, DRβ position 13 occupied by Arginine
(OR= 3.68, 95% CI: 2.74–4.95) or Serine (OR= 2.76, 95% CI:
2.06–3.71), and position 71 occupied by Lysine (OR= 3.10, 95%
CI: 2.49–3.86) or Alanine (OR= 2.96, 95% CI: 2.55–3.45)
conveyed the greatest risk (Supplementary Table 5). Consistent
with a prior study in Chinese patients9, these amino acids define
the classical risk alleles DRB1*1501 and DRB1*0301

(Supplementary Table 6), and their side chains map adjacent to
each other within the antigen-binding pocket of the β-chain of DR
(Fig. 3c).

The top Asian risk allele DRB1*1501 had no significant risk effect
in Europeans despite its frequency being comparable between
populations (control freq. 10% vs. 8% in Europeans and East
Asians, respectively). The most strongly associated European risk
allele was DQA1*0501 (OR= 2.88, Wald test P= 5.7 × 10−93,
Fig. 2d). After conditioning the locus on DQA1*0501, DRB1*0301
remained genome-wide significant (ORconditioned= 2.00, Wald test
P= 2.0 × 10−19, Supplementary Table 7) suggesting that this risk
allele is shared between Asian and European populations. We note
that DQA1*0501 allele is twice as common in Europeans compared
to Asians (control freq. 30% vs. 14%). Moreover, DQA1*0501
and DRB1*0301 are in imperfect LD that is stronger in Europeans
(r2= 0.40) compared to East Asians (r2= 0.29). Although a weak
effect of DQA1*0501 was apparent in our Asian cohorts (Fig. 2c,
Supplementary Table 3), this allele became non-significant after
conditioning on DRB1*0301. In contrast, DQA1*0501 exhibited a
genome-wide significant risk effect after conditioning on
DRB1*0301 in Europeans (ORconditioned= 2.40, Wald test P=
1.8 × 10−18).

Given that our HLA imputation reference panels were
considerably smaller for East Asians compared to Europeans,
we sought additional validation of the observed classical HLA
associations that were Asian-specific. We therefore created
another reference panel based on the MHC sequence data from
Zhou et al.10 including 10,689 control individuals of Han Chinese
ancestry. Using SNP2HLA software, we then re-imputed classical
HLA alleles for our East Asian cohorts. We used the same quality
control filters (MAF > 0.01 and imputation R2>0.8) and methods
for association testing as described above. We observed no major
differences in the association statistics for the two Asian risk
alleles, DRB1*1501 (OR= 3.49, P= 3.85e−40) and DRB1*0301
(OR= 4.08, P= 6.3E−24), demonstrating that these effects do
not represent artifacts of smaller imputation panels.

We next performed the analysis of HLA amino acid
substitutions in Europeans. Consistent with the association
analyses of classical alleles, five bi-allelic sites in DQA1 that
correlate with the DQA1*0501 allele were most strongly
associated with the risk of MN (75Ser-107Ile-156Leu-161Glu-
163Ser, Wald test P= 5.7 × 10−93, Fig. 3b, Supplementary
Tables 8–10). Conditioning on this haplotype in Europeans
uncovered a second independent signal in HLA-DRB1, position
74 (Supplementary Tables 8 and 9), with Arginine representing
the key risk residue (OR 2.86, 95% CI: 2.54–3.23). This residue
defines the European DRB1*0301 risk haplotype (Supplementary
Tables 9 and 10). Notably, positions 74 (Europeans) and 71 (East
Asians) are separated by a single turn along the α-helix, and their
side chains are spatially close to that of position 13, located on the
beta-sheet floor with its side chain oriented into the peptide-
binding groove (Fig. 3c).

To confirm ethnicity-specific HLA effects, we repeated stepwise
conditioning in a joint stratified analysis of all cohorts using bi-
allelic tests of HLA alleles with formal tests of heterogeneity
(Supplementary Table 11, Fig. 4a). The top classical allele
supported by all cohorts regardless of ethnicity was DRB1*0301

Table 2 Effect estimates for top GWAS SNPs by ethnicity and combined across all cohorts.

Locus SNP Risk allele E. Asian
case freq.

E. Asian
control freq.

E. Asian OR
(95% CI)

E. Asian P-
value

European
case freq.

European
control freq.

European OR
(95% CI)

European
P-value

Combined OR
(95% CI)

Combined
P-value

PLA2R1 rs17831251 C 0.85 0.70 2.81 (2.48–3.17) 3.5 × 10−61 0.76 0.61 1.98 (1.81–2.17) 4.7 × 10−48 2.25 (2.09–2.42) 4.7 × 10−103

NFKB1 rs230540 C 0.43 0.35 1.24 (1.14–1.36) 1.8 × 10−6 0.35 0.32 1.25 (1.14–1.36) 7.8 × 10−7 1.25 (1.17–1.33) 3.4 × 10−12

IRF4 rs9405192 G 0.51 0.42 1.40 (1.28–1.53) 8.8 × 10−14 0.73 0.69 1.18 (1.07–1.29) 6.6 × 10−4 1.29 (1.21–1.37) 1.4 × 10−14

HLA rs9271573 A 0.60 0.35 2.97 (2.69–3.28) 3.7 × 10−102 0.62 0.44 2.06 (1.89–2.25) 1.8 × 10−60 2.41 (2.26–2.57) 2.7 × 10−154
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(OR= 3.71, Wald test P= 2.9 × 10−127). After conditioning for
DRB1*0301, the top classical allele was DQA1*0501 (ORconditioned=
1.80, Wald test P= 1.1 × 10−30), but this association was supported
predominantly by Europeans. After controlling for both
DRB1*0301 and DQA1*0501, the top allele was DRB1*1501
(ORconditioned= 1.94, Wald test P= 4.7 × 10−29), but the risk effect
was supported exclusively by East Asians (heterogeneity I2= 97.5,
Cochrane’s Q-test P < 0.05).

PLA2R1 locus and its genetic interactions. Consistent with prior
GWAS, the most significant non-HLA locus resided on chro-
mosome 2q24.26. The top SNP was in the first intron of PLA2R1,
which encodes the main podocyte autoantigen in primary MN.
This signal was supported by both ethnicities, but the effect
appeared stronger in East Asians (OR= 2.81, Meta-analysis P=
3.5 × 10−61) compared to Europeans (OR= 1.98, Meta-analysis
P= 4.7 × 10−48, Table 2). After conditioning the association on
the top SNP, rs17831251, there was no residual association at this
locus, suggesting a common risk haplotype in both ethnicities
(Fig. 1b).

We next refined the previously reported genetic interactions
between the PLA2R1 locus and HLA risk haplotypes. The
PLA2R1 risk genotype exhibited significant multiplicative
interaction with both Asian and European HLA risk haplotypes
(Fig. 4b, c), with the risk homozygosity at both loci associated
with 89-fold increased odds of disease risk in East Asians [OR=
88.8 for double risk homozygotes (N cases/controls= 103/10)
vs. double protective homozygotes (N cases/controls= 15/152),
95% CI: 38.0–207.3, Interaction test P= 7.8 × 10−3] and 14-fold
in Europeans [OR= 14.1 for double risk homozygotes (N cases/
controls= 291/89) vs. double protective homozygotes (N cases/
controls= 52/237), 95% CI: 10.0–22.1, Interaction test P=
6.4 × 10−5]. Because the effect modification was weaker in
Europeans, we next repeated interaction testing separating
individual HLA risk haplotypes (Fig. 4d, e). Notably, the
interaction in Europeans was driven predominantly by the
DRB1*0301-DQA1*0501 haplotype [OR= 28.7 for double risk
homozygotes (N cases/controls= 115/13) vs. double protective
homozygotes (N cases/controls= 75/339), 95% CI: 15.1–54.4,
Interaction test P= 2.2 × 10−3]. After removing its effect,
DQA1*0501 had no residual interaction with PLA2R1
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(Interaction test P= 0.1). Similarly, there was no significant
interaction between DQA1*0501 allele and PLA2R1 locus in East
Asians. These analyses suggest that the PLA2R1 locus interac-
tions are driven primarily by the DRB1 alleles.

We annotated all SNPs in LD with rs17831251 for potential
impact on the structure and/or transcriptional regulation of
PLA2R1. We found two common missense variants in moderate
LD, rs35771982 (p.H300D, r2= 0.69) and rs3749117 (p.M292V,
r2= 0.68), but the effects of these variants were considerably
weaker compared to rs17831251, suggesting that they are unlikely
to represent causal variants (Supplementary Table 12). Our
tissue-specific functional scoring method for non-coding variants
based on the ENCODE and Roadmap Epigenetics data11

prioritized another variant in intron 1, rs17241973 (r2= 0.93
with rs17831251) that intersects a putative enhancer element
across multiple tissues (Supplementary Fig. 6). Both rs17831251
and rs17241973 exhibit strong cis-eQTL effects on PLA2R1
expression wherein the MN risk alleles associate with lower
mRNA expression of PLA2R1 across multiple tissues in GTEx12,
but this effect appears reversed for the kidney tissue (Supple-
mentary Fig. 7). To further confirm these kidney-specific effects,
we used gene expression data from manually micro-dissected
human kidney compartments of 166 NEPTUNE participants13.
We detected suggestive glomerular eQTL effects that were weak,
but direction-consistent with GTEx for rs17831251 (Wald test
P= 0.055) and rs17241973 (Wald test P= 0.024), wherein MN
risk allele were associated with increased glomerular PLA2R1
mRNA levels (Supplementary Fig. 8).

Because kidney tissue compartments are not well represented
in either ENCODE or Roadmap datasets, we next examined the

genomic location of rs17831251 and rs17241973 in relationship
to the recently published kidney compartment-specific chromatin
landscape14 (Supplementary Fig. 9); rs17241973 lies within intron
1 of PLA2R1 in open chromatin that is active in both glomerular
and tubular compartments and is contiguous with the gene
promoter. In contrast, rs17831251 lies within a broad region of
increased chromatin accessibility in glomeruli, and is only 2.1-kb
away from a glomerulus-specific DHS that contains a high-
confidence NFKB1-binding motif. In glomerulus-specific chro-
matin conformation (Hi-C) data, both rs17831251 and
rs17241973 make regional and distal contacts with other
glomerular DHS, emphasizing a composite cis-regulatory module
for PLA2R1 gene expression.

Novel loci encoding NFKB1 and IRF4. The 4q24 locus contains
the NFKB1 gene, which encodes an active DNA binding subunit
of the NF-κB transcriptional complex. The top SNP, rs230540
(OR= 1.25, Meta-analysis P= 3.4 × 10−12), is an intronic variant
predicted to have a functional effect specific to immune cells
(Supplementary Fig. 10). In agreement with our prediction,
rs230540 has been associated with higher mRNA expression of
NFKB1 in whole blood (P= 2.6 × 10−11)15 and in CD4+ T cells
(P= 2.0 × 10−9)16. Consistent with pro-inflammatory effects of
NF-κB, the MN risk haplotype at this locus determined higher
leukocyte counts17 and increased risk of ulcerative colitis18,19 and
primary biliary cholangitis20,21 (Supplementary Table 13, Fig. 5a).
NFKB1 is also expressed in human podocytes22, as well as pri-
mary human glomerular and tubular epithelial cell cultures14, and
rs230540 intersects an active glomerular DHS with several
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glomerular Hi-C contact sites14 (Supplementary Fig. 11). Notably,
the MN risk allele has previously been associated with lower
estimated glomerular filtration rate in GWAS of renal
function23,24, thus this locus may be more broadly associated with
the risk of kidney disease.

The top SNP on chromosome 6p25.3, rs9405192 (OR= 1.29,
Meta-analysis P= 1.4 × 10−14), resides upstream of IRF4 gene,
which belongs to the family of transcription factors regulating
interferon-inducible genes. IRF4 is lymphocyte specific and
negatively regulates Toll-like-receptor signalling that is central
to the activation of innate immune system; this gene is known to

be under the transcriptional control of the NF-kB complex25–27.
Unlike PLA2R1 and NFKB1, IRF4 does not appear to be
expressed in human kidney cells by single nuclei RNA-seq28

(Supplementary Fig. 12). We did not find functional or coding
SNPs in LD with rs9405192, nor did we observe any cis-eQTL
effects for this variant, thus the precise mechanism underlying
this association remains unknown. However, the analysis of
binding sites for individual components of the NF-κB complex in
lymphocytes29 suggested binding of the complex in close
proximity of rs9405192 (Supplementary Fig. 13). The risk allele
at this locus is also in strong LD with variants previously
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associated with increased risk of inflammatory bowel disease19,
and in weaker LD with several risk variants for chronic
lymphocytic leukemia (Supplementary Table 13, Fig. 5a), suggest-
ing the pattern of pleiotropy that is similar to the NFKB1 locus.
Nevertheless, we detected no statistically significant genetic
interactions of IRF4 and NFKB1 loci.

In addition, we systematically annotated all other suggestive
non-HLA loci defined by P < 5.0 × 10−5 and these results are
summarized in Supplementary Table 14. To enhance potential
genetic discovery of novel podocyte antigens, we also repeated
genome scans after conditioning for the PLA2R1 locus, but
detected no additional suggestive loci.

SNP-based heritability and risk explained by GWAS. Using our
genotype data and genome-based restricted maximum likelihood
method (GREML)30, we estimated the overall SNP-based herit-
ability of MN at 0.43 (SE= 0.039) in East Asians and 0.36 (SE=
0.0046) in Europeans. Remarkably, all genome-wide significant
risk alleles exhibited unusually large effect sizes for GWAS. In
order to quantify the fraction of disease variance cumulatively
explained by genome-wide significant SNPs and their interac-
tions, we performed ethnicity-specific GRS analyses (see Meth-
ods). Each GRS was expressed as a weighted sum of risk alleles
with weights defined by their mutually adjusted effect estimates
and included the 3 independent non-HLA SNPs (rs6707458,
rs230540, rs9405192) as well as ethnicity-specific HLA risk alleles
and their interactions. This included rs9269027, rs1974461, and
rs9269027*rs6707458 interaction term for East Asians, and
rs9271541, rs9265949, rs2858309 and rs9271541*rs6707458
interaction term for Europeans (Supplementary Table 15). The
GRS calculated using this method explained 32% disease risk in
East Asians, 25% in Europeans, and 29% of overall disease risk
across all cohorts combined. Remarkably, the magnitude of the
GRS effect was comparable to rare, highly penetrant mutations
causing Mendelian forms of kidney disease, with individuals in
the top decile of GRS having 30 to 40-fold higher disease risk
compared to the lowest decile (Fig. 6a, b).

Clinical correlations of the GRS. For a subset of patients with
available clinical data, we performed genetic correlation analyses
with selected clinical features reflective of disease severity. The
GRS was positively correlated with PLA2R antibody seroposi-
tivity (Wald test P= 9.0 × 10−8), and in those with detectable
antibodies, higher titers at the time of biopsy (Slope test P= 1.2 ×
10−9, Fig. 5b). The GRS also predicted worse proteinuria at the
time of biopsy, which represents the key marker of MN severity
and prognosis (Slope test P= 1.3 × 10−3, Fig. 5c). Other clinical
features, such as age at diagnosis, renal function, or serum
albumin levels at the time of biopsy were not significantly cor-
related with the GRS after multivariate adjustment (Supplemen-
tary Table 16).

Potential diagnostic implications of the GRS. Although the
diagnosis of MN is traditionally established by a kidney biopsy,
the detection of circulating PLA2R antibodies by ELISA has
recently emerged as a useful diagnostic modality31. In this study,
we performed ELISA in sera obtained within 6 months of a
diagnostic kidney biopsy in a total of 2331 individuals (1488
cases, 300 healthy controls, and 543 disease controls). In East
Asians, we estimated that the standard ELISA cut-off of 20 U/mL
provided 100% specificity and 60% sensitivity for the diagnosis of
MN. In the analysis of Europeans, depending on the specific
cohort, the same cut-off provided 99–100% specificity and
51–57% sensitivity (Supplementary Table 17). While the antibody
level of 20 U/mL represents the manufacturer’s recommended

cut-off, levels 2–20 U/mL are frequently considered as borderline-
negative, and levels <2 U/mL as negative31. In our cohorts, the
cut-off 2 U/mL had inadequate diagnostic specificity (range
73–92%). These results confirm the key limitation of the PLA2R
antibody ELISA, which has high specificity (99–100%) but low
sensitivity (51–60%) at the standard recommended cut-off point;
while lowering the cut-off increases sensitivity, it results in
inadequate specificity. Consequently, the levels in the borderline-
negative range (2–20 U/mL) are difficult to interpret clinically.

Given this limitation, we evaluated if the addition of genetic risk
information can improve the performance of ELISA, especially in
cases that fall in the borderline-negative range. First, we evaluated
diagnostic properties of the GRS alone in our discovery cohorts. In
East Asians, the genetic test had area under the receiver operating
characteristics curve (AUROC) of 0.80 (95% CI: 0.78–0.82), while
in Europeans the AUROC was 0.75 (95% CI: 0.74–0.77).
Combining genetic and serologic tests in the form of a CRS
provided superior case discrimination with AUROCs of 0.96 (95%
CI: 0.95–0.98) in East Asians and 0.89 (95% CI: 0.87–0.91) in
Europeans (Fig. 6, Supplementary Table 18).

We next tested the GRS performance in several external
validation cohorts, including three independent GWAS cohorts of
European ancestry as well as in the European-American
NEPTUNE participants with incident nephrotic syndrome
(Supplementary Table 18C-E). Overall, the effects and the
diagnostic performance of the GRS were comparable between
the European discovery and each validation cohort (Fig. 6c).
When combined with the serum antibody titer, the CRS achieved
AUROC of 0.96 (95% CI: 0.94–0.97) across all validation cohorts
combined (Supplementary Table 18E, Fig. 6f).

In the subgroup analyses, we compared the diagnostic
properties of GRS and CRS by the antibody status in all cohorts
pooled by ancestry (Fig. 7). These analyses demonstrated that
both GRS and CRS were predictive of case status even for
antibody-negative MN. Importantly, the CRS continued to have
excellent performance in classifying the borderline-negative cases
(antibody level 2–20 U/mL range), with AUROCs of 0.98 (95%
CI: 0.97–0.99) in East Asians and 0.95 (95% CI: 0.93–0.96) in
Europeans. Notably, among all cases for which the ELISA test was
either negative or inconclusive, adding genetic information in the
form of CRS can establish the diagnosis in 20–37% cases with
99% specificity. The comparison of AUROCs between GRS, CRS,
and serum anti-PLA2R Ab test by ancestry is provided in
Supplementary Fig. 14, and the clinical implications of these
findings are summarized in Supplementary Note 1 and
Supplementary Table 19.

Lastly, we expanded our validation studies to non-European
participants of the NEPTUNE study (Supplementary Tables 20
and 21). Although the European risk score performance was
diminished in Hispanic Americans, the European GRS performed
well in African Americans, and this is despite substantial
differences in risk allele frequencies between Europeans and
Africans (Supplementary Table 22). Similar to the European
validation cohorts, the European GRS was superior compared to
the trans-ethnic GRS when applied to the NEPTUNE minority
populations, while the Asian GRS had relatively poor perfor-
mance in both African-American and Hispanic/Latino cohorts
(Supplementary Table 21, Supplementary Fig. 15).

Discussion
Our study provides important insights into an autoimmune dis-
ease and the genetic architecture of MN. First, we discover novel
genome-wide significant risk loci for MN with large effects
encoding two transcriptional master regulators of inflammation,
NFKB1 and IRF4. The association at the NFKB1 locus highlights
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the role of the canonical NF-κB pathway in primary MN. Upon
activation by pro-inflammatory signals, NFKB1 undergoes pro-
teasome processing to p50, an active DNA binding subunit of the
NF-κB complex. Inappropriate activation of this pathway has
previously been studied in progressive diabetic nephropathy32,

and in the context of inflammatory diseases, including IBD33,34

and MN35–37. Importantly, the MN risk allele at this locus has a
concordant effect on the risk of ulcerative colitis18,19 and primary
biliary cirrhosis20,21. It has also been associated with increased
mRNA expression of NFKB1 in cis, and reduced DNA
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Fig. 6 Diagnostic performance of the genetic risk score (GRS) and the combined risk score (CRS). Genetic effects expressed as odds ratios (OR) and
95% confidence intervals in reference to the lowest decile of the GRS distribution for a East Asian discovery, b European discovery, and c European
validation cohorts combined. GRS and CRS Receiver Operating Characteristics (ROC) curves for d East Asian discovery, e European discovery, and
f European validation cohorts combined; AUROC Area under the ROC curve. Distributions of the CRS between healthy controls, diseased controls, and MN
cases for g East Asian discovery, h European discovery, and i European validation cohorts combined. The box plots depict medians (horizontal lines),
interquartile ranges (boxes), and minimum/maximum values (whiskers). The discovery CRS cut-offs of 1.00 and 1.45 in East Asians and 2.05 and 2.72 in
Europeans have 97% and 99% specificity, respectively. The same European cut-offs were applied to the validation cohorts for comparisons of specificity
and sensitivity.
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methylation in trans across >400 CpGs that overlap with NF-κB-
binding sites, suggesting enhanced baseline activity of NF-κB38.
The NF-κB complex is known to up-regulate IRF4 expression
with cross-regulatory feedback loops between NFKB1 and IRF4
described in several prior studies25–27. Taken together, NFKB1
and IRF4 loci participate in a common regulatory pathway in
immune cells, and our genetic findings clearly establish a critical
role of this pathway in the pathogenesis of MN.

Second, due to the bi-ethnic composition of our cohorts, we
were able to refine ethnicity-specific effects at the HLA locus,
defining DRB1*1501 as a major risk allele in East Asians,
DQA1*0501 in Europeans, and DRB1*0301 in both ethnicities.

These findings suggest that different epitopes are likely presented
to T cells to initiate the anti-PLA2R response in East Asians and
Europeans. We also identified specific high-risk amino acid
substitutions, at positions 13, 71, and 74, mapping to the P4
pocket of DRβ1. Although the same positions contribute to the
risk of T1D39 and rheumatoid arthritis40, the effects of individual
residues at each position are discordant, likely reflecting differ-
ences in target epitopes.

Third, we confirm that a single haplotype at the PLA2R1 locus
conveys the disease risk in both East Asians and Europeans, and
exhibits genetic interactions with HLA-DRB1 risk alleles. Our
analysis supports a regulatory function of the PLA2R1 risk
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Fig. 7 Diagnostic properties of the genetic risk score (GRS) and combined risk score (CRS) stratified by anti-PLA2R antibody status. Comparisons of
receiver operating characteristic (ROC) curves to discriminate antibody positive (PLA2R Ab > 20 U/mL), borderline negative (PLA2R Ab 2–20 U/mL), and
negative (PLA2R Ab < 2 U/mL) cases of primary MN from all available healthy and diseased controls combined for a GRS in East Asian discovery cohorts,
b GRS in European discovery and validation cohorts, c CRS in East Asian discovery cohorts, d CRS in European discovery and validation cohorts. Overall
sensitivities for risk score cut-offs corresponding to 99% specificities in (e) East Asian discovery cohorts and (f) European discovery and validation
cohorts; CRS All: all patients with serum Ab measurements by ELISA within 6 months of a diagnostic kidney biopsy; CRS Ab-: patient subgroup with PLA2R
Ab < 20 U/mL, and GRS All: all patients with GWAS data available for GRS calculation. AUROC: area under the ROC curve (95% confidence interval).
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haplotype. The candidate causal variant resides in the first intron of
PLA2R1 and intersects a predicted enhancer element. While this
variant is normally associated with suppressed PLA2R1 transcrip-
tion across multiple tissues, it appears to increase expression of
PLA2R1 in the kidney. This finding highlights the importance of
studying target tissues and is consistent with the findings that
among CKD loci that are transcriptionally active in renal tissue,
15.8% of effects are kidney-specific41. Notably, the top variants at
the PLA2R1 locus also intersect a putative NF-κB binding site in
lymphocytes, although no similar data is presently available for
podocytes. Further experimental work is thus needed to test if the
glomerular-specific eQTL effect is under the transcriptional control
of NF-κB. Moreover, larger glomerular compartment-specific
datasets will be needed to confirm the observed eQTL effects.

Another observation is that all four genome-wide significant
risk loci (PLA2R1, IRF4, NFKB1, and HLA) exhibit highly
pleiotropic effects and all four lead SNPs have a concordant effect
on the risk of inflammatory bowel disease (IBD). This observation
suggests shared pathogenic mechanism between IBD and MN.
Considering that MN is an orphan disease without a targeted
treatment, there may now be opportunities for drug re-
positioning approaches from IBD, where several new anti-
inflammatory agents are currently under development. Our
study suggests that the NF-κB and interferon pathways may
represent particularly attractive drug targets.

Remarkably, our GWAS loci are highly predictive of the disease
status and jointly explain up to one third of disease risk, an
exceptionally large fraction for common alleles. This may be
partially explained by the fact that MN frequently occurs after the
peak reproductive age, allowing the risk alleles to escape purifying
selection. Moreover, even though the risk alleles are common, our
interaction analysis demonstrates that specific high-risk genotype
combinations are relatively rare in the general population,
potentially explaining the low overall prevalence of MN42. The
alternative hypothesis is that of balancing selection. NF-kB and
IRF4 are both involved in immune defenses against common
pathogens and some Phospholipase A2 ligands for PLA2R1
represent downstream NF-kB targets with antibacterial
properties43,44. Therefore, the observed high frequencies of MN
risk alleles could be explained by their protective effects against
common infections.

Finally, a simple GRS based on our GWAS loci has excellent
discriminant properties when combines with anti-PLA2R
ELISA test. Importantly, the combined genetic-serum test has
superior diagnostic properties compared to serologic test alone,
mitigating the key issue of low sensitivity. The GRS provides
complementary information to the serum test and correctly re-
classifies 20–37% of antibody-negative cases, potentially sparing
the need for a kidney biopsy in this large subgroup of patients.
In the clinical settings where neither a serum test nor a kidney
biopsy is possible, the GRS itself can establish a diagnosis of
MN with 99% specificity in 13–15% of cases. The practical
advantage of this approach is that the GRS can be readily
determined at any time after birth and, unlike the serum test, it
does not fluctuate with time or in relationship to the disease
onset, activity, or treatment. One important limitation, how-
ever, is that genetic effects may be population-specific and may
not be generalizable to populations not represented in our
GWAS. The performance of the GRS is remarkably consistent
in our discovery and validation cohorts, including African-
Americans, but it appears to be lower in self-reported Latino/
Hispanics. Therefore, future efforts extending GWAS for MN to
more diverse populations will be important.

In summary, we described a highly unusual genetic archi-
tecture of MN, including large effect sizes for a small number of
common alleles and a strong evidence for ethnicity-specific

genetic interactions. These insights enabled formulation a pow-
erful genetic disease predictor that provides means to enhance a
non-invasive diagnosis of MN, and can be especially useful in the
settings where kidney biopsy represents too great of a risk or is
not readily available.

Methods
Study design overview. We performed a genome-wide meta-analysis of eight
discovery cohorts of East Asian and European ancestry (2956 cases and 7799
controls), all genotyped with high resolution arrays and imputed to ~7 million
common high-quality markers using ancestry-matched reference panels. The top
signals from the meta-analysis (P < 5 × 10−5) were typed in the additional East
Asian replication cohort of 826 cases and 1239 controls. Subsequently, all cohorts
(3782 cases and 9038 controls) were analyzed jointly to define genome-wide sig-
nificant signals. All subjects provided informed consent to participate in genetic
studies, and the Institutional Review Board of Columbia University as well as local
ethics review committees for each of the individual cohorts approved our study
protocol. The individual cohorts, genotyping methods, and quality control analyses
are described in the Supplementary Methods.

Primary association analyses and genome-wide meta-analyses. Within each
cohort, primary association scans were performed for markers that were common
(MAF > 0.01) and imputed at high quality (r2 > 0.8) using logistic regression under
additive coding of dosage genotypes, and with adjustment for cohort-specific sig-
nificant principal components (PCs) of ancestry. To quantify potential inflation of
type I error due to stratification or technical artifacts, we estimated genomic
inflation factors45 for each genome-wide scan after excluding HLA and PLA2R loci.
No substantial inflation was noted in any individual scan (lambda consistently
<1.05 for each individual cohort). Subsequently, a fixed effects meta-analysis was
performed to combine the results of the eight discovery cohorts using METAL46.
Genome-wide distributions of P-values were examined visually using quantile-
quantile plots for each individual cohort as well as for the combined analysis. The
final meta-analysis quantile-quantile plot showed no global departures from the
expected null distribution (Supplementary Fig. 3), with the genomic inflation factor
estimated at 1.03 for the overall meta-analysis. Suggestive signals were defined by
P-value < 5.0 × 10−5. To declare genome-wide significance of a novel locus, we used
the generally accepted P-value threshold of 5.0 × 10−8.

Conditional analyses. To detect additional independent SNPs at genome-wide
significant loci, we performed stepwise conditional analyses of each locus using
logistic regression. This was done by including the genotype of conditioning SNP
(s) under additive coding as covariate(s) in the outcome model. The conditional
analyses were performed individually within each cohort and with adjustments for
cohort-specific ancestry PCs. Subsequently, the conditioned summary statistics
were combined across cohorts using fixed effects meta-analysis, similar to our
primary association analyses.

Credible set analyses. For each of the three genome-wide significant non-HLA
loci, we derived 99% credible sets using the trans-ethnic and ethnicity-specific
meta-analysis results. First, we derived approximate Bayes factors from GWAS
association statistics using Wakefield’s formula, as implemented in the R package
gtx47. Using CAVIAR software48, we next calculated the posterior probability (PP)
for each SNP driving the association signal at each locus. We assumed there was
only a single causal variant at each locus, since no additional independent SNPs
were detected on stepwise conditioning analyses. We derived both trans-ethnic as
well as ethnicity-specific 99% credible sets based on ranking the variants by their
PPs and adding the variants to the set until cumulative PP > 99% was reached for
each region. The overlaps between ethnicity-specific and trans-ethnic analyses were
visualized in Supplementary Fig. 5.

HLA imputation. Six discovery cohorts (Chinese, South Korean, Japanese, Eur-
opean-1, European-2, and Turkish) had primary genotype data available for HLA
imputation and association testing. For each of these cohorts, we imputed classical
HLA alleles at two- and four-digit resolution, as well as individual amino acid
polymorphisms at class I (HLA-A, -B, and -C) and class II (HLA-DQB1, HLA-
DQA1 and HLA-DRB1) loci using SNP2HLAsoftware49. The European cohorts and
the East Asian cohorts were imputed separately, using ethnicity-specific reference
panels. For European reference, we used the pre-phased HLA reference dataset
generated by the Type 1 Diabetes Genetics Consortium (T1DGC, 5,225 indivi-
duals)49. For our East Asian cohorts, we used the Pan-Asian HLA Reference Panel
(268 individuals)50. For validation of classical HLA association results in East
Asians, we built additional East Asian reference panel based on the MHC sequence
data from Zhou et al. (10,689 Han Chinese)10. In the association analyses, we
included only common HLA alleles (MAF > 0.01) that were imputed with high
certainty (R2 > 0.8).
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Statistical framework for HLA association testing. Given that the frequency of
HLA alleles can vary by ethnicity, we performed HLA association testing Eur-
opeans and East Asians separately. We used logistic regression models to test the
additive effects of HLA allele dosages with adjustment for significant PCs of
ancestry. For multi-allelic loci, we used the following logistic regression model:

log oddsið Þ ¼ β0 þ
Xm�1

j¼1

βjxj;i þ
Xn
k¼1

βkPk;i ð1Þ

where m indicates a total number of alleles at a specific multi-allelic locus, j
indicates a specific allele being tested, and xj,i is the imputed dosage for allele j for
individual i; β0 represents the intercept and βj represents the additive effect of an
allele j; Pk,i denotes the value for kth PC of individual i, n is the total number of
significant PCs in the dataset, βk is the effect size of principal component k. We
compared log-likelihoods of two nested models: the full model containing the test
locus and relevant covariates with the reduced model without the test locus, but
with the same set of covariates. The deviance was defined as −2×log likelihood
ratio, which follows a X2-distribution with m− 1 degrees of freedom, from which
we calculated P-values. In addition to multi-allelic tests, we also performed bi-
allelic tests of association for all individual SNPs, classical HLA alleles, and indi-
vidual amino acid residues in HLA molecules. All analyses were performed using
dosage method under additive coding. Stepwise conditioning analyses across the
HLA region were performed using both multi-allelic and bi-allelic coding of HLA
variants. In each round of stepwise conditioning, we first included the most sig-
nificant variant as the covariate in the logistic regression model. If additional
independently associated markers are detected, they are included as covariates in
our subsequent models. We repeated these analyses until no residual associations
across the entire locus were observed.

Analysis of polymorphic amino-acid sites in HLA genes. To test the effects of
individual amino acid substitution sites within the HLA-DRB1 and HLA-DQA1
genes, we applied a conditional haplotype analysis using fully phased haplotypes
across the HLA region. We tested each single amino acid position by first
identifying the m possible amino acid residues occurring at that position and
then using m− 1 degrees of freedom test to derive P-values, with a single amino
acid residue arbitrarily selected as a reference. For conditioning on individual
amino acid sites, we used the following procedure: by adding a new amino acid
position to the model, a total of k additional unique haplotypes were generated
and tested over the null model (without a new amino acid site) using the like-
lihood ratio test with k degrees of freedom. If the new position was indepen-
dently significant, we further updated the null model to include all unique
haplotypes created by all amino acid residues at both positons to identify
another independent position. The procedure was repeated until no statistically
significant positions were observed.

Testing for pairwise epistasis. Multiplicative interactive effects were tested using
logistic regression model; SNPs were coded under additive genotype coding (0, 1,
2), and interaction terms were defined as simple products of genotypes. To screen
for interactions, we tested a lead SNP at each of the three non-HLA loci against
each of the five independent HLA SNPs (three in Europeans and two in East
Asians) resulting in a total of 15 independent tests. We additionally tested for all
pairwise interactions between the three non-HLA loci shared between both eth-
nicities resulting in three additional tests. In each case, we used a likelihood ratio
test comparing two nested models: the full model with both main effects and the
interaction term to the reduced model with main effects only. Given a total of 18
pairwise interaction tests, we used a Bonferroni-corrected significance threshold of
0.05/18= 2.8 × 10−3. In secondary analyses, we explored if significant HLA risk
haplotypes interact with the PLA2R1 risk allele in the six cohorts with fully
imputed classical HLA alleles. This included a total of 2759 East Asians (803 cases
and 1956 controls) and 4507 Europeans (1880 cases and 2627 controls).

Functional annotations of GWAS loci. We used several different approaches to
perform functional annotations of our significant loci. We first defined the
region of each locus as +/−400 kb of the index SNP. Using ANNOVAR soft-
ware51, we identified functional variants within each region that were in strong
linkage disequilibrium (r2 > 0.8) with the top SNP, including all known coding,
splicing, 3′UTR and 5′UTR variants (Supplementary Table 12). To assess for
potential functional variation in non-coding regions, we used our recently
proposed tissue-specific functional scoring method (FUN-LDA)11. Using FUN-
LDA, we estimated the posterior probability for each variant in strong LD with
the top SNP of being functional across 127 different tissues or cell types profiled
by ENCODE and ROADMAP consortia (Supplementary Figs. 6 and 10). To
interrogate candidate variants against kidney-specific chromatin landscape, we
analyzed regulatory DNase-seq maps paired with RNA-seq gene expression
profiles from primary outgrowth cultures of human glomeruli (composed mainly
of podocytes and mesangial cells) and renal cortex cultures (composed mainly of
tubular cells), as well as chromatin conformation (Hi-C) maps from freshly
isolated human glomeruli (Supplementary Figs. 9 and 11)14. To test for eQTL
effects in kidney tissue, we used gene expression data from the NEPTUNE
study13. This dataset is comprised of whole genome DNA sequence data and

genome-wide transcriptome data (Affymetrix 2.1 ST chips) performed on micro-
dissected glomerular (N= 136) and tubulointerstitial (N= 166) tissue com-
partments from kidney biopsies of patients with nephrotic syndrome. For each
locus, we tested the index SNP and its high LD SNPs (r2 > 0.8). Testing for cis-
eQTL effects involved all transcripts within 1-Mb region centred on each SNP
using the additive linear regression with adjustments for age, sex, PEER factors
and first 4 PCs of ancestry as described previously13. In addition to kidney tissue,
all loci were similarly interrogated for eQTL effects in the GTEx database version
8. Because NFKB1 and IRF4 both encode transcription factors, we also explored
their potential binding in close proximity of each other or PLA2R1 gene. Based
on the Chip-seq data for all five subunits of NFκB complex in immortalized
lymphocytes (GSE55105)29, we found that the top SNPs at PLA2R1 and IRF4
loci intersect potential NFκB complex binding site (Supplementary Figs. 8 and
13). In addition, rs230492, a variant in strong LD (r2=0.94) with the top SNP at
the NFKB1 locus intersects a potential IRF4 binding site based on the Chip-seq
data of IRF4 (GEO: GSM803390).

Pleiotropy analysis. We used the latest GWAS catalogue data to perform sys-
tematic cross-annotation of our top risk alleles against all other published GWAS
findings. We first identified all genome-wide significant SNPs (P < 5 × 10−8)
reported in the catalogue that resided within the genomic regions of association
with MN. We assessed the extent of linkage disequilibrium (r2) between these SNPs
and the top MN risk alleles based on the combined European and East Asian
sequence data from 1000 Genomes (phase 3). We next defined the directionality of
pleiotropic effects as either concordant or opposed in relationship to the MN risk
alleles. In addition, we queried each qualifying SNP from the catalogue against our
genome-wide summary statistics to extract the odds ratios and P-values for asso-
ciations with MN. We defined overlapping susceptibility alleles if r2 exceeded 0.2
(Supplementary Table 13). Lastly, we constructed a susceptibility overlap map that
connects each of the MN loci to the previously associated GWAS traits and
highlights associations with SNPs in high LD with the top MN signals (Fig. 5a).
The map was visualized with Cytoscape v.3.6 software.

Podocyte gene annotations of GWAS loci. To search for potential novel podo-
cyte antigens encoded by our suggestive loci, we interrogated each locus against a
podocyte-specific gene list predicted with in silico “nanodissection” approach
(Supplementary Table 14). This computational approach used Affymetrix gene
expression data from micro-dissected glomerular and tubulo-interstitial compart-
ments of 452 renal biopsies52. In addition, we cross-annotated our positional
candidates against the list of native podocyte proteins discovered by proteomic
profiling of mouse podocytes53. All suggestive loci were additionally tested for
multiplicative interactions with classical alleles, and the top most significant
interactions were summarized in Supplementary Table 14. Lastly, we annotated all
positional candidate genes using manual PubMed literature searches to prioritize
genes with a previously established role in podocyte biology.

GR analysis. To estimate the cumulative effect of independently significant
GWAS loci, we used a GRS approach. We first identified SNPs with independent
contributions to MN risk at each locus using stepwise conditional analyses. Next,
we tested for multiplicative interactions among those independently associated
SNPs. We then built a logistic regression model including all independent SNPs
along with their significant interaction terms to derive mutually adjusted effect
sizes (Supplementary Table 15). Because we observed ethnicity-specific signals at
the HLA locus, we generated ethnicity-specific for East Asians and Europeans
separately. The ethnicity-specific risk scores were defined as a weighted sum of
independent risk alleles and their significant interaction terms, weighted by their
mutually adjusted effect sizes. The GRS was standardized using a Z-score
transformation based on the mean and standard deviation for the distribution of
ethnically matched controls, so that the standardized GRS was reflective of the
distance between the raw score and the control mean in units of standard
deviation. The final formulation of the GRS is as follows:

East AsianGRSi ¼ 0:69173 ´ d rs9269027� Að Þi þ 1:23685 ´ d rs1974461� Tð Þiþ0:36687
�
´ d rs6707458� Gð Þiþ 0:25098 ´ d rs230540� Cð Þiþ 0:39127

´ d rs9405192� Gð Þi þ 0:48798 ´ d rs9269027� Að Þi ´ d rs6707458� Gð Þi
� East Asian ControlMeanGRS�= East Asian Control SDGRS

ð2Þ

where GRSi= genetic risk score for individual i, di= dosage of risk allele (from 0
to 2) for individual i, East Asian Control Mean GRS= 1.6804, East Asian
Control SD GRS= 1.003

EuropeanGRSi ¼ 0:34945 ´ d rs9271541� Cð Þi þ 0:67919 ´ d rs9265949� Tð Þi
�
þ 0:30707 ´ d rs2858309� Cð Þi þ 0:34601 ´ d rs6707458� Gð Þi
þ 0:17450 ´ d rs230540� Cð Þi þ 0:18343 ´ d rs9405192� Gð Þi
þ 0:33782 ´ d rs9271541� Cð Þi ´ d rs6707458� Gð Þi
�European ControlMeanGRS�=European Control SDGRS

ð3Þ

where GRSi= genetic risk score for individual i, di= dosage of risk allele (from 0
to 2) for individual i, European GRS control mean= 1.5089, European GRS
control SD= 0.8202.
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The percentage of the total variance in disease risk explained was estimated
using Nagelkerke’s pseudo R2 from the logistic regression model with the
standardized GRS as a predictor and case-control status as an outcome. The
performances of the ethnicity-specific GRS were estimated by the AUROC. We
performed detailed GRS cut-off analyses in the discovery cohorts by selecting cut-
off points on the ROC curve that provide specificities in the range from 95 to 100%.
For each cut-off point, we calculate sensitivity, specificity, positive likelihood ratio
(LR+), and negative likelihood ratio (LR-). All GRS analyses were implemented in
R version 3.3.2.

CRS formulation. The CRS was formulated as a weighted sum of the GRS and
serum anti-PLA2R antibody levels in U/mL. The weight was determined using
logistic regression model, with standardized ethnicity-specific GRS (formulated as
described above) and natural log-transformed anti-PLA2R antibody levels as two
predictors and case-control status as an outcome. This resulted in the following
model:

Yi ¼ β0 þ β1GRSi þ β2ln αPLA2Ri þ 0:001ð Þ ð4Þ
where GRSi indicates the Z-transformed ethnicity-specific GRS for individual i, β0
indicates the intercept, β1 indicates the effect size of the GRS estimated based on
discovery cohorts; αPLA2Ri is the serum level of PLA2R antibodies in U/mL; the
constant 0.001 is added to enable log transformation of undetectable (zero) levels;
β2 represents the effect size for anti-PLA2R antibody positivity estimated based on
discovery cohorts. The weight for the In(αPLA2Ri+ 0.001) term was then defined
as follows:

Weight ¼ β2
β1

ð5Þ

Consequently, the weights for antibody levels were calculated for East Asian and
European separately, which resulted in the following Crude CRS formulation:

Crude CRSi ¼
GRSi þ 0:4829 ´ ln αPLA2Ri þ 0:001ð Þ; if i 2 European

GRSi þ 1:7712 ´ ln αPLA2Ri þ 0:001ð Þ; if i 2 East Asian

�
ð6Þ

In the final step, the Crude CRS was Z-transformed using the mean and
standard deviation for ethnicity-matched healthy controls:

CRSi ¼
Crude CRSi � European ControlMeanCRSð Þ= European Control SDð Þ; if i 2 European

Crude CRSi � E:Asian ControlMean CRSð Þ= E:AsianControl SDð Þ; if i 2 East Asian

�

ð7Þ
where European Control Mean CRS=−1.4982, European Control SD= 1.4354, E.
Asian Control Mean CRS= 0.3724, E. Asian Control SD= 2.7503.

The CRS performance was estimated by the area under the receiver operating
curve (AUROC). Similar to GRS, we explored different CRS cut-offs that
maximized specificity in the range 95 to 100%. For each cut-off, we calculated
sensitivity, specificity, positive likelihood ratio (LR+), and negative likelihood ratio
(LR−). The integrated discrimination improvement (IDI) and net reclassification
improvement (NRI)54 were calculated comparing the CRS test to the serum PLA2R
antibody test alone. All CRS analyses were implemented in R version 3.3.2
(CRAN).

European GWAS validation cohorts. For the purpose of GRS validation, we
utilized three previously published external GWAS cohorts of European ancestry:
the UK, French, and Dutch Validation Cohorts6. These cohorts were composed of
biopsy-documented cases of primary MN and ethnicity-matched healthy controls,
totalling 2,887 individuals (550 cases and 2337 controls, see Supplementary
Methods for details). For all three cohorts, we obtained primary genotype data after
quality control analysis as published previously6 and performed phasing and
imputation using Eagle v.2.3 and Minimac3 with European populations of Phase 3
1000 Genome Project as a reference. The cases and controls were imputed jointly.
The GRS for each individual was determined using genotype dosages for the SNPs
included in the score. The performance of GRS was then analyzed individually in
each cohort, and in all cohorts combined (Supplementary Tables 17–19).

NEPTUNE GRS validation cohorts. The Nephrotic Syndrome Study Network
(NEPTUNE) is a prospective, longitudinal cohort recruiting participants with
nephrotic syndrome at the time of first kidney biopsy8; primary disease diagnoses
of MN, FSGS, MCD, and IgAN were determined by a central pathology review. All
NEPTUNE participants underwent low-depth whole genome sequencing as
described in the Supplementary Methods. The GRS was successfully determined for
N= 475 NEPTUNE participants. This included 89 cases with the diagnosis of
primary MN and 386 disease controls, including 184 with FSGS, 164 with MCD,
and 38 with IgAN. Our pre-specified primary GRS validation involved 180 NEP-
TUNE participants of European ancestry (46 cases and 134 disease controls,
Supplementary Tables 17–18). In secondary analyses, we extended our validation
studies to the entire multiethnic cohort of 475 NEPTUNE participants (Supple-
mentary Tables 20–21), including subgroup analyses of 133 individuals of African
American ancestry (18 cases and 115 disease controls) and 94 individuals of
Hispanic/Latino American ancestry (18 cases and 76 disease controls). The

numbers of NEPTUNE participants in other ancestral groups were too small for a
meaningful analysis.

PLA2R antibody testing. In total, we determined serum antibody levels in N=
2331 study participants with genetic data (N= 1488 cases, N= 300 healthy con-
trols, and N= 543 disease controls) across all cohorts and ethnicities. The ancestry-
matched diseased controls were recruited among patients commonly presenting
with nephrotic syndrome, including FSGS, MCD, IgAN. For all MN cases and
disease controls, serum samples were obtained near or at the time of kidney biopsy
and any samples obtained more than six months after the biopsy were excluded
from the analysis. All individuals that underwent antibody testing had matched
genetic data, enabling derivation and diagnostic testing of the CRS.

We performed a standardized measurement of serum anti-PLA2R Ab levels
using the anti-PLA2R ELISA (IgG) test kit (EUROIMMUN Medizinische
Labordiagnostika AG), which employs the indirect ELISA methodology. The kit
includes a 96-well microplate pre-coated with PLA2R, 5 calibrators (2, 20, 100, 500,
and 1500 U/mL respectively), positive and negative control samples, peroxidase-
labelled anti-human IgG (rabbit) enzyme conjugate, kit specific sample and wash
buffers, Chromogen/substrate solution (TMB/H2O2), and stop solution. The assay
was run as per the protocol included with the kit. A 5-point calibrated analysis was
used to calculate the results for each assay performed. A standard curve was
generated based on the spectrophotometric reading of the five calibrators included
on each microplate. As recommended by EUROIMMUN, the sample was called
positive if antibody level was ≥20 U/mL.

In the discovery stage, we analyzed sera for a total of N= 459 East Asian and
N= 1034 European participants. The European cohorts included 810 cases with
MN, 99 healthy controls, and 125 disease controls (37 FSGS and 88 IgAN). The
East Asian cohorts included 304 cases with MN, 56 healthy controls, and 99 disease
controls (52 FSGS and 47 IgAN). The disease controls were not included in the
GWAS discovery analysis, but were added to test for disease specificity of the
serologic test. We note that one East Asian disease control with a clinical diagnosis
of IgAN tested anti-PLA2R antibody positive at high titer; follow-up pathology
review found evidence of previously unrecognized sub-epithelial deposits
diagnostic of MN in addition to IgA-dominant mesangial deposits; this individual
was subsequently removed from the analysis.

In the validation phase, we analyzed sera for a total of N= 540 individuals
including European case-control cohorts (N= 248 cases and N= 145 healthy
controls) and a total of 147 European NEPTUNE participants (N= 36 cases and
N= 111 disease controls). In secondary analysis, we extended testing to additional
180 NEPTUNE participants of non-European ancestry (N= 28 cases and N= 152
controls). This included 103 NEPTUNE participants of African American ancestry
(16 cases and 87 disease controls) and 77 participants of Hispanic/Latino ancestry
(12 cases and 65 disease controls). These numbers are smaller compared to the
GRS validation cohorts, since not all NEPTUNE participants had sera sampled
within 6 months of biopsy.

Testing for phenotypic correlations of the GRS. Using extensive clinical infor-
mation available for our discovery cohorts, we investigated correlations between
GRS and clinical traits from the time of kidney biopsy including age at diagnosis,
24-h proteinuria (P24), estimated glomerular filtration rate (eGFR), serum albumin
(Alb) and serum anti-PLA2R1 antibody level (Supplementary Table 16). The eGFR
was estimated based on serum creatinine level using the Modification of Diet in
Renal Disease (MDRD) equation55. The proteinuria was quantified using spot
urine protein-to-creatinine ratios. The values of proteinuria and eGFR were nor-
malized by natural log-transformation. The serum albumin and anti-PLA2R1
antibody levels also required natural log-transformation. For each quantitative
trait, we built a linear regression model with GRS as a predictor and each corre-
sponding trait as an outcome. For dichotomous traits (anti-PLA2R seropositivity or
presence of nephrotic range proteinuria), we used logistic regression with a GRS as
a predictor and each binary trait as an outcome. The association analysis for age at
diagnosis (biopsy) was performed before and after adjustment for sex and ancestry.
The tests of proteinuria, eGFR, serum albumin and serum anti-PLA2R1 antibody
levels were carried out before and after controlling for age, sex and ancestry.
Statistical analyses were implemented in R version 3.3.2.

SNP-based heritability. We estimated the SNP-based heritability of MN in East
Asians and Europeans using the GCTA-GREML algorithm30,56. For this analysis,
we included three European cohorts (European discovery 1, European discovery 2
and Turkish discovery) and three East Asian cohorts (Chinese, Korean and Japa-
nese discovery) that had primary genotype data available for joint heritability
analysis. We first estimated pairwise genetic relationship matrix between all indi-
viduals using autosomal SNPs. With the GCTA software57, we next estimated the
disease variance explained by all autosomal SNPs. We transformed the estimate
assuming an underlying liability scale and disease prevalence of 0.001. We derived
a standard error (SE) and 95% confidence interval for each estimate.

Reporting summary. Further information on research design is available in
the Nature Research Reporting Summary linked to this article.
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Data availability
All genome-wide summary statistics, including those presented in Fig. 1, are freely
available for download on our lab website: www.columbiamedicine.org/divisions/kiryluk/
resources.php. The calculations of genetic risk score (GRS) and combined risk score
(CRS) are implemented in the form of an online risk calculator, which is also freely
available on our lab website. The PAGE consortium control genotype data is available on
dbGAP under accession number phs000356.v2.p1. Primary genotype data for the
European-1 discovery cohort is available under dbGAP accession number phs001984.v1.
p1. Our IRB determined that the use of this dataset is restricted to genetic studies of
kidney disease. Because of consent restrictions and/or country-specific privacy laws, we
are unable to share primary genotype data on dbGAP for other cohorts. All data and
summary statistics are available from the corresponding authors upon reasonable
request.
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ABSTRACT
Background Steroid-sensitive nephrotic syndrome (SSNS), the most common form of nephrotic syndrome in
childhood, is considered an autoimmune disease with an established classic HLA association. However, the pre-
cise etiology of the disease is unclear. In other autoimmune diseases, the identification of loci outside the classic
HLA region by genome-wide association studies (GWAS) has provided critical insights into disease pathogene-
sis. Previously conducted GWAS of SSNS have not identified non-HLA loci achieving genome-wide significance.

Methods In an attempt to identify additional loci associated with SSNS, we conducted a GWAS of a large
cohort of European ancestry comprising 422 ethnically homogeneous pediatric patients and 5642 ethni-
cally matched controls.

Results The GWAS found three loci that achieved genome-wide significance, which explain approximately
14% of the genetic risk for SSNS. It confirmed the previously reported association with the HLA-DR/DQ
region (lead single-nucleotide polymorphism [SNP] rs9273542, P51.59310243; odds ratio [OR], 3.39; 95%
confidence interval [95% CI], 2.86 to 4.03) and identified two additional loci outside the HLA region on
chromosomes 4q13.3 and 6q22.1. The latter contains the calcium homeostasis modulator family member
6 gene CALHM6 (previously called FAM26F). CALHM6 is implicated in immune response modulation; the
lead SNP (rs2637678, P51.27310217; OR, 0.51; 95% CI, 0.44 to 0.60) exhibits strong expression quantita-
tive trait loci effects, the risk allele being associated with lower lymphocytic expression of CALHM6.

Conclusions Because CALHM6 is implicated in regulating the immune response to infection, this may
provide an explanation for the typical triggering of SSNS onset by infections. Our results suggest that a
genetically conferred risk of immune dysregulationmay be a key component in the pathogenesis of SSNS.
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CASE REPORT Open Access

A case report of breast cancer and
membranous nephropathy with positive
anti phospholipase A2 receptor antibodies
David Mathew* , Sanjana Gupta and Neil Ashman

Abstract

Background: Testing for antibodies against podocyte phospholipase A2 receptor-1 (PLA2R) allows clinicians to
accurately identify primary membranous nephropathy (MN). Secondary MN is associated with a spectrum of
pathology including solid organ malignancy. PLA2R positivity in these patients occurs, although no case of PLA2R-
positive MN has been definitively linked to cancer.

Case presentation: We describe a case of biopsy-proven PLA2R-positive MN, in whom invasive ductal carcinoma
of the breast was discovered. The patient underwent surgery and adjuvant chemotherapy (including
cyclophosphamide) and went into a sustained complete remission of her nephrotic syndrome.

Discussion and conclusions: Case series have reported PLA2R positivity in patients with solid organ malignancy
associated MN. Our case is unusual as it is a breast malignancy, and the patients nephrotic syndrome and anti-
PLA2Rab titres improved with treatment of the cancer. Here we report, to the best of our knowledge, the first case
of oestrogen receptor-2 positive breast cancer associated with PLA2R positive MN in a young lady that was treated
successfully by treating the malignancy.

Keywords: Cyclophosphamide, Malignancy, Membranous, Nephrotic, PLA2R, Primary, Remission

Background
Antibodies against podocyte phospholipase A2 receptor-1
(PLA2R [1]) were discovered in 2009. Testing for PLA2R
antibody allows clinicians to quickly and accurately (speci-
ficity approaching 100% [2]) identify primary membranous
nephropathy (MN). Secondary MN is associated with a
spectrum of pathology including solid organ malignancy.
PLA2R positivity in these patients occurs, although no
case of PLA2R-positive MN has been definitively linked to
cancer [3]. We describe a case of biopsy-proven PLA2R-
positive MN, in whom invasive ductal carcinoma of the
breast was discovered. The patient underwent surgery and
adjuvant chemotherapy (including cyclophosphamide)

and went into a sustained complete remission of her
nephrotic syndrome.

Case report
A 42 year old Black British woman with no previous
medical history of note presented with the nephrotic
syndrome (albumin 28 g/L, urine protein creatinine ratio
(uPCR) 650 mg/mmol and cholesterol 11.3 mmol/L).
Excretory renal function was preserved with estimated
glomerular filtration rate (eGFR) > 60mL/min/1.73m2.
She described 2 months of leg swelling with no other

associated symptoms; physical examination identified
ankle oedema and hypertension with a blood pressure of
152/82 mmHg.
Further laboratory testing to investigate her nephrotic syn-

drome was as follows: Hepatitis B Surface Antigen negative,
Hepatitis B Core Antibody negative, Hepatitis C Antibody
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and HIV serology negative. Anti-Nuclear Antibody negative,
Extractable Nuclear Antigen negative, Double stranded
DNA negative and Rheumatoid Factor undetectable. Im-
munoglobulin A 2.33 g/L, Immunoglobulin G 7.8 g/L, IgG
Subclass 4 0.349 g/L, Immunoglobulin M 0.96 g/L, C3 1.46
g/L, C4 0.47 g/L. No light chains detected on serum or urine
protein electrophoresis.
An anti-PLA2R antibody titre was measured at

178kunits/L by ELISA.
Renal biopsy demonstrated characteristic capillary loop

thickening, spike formation on silver stain and positive
immunohistochemistry for anti-PLA2Rab with polytypic
IgG4. A diagnosis of primary MN was made.
Her blood pressure and volume overload were

controlled on irbesartan and furosemide. Anticoagula-
tion was declined by the patient even when her albumin
dropped to < 25 g/L. The expected hypercholesterol-
aemia was managed with atorvastatin.
Despite maximal non-immunosuppressive anti-

proteinuric treatment the patient’s nephrosis persisted,
and worsened. Her serum albumin fell to 18 g/L, uPCR in-
creased to 950mg/mmol and anti-PLA2Rab rose on serial
testing to 448kunits/L. Eleven months after her initial
presentation, in this context, it was agreed with her to
treat with immunosuppression. Initiation of this regime
was delayed at the patients request. Two months after this
decision had been made and, prior to the commencement
of any immunosuppression therapy, the patient was diag-
nosed with multifocal grade 2 invasive ductal carcinoma
of the right breast. This was estrogen receptor positive
and human epidermal growth factor negative and staging
revealed no metastatic disease (pT2 pN1 M0).
She underwent curative treatment with a right mastec-

tomy and axillary lymph node clearance followed by
chemotherapy and chest wall radiotherapy. Post-
operatively and prior to adjuvant chemotherapy with
intravenous cyclophosphamide and doxorubicin she
remained nephrotic. She then completed 6 cycles of
chemotherapy and received a total cyclophosphamide
dose of 6.4 g with doxorubicin 0.64 g.
Clinical improvement of MN timed to successful treat-

ment of the underlying malignancy. After completion of
chemotherapy her serum albumin had increased to 34 g/
L, the uPCR had improved to 512 mg/mmol (peak 1400
mg/mmol) and the anti-PLA2Rab titre fell to 4kunits/L
(peak titre 674kunits/L). Now, 18 months after complet-
ing therapy, her anti-PLA2Rab titre is < 2, with a normal
serum albumin and a reducing urine PCR of 344mg/
mmol. She is now in a sustained partial remission from
her MN.

Discussion and conclusions
Case series have reported PLA2R positivity in patients
with solid organ malignancy associated MN. In one [3],

only 3 of 10 patients were positive both for serum anti-
PLA2RAb and histological IgG4. These patients had
stomach, lung and larynx malignancies. Our case is
unusual as it is a breast malignancy, and her nephrotic
syndrome and anti-PLA2Rab titres improved with
treatment of the cancer. Additionally, our patient is
young whereas the mean age of malignancy associated
MN is 66.
The cyclophosphamide dose used to treat the breast

cancer was a lower dose than that used to successfully
treat primary MN; however the contribution of this
treatment to the resolution of her nephrosis cannot be
completely excluded, indeed there are reports of partial
remission of MN with Cyclophosphamide doses of less
than 3 g [4]. Although less likely given her high PLA2R
titre, a spontaneous remission of primary MN is also
possible independent of the malignancy.
Here we report, to the best of our knowledge, the first

case of oestrogen receptor-2 positive breast cancer asso-
ciated with PLA2R positive MN in a young lady that was
treated successfully by treating the malignancy. We cau-
tion clinicians that the exclusive use anti-PLA2Rab in
determining a diagnosis of primary MN may not be
appropriate.
Case series have demonstrated an association between

THSD7A and malignancy in MN [5] and the advent of
laser capture microdissection and mass spectrometry has
led to the identification of NELL1 as a putative bio-
marker for malignancy associated MN in PLA2R nega-
tive patients [6]. It is likely that further targets will be
identified in the field of MN in the coming years which
will further elucidate the association between this dis-
ease and malignancy.

Abbreviations
eGFR: Estimated Glomerular Filtration Rate; PLA2R: Phospholipase A2
Receptor-1; MN: Membranous Nephropathy; uPCR: urine Protein Creatinine
Ratio; NELL1: Nerve Epidermal Growth Factor Like 1;
THSD7A: Thrombospondin type-1 domain containing 7A
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Partial remission ( PR ): reduction of uPCR >50% from max  
uPCR<350mg/mmol and  >5mg/mmol
Complete remission ( CR): uPCR <50mg/mmol and normal 
serum albumin 

Rituximab (RTX)  is commonly used for the treatment of  

Membranous Nephropathy (MN)  but maintenance of remission 

and relapse following treatment is variable. Response to RTX after 

previous immunosuppression (IS)  for MN is not well established.

Lina Nikolopoulou1, Sanjana Gupta2, Caroline Tulley3, Jack Stuart1, Ruth Pepper3, Neil Ashman2, Megan Griffith1

1Imperial College Healthcare NHS Trust, 2Barts Health NHS Trust, 3Royal Free London NHS Trust

Rituximab dosing in 
Membranous Nephropathy may 
be suboptimal 

91 patients from 3 centres with biopsy proven MN treated with RTX 2x1
gr , 2 weeks apart were included. 80/91 ( 87%) were anti-PLA2R antibody
positive. The group was further analysed in two subgroups depending on
whether RTX was administered for new presentation of nephrotic
syndrome (NS) or for relapsing/ previously treated MN. Baseline
characteristics shown on Table 1.

Group 1: Patients with new presentation MN

n=50 patients Follow up (FU) 15 months (median, range 1-34)  44 (88%) 
anti PLA2R +ve

Group 2: Relapsing or disease resistant to previous immunosuppression 
(IS)  

n=41,  FU 8 months ( 1-38), 36/41( 87%) anti-PLA2R +ve

29/41 previous tacrolimus ( TAC) ( 18/29 – on TAC at time of RTX)

12/41previous cyclophosphamide (CYC)

At administration 
of RTX 

UPCR mg/mmol 
median(range) 

GFRml/min/1.73m2

median(range) 

anti-PLA2R Ab 
U/L  median ( 

range)  

Bcell / uL
(median, 

range) 

Total group n=91 899 ( 155-2363) 60 (13-90) 115(50-1786)

RTX for New MN 
n=50

1015(216-2363)* 60(13-90) 172(59-1786) 208 (64-603)

RTX for relapsing/ 
resistant  MN 

n=41

641(155-1731)*  

*p:0.002

55(20-90) 71(20-993) 289 (110-665)

Time to Bcell Depletion from 1st dose of RTX: 

New MN:  4.5 weeks (median, range 1.5 - 15 )

Previous TAC:  5.1 weeks (1-24 )

Previous Cyclo: 4.5 weeks (3-37) p:ns 

Time to Bcell Reconstitution from 1st dose of RTX 

New MN : 26 weeks the IS naïve group (7.6 -131 w)  

Previous treatment: 34 weeks  (15-63) ( p:0.1 ns ) (Figure 1)

REMISSION

New MN:  PR: 26/50 (52% ) at 7 months (2-25) from 1st dose RTX 

➢ 5 months  (1-24)* from Bcell depletion 

➢ 15/50 cases: extra dose of RTX  at 30weeks ( 21-41) 
from 1st dose 

➢ CR:4/50 ( 8%) at 18 months (9-23) from 1st dose RTX 

PREVIOUSLY TREATED : PR 26/41 (63%) (p: 0.3 ns)

Previous TAC: PR: 19/29 (65%)  at 3.5 months ( 1-21)* from 1st RTX  

➢ 2months (1- 20) from Bcell depletion   

➢ 15/18 (83%) cases also on TAC at time of RTX 
achieved PR after RTX]

➢ CR : 6/29 (20%)  at 6.5 months ( 1-17) from 1st RTX 

➢ 5 m ( 2.5-16) from B cell depletion

Previous CYC: PR 7/12 (58%) at 9m (1-24)* from 1st dose RTX CR: none
to date *p >0.5 ns in time to PR

RELAPSE

NEW MN : 4/26(15%) relapsed at a median of 7w (3w -21 m ) from
reconstitution of Bcells

Previous treatment: TAC:4/ 19 and CYC: 4/7 relapsed median 25w ( 4-
76) – 2 prior to reconstitution of Bcells

Table 1 Baseline proteinuria ( urinary protein: creatinine ratio, uPCR) , renal function  ( glomerular 
filtration rate ,GFR) and anti-phospholipase A2 receptor ( anti-PLA2R) antibody levels  of patients 
treated with Rituximab(RTX)  for Membranous Nephropathy at the time of administration of RTX 
*(p:0.002)
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London Membranous Network

Figure 1. Time to Bcell depletion( Bcell <10cells/ul) 
following first dose of Rituximab( RTX)  

Remission of NS after standard dosing of RTX was not achieved in a
significant number of patients in this cohort, although some
subsequently achieved this following repeated dosing of RTX.

Time to PR was often long and CR rare.

Time to reconstitution of B cells is variable.

More frequent/increased doses of RTX may be necessary to ensure
adequate therapy.

Combination of RTX with adjuvant IS may be of value especially for
those with severe disease .

CONCLUSIONS

RESULTS

METHODS

BACKGROUND RESULTS 
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Introduction 
The London Membranous Network is a North London multi-centre collaborative 
consortium established to develop a clinical & research infrastructure for 
membranous nephropathy (MN). Established between three large teaching hospitals, 
Barts Health, Imperial College Healthcare and the Royal Free London, our three 
centres support a diverse population of over 6 million people.  
 
Our collaborative will observe our cohort longitudinally, characterising and studying 
prevalent and incident (40 – 60 per annum) idiopathic MN patients. We are collecting 
detailed demographic, clinical, histopathological, biochemical, immunological and 
genetic data.  
 
Methods 
Informed patients are enrolled with either biopsy-proven MN, or serological (positive 
anti-phospholipase A2 receptor antibodies [aPLA2Rab] with nephrotic syndrome) 
autoimmune MN in a minority of cases where biopsy is not possible.  
 
All investigations are part of standard current clinical care. Where not, ethical 
approval is in place for collection of DNA, histology, urine and serum for agreed 
studies. Quality of life and impact of disease can be assessed through validated 
questionnaires. Follow up in the first year will be on a minimum of 3-monthly basis 
and thereafter 6-monthly.  
 
Results 
At present across all three centres we have a total of 383 idiopathic MN patients. 121 
adults cared for at Barts, 99 at the Royal Free and 163 at Imperial College. 
Diagnosis was established ranging between 1978 and January 2019, with follow up 
ranging from 0 – 40 years. Differences in disease progression, and response to 
treatment, in different ethnicities are well-described, with our cohort well-positioned 
to further examine this (ethnicity in London, table 1). We are continuing full data 
collection in the prevalent cohort, which is limited by these patients being on renal 
replacement therapy and not under our care in the specialist membranous clinics.  
 
Conclusion 
A London-based collaborative caring at scale for a diverse population will offer useful 
insight into MN, a rare disease. We aim to better understand diagnosis, symptom 
control, the consequences of disease and its’ (non-immunomodulatory and 
immunomodulatory) treatment, contributing to the UK Rare Diseases Registry 
(RaDaR) and global studies in partnership. We aim to measure aPLA2Rab in 
transplant recipients and those on the transplant waiting list so that we can 



determine how the aPLA2Rab status affects renal outcomes. We will seek to support 
and inform our patients, understand patient-reported outcomes, determine disease 
and progression risk predictors, and explore best strategies to prevent and manage 
complications such as thromboembolism, dyslipidaemia, oedema, infections and 
death (table 2). 
 
 
 Barts 

Health 
 

Imperial College 
Healthcare 
 

Royal Free 
London 

Total number of patients 121 163 99 
Gender Male / Female,  
n (%) 

80 (66) /  
41 (34) 

108 (66) / 55 (34) 74 (75) / 25 (25 

Patient ethnicity: White / 
Black African & Caribbean / 
South Asian / East Asian / 
Other, % 

41 / 26 / 30 
/ 1.5 / 1.5 

48 / 14 / 35 / 1 / 2 
 

52 / 22 / 18 / 4 / 4 
 

Age at diagnosis,  
mean (range) 

48 
(13-79) 

51 
(20-92) 

50 
(15-83) 

Biopsy proven,  
n (%) 

118 (98) 163 (100) 97 (98) 

Anti-PLA2R  
positive / negative / 
unknown,  
% 

Diagnosis 
27 / 6 / 67 
Prevalent 
36 / 40 / 24 

Diagnosis 
68 / 30 / 2 
Prevalent 
68 / 30 / 2 

Diagnosis 
13 / 7 / 80 
Prevalent 
23 / 34 / 43 

GFR at diagnosis 
mL/min, median (range) 

74  
(9 to >90) 

72 
(13 to >90) 

69 
(4 to >90) 

Albumin at diagnosis g/L, 
mean (range) 

26 
(9 to 45) 

20 
(7 to 40) 

26 
(14 to 45) 

Urinary protein creatinine 
ratio at diagnosis mg/mmol, 
median (range) 

888 
(90 to 2300) 

884 
(27 to 2250) 

808 
(94 to 2005) 

Immunosuppression / no 
immunosuppression / 
unknown, n (%) 

92 (76) / 29 
(24) / 0 

137 (84) / 23 (14) 
/ 3 (1) 

51 (51) / 40 (40) / 
9 (9) 

First line 
immunosuppressive agent: 
Cyclophosphamide / 
Calcineurin inhibitors (CNI) 
/ Anti-proliferatives (AP) /  
AP & CNI 
Rituximab /  
Steroid monotherapy, n (%) 

 
 
53 (58) /  
13 (14) /  
14 (15) /  
0 / 
7 (8) /  
5 (5) 

 
 
2 (1) / 
97 (71) / 
0 / 
21 (16) / 
15 (11) / 
2 (1) 

 
 
15 (30) /  
24 (48) / 
4 (8) / 
0 / 
2 (4) /  
5 (10) 

Table 1: Baseline data on prevalent idiopathic MN patients in the London 
Membranous Network 
 
 
Establish a collaborative, integrated investigational infrastructure to offer support, 
treatment and conduct clinical research in MN 



 
Conduct longitudinal observational cohort studies in biopsy proven MN 
 
Establish pilot studies from the clinical data collected by London Membranous 
Network 
 
Obtain funding for future studies to investigate treatment options for treating 
disease and complications arising from MN 
Ultimately with enhanced knowledge and access to medication improve the care 
and outcomes for patients with MN 
 
Table 2: The objectives of London Membranous Network 
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Oedema is a defining element of the nephrotic syndrome. Its’ management varies
considerably between clinicians, with no national or international clinical guidelines, and
hence variable outcomes. Oedema may have serious sequelae such as immobility, skin
breakdown and local or systemic infection. Treatment of nephrotic oedema is often of
limited efficacy, with frequent side-effects and interactions with other pharmacotherapy.
Here, we describe the current paradigms of oedema in nephrosis, including insights
into emerging mechanisms such as the role of the abnormal activation of the epithelial
sodium channel in the collecting duct. We then discuss the physiological basis for
traditional and novel therapies for the treatment of nephrotic oedema. Despite being
the cardinal symptom of nephrosis, few clinical studies guide clinicians to the rational
use of therapy. This is reflected in the scarcity of publications in this field; it is time to
undertake new clinical trials to direct clinical practice.

Keywords: nephrotic syndrome, diuretics, oedema, amiloride, epithelial sodium channel

INTRODUCTION

Interstitial oedema is present in all individuals with nephrotic syndrome and can be profound,
accounting for as much as an additional 30% to an individual’s total body weight (Doucet et al.,
2007). Oedema is one of the four defining features of the nephrotic syndrome and is the symptom
most commonly requiring intervention (Crew et al., 2004). The other three defining features of
nephrotic syndrome are hypoalbuminemia, hyperlipidemia, and proteinuria.

The prevalence of nephrotic syndrome in a small historical retrospective study from 1996 in
the United States reported that 60% of all renal biopsies were performed to establish a diagnosis
after this presentation (Korbet et al., 1996). It is plausible that this number has not significantly
changed. The incidence of primary glomerulonephritides causing the nephrotic syndrome between
1980 to 2010 (limited to the three most common histological findings: minimal change disease,
membranous nephropathy and focal segmental glomerular sclerosis) in adults was 2.6 per 100,000
per year (McGrogan et al., 2011).

The burden of symptomatic disease is high, mainly with oedema. Parents of oedematous
children report increased anxiety and multiple emergency hospital visits (Beanlands et al., 2017).
Peripheral oedema may be uncomfortable, leading to functional restraint, restricted leg movement,
and impaired mobility (Doucet et al., 2007). Oedema may also cause increased skin tension,
resulting in blistering, skin breakage and exudate extrusion, offering an encouraging environment
for bacterial infection. The risk of infection is exacerbated by ‘nephrotic immunodeficiency’
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caused by the urinary loss of immunoglobulins (Ogi et al.,
1994) and T-cell transformation dysfunction (Fodor et al., 1982).
Further, asymptomatic pulmonary congestion can be present
in active nephrosis (Marino et al., 2016) and there is a strong
association of cardiovascular risk in an overloaded chronic
kidney disease cohort (Hung et al., 2014).

The two main contributors to oedema are the urinary loss of
albumin and excessive sodium. Hence, diuretics are used due to
the known tubular effects on sodium and water reabsorption.
Before we can target and tailor treatment, we first need to
understand the underlying physiology of oedema formation.

OEDEMA FORMATION

There are two paradigms of oedema formation in nephrosis:
the so-called under-fill and over-fill models; it is thought
that these can be present in the same individual at different
times over the course of their disease (Perico and Remuzzi,
1993; Humphreys, 1994). Both result in sodium and water
retention and increased interstitial fluid volume presenting
as oedema. A detailed review of the pathophysiology of
oedema formation is outside the scope of this article, and we
direct readers to recent reviews (Siddall and Radhakrishnan,
2012; Cadnapaphornchai et al., 2014; Ray et al., 2015; Ellis,
2016).

Under-Fill Theory
Hypoalbuminemia reduces the capillary oncotic pressure and
the imbalance of Starling’s forces leads to interstitial leakage of
fluid and decreased circulating volume (Doucet et al., 2007).
The under-fill theory proposes that the decreased circulating
volume leads to renal hypoperfusion and activation of the renin-
angiotensin-aldosterone system (RAAS) (Perico and Remuzzi,
1993). Stimulation causes avid sodium and water reabsorption
(Doucet et al., 2007).

There are data from rat models of nephrosis suggesting that
increased activity of the proximal tubular cell sodium/proton
antiporter NHE3 may contribute to sodium retention, but this
has not been extensively reported (Besse-Eschmann et al., 2002;
Klisic et al., 2003). Furthermore, distal delivery of sodium is the
same in nephrotic and non-nephrotic kidneys (Ichikawa et al.,
1983).

The distal collecting tubule, cortical and outer medullary
collecting ducts are the major sites of sodium reabsorption
under the control of aldosterone (Mernissi and Doucet, 1983).
In nephrosis, cortical collecting ducts demonstrate increased
sodium retention associated with stimulation of basolateral
Na+,K+-ATPase and apical epithelial sodium channel (ENaC)
(Féraille et al., 1993; Deschênes and Doucet, 2000). The
stimulation of Na+,K+-ATPase results from transcriptional
induction of subunits and targeting newly synthesized pumps
to the basolateral membrane where the pumps are able to
reabsorb sodium (Deschênes et al., 2001a). Pre-formed ENaC
is also targeted to the apical membrane via non-transcriptional
mechanisms (Lourdel et al., 2005; de Seigneux et al., 2006; Kim
et al., 2006).

ENaC is a target for aldosterone and is discussed in detail
below. Activation of beta-1 adrenoceptors stimulates renin
secretion, however, there are no published studies implicating
this in nephrotic syndrome. Renal denervation and beta-blocker
therapy are of proven benefit in treating oedema of heart failure
(Byku and Mann, 2017), but propranolol did not induce a diuresis
or natriuresis (Bauer, 1983) suggesting an alternative unexplained
mechanism instead of renin suppression alone.

While the under-fill theory still has considerable support, a
sizable body of evidence supports other paradigms of oedema
formation. If the under-fill theory was solely responsible then
RAAS blockers or restoration of circulating volume would
be curative treatment. Captopril (RAAS blocker) failed to
change urinary sodium excretion despite successful inhibition
of aldosterone secretion (Brown et al., 1984). A proportion
of individuals have elevated renin and aldosterone profiles in
keeping with an under-filled vascular space, yet, many have
suppressed renin and aldosterone activity (Meltzer et al., 1979).
Measuring the plasma volume in nephrotic individuals using
radioactive albumin demonstrated only 2% of the cohort had a
low plasma volume (Geers et al., 1984). Two independent groups
in the 1980s demonstrated that intravenous infusion of atrial
extract or synthetic atrial natriuretic peptide (ANP) resulted in
less than 50% of individuals having a natriuretic and diuretic
response despite volume repletion (Koepke and DiBona, 1987;
Perico et al., 1989). Interestingly, a low serum albumin alone does
not appear to mediate renal sodium retention, as individuals with
congenital an-albuminemia do not develop oedema (Koot et al.,
2004).

One challenge may be identifying the under-filled individual.
A group of Belgian investigators tried to find a clinical test to
actively differentiate between these under- and over-filled cohorts
(Keenswijk et al., 2018). In nephrotic children a high urinary
potassium to urinary potassium and sodium ratio (UrK+/UrK+
+ UrNa+), suggesting secondary hyperaldosteronism, can be a
useful test to identify under-filled children that may benefit from
intravenous therapy (Keenswijk et al., 2018).

Over-Fill Theory
The over-fill theory states that RAAS activation and imbalance
in Starling’s forces across the capillaries are an insufficient
mechanism to produce oedema and instead, changes in the
capillary endothelial filtration barrier are responsible (Doucet
et al., 2007).

Capillary Permeability
Capillary permeability is important in determining distribution
of fluid between vascular and interstitial compartments.
Changes in the capillary basement membrane akin to
aging exist in nephrotic syndrome, with thickening of
the basement membrane, altered protein composition
and increased stiffness; the thickening of the basement
membrane increases protein permeability (Kottke and Walters,
2016).

Nephrotic patients had higher calf capillary filtration capacity
without evidence of capillary hypertension suggesting that
the functional capillary surface area available for exchange is
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increased in nephrotic syndrome (Lewis et al., 1998). The
capillary filtration capacity is increased almost twofold in
nephrotic individuals (Ellis, 2016).

Studies in nephrotic rats have demonstrated defective
capillary basement membrane permeability by ferritin
accumulation (Farquhar and Palade, 1961). Vascular permeability
is increased in guinea pigs when injected with human lymphocyte
supernatants from nephrotic patients but not healthy controls
(Lagrue et al., 1975b). A permeability increasing factor (such as
a circulating lymphokine) was proposed to affect the vasculature
irrespective of the albumin or sodium (Lagrue et al., 1975b). It
was hypothesized that this permeability factor was a protein that
activates the kinin system (Lagrue et al., 1975a). Initial interest
in bradykinin was supported by elevated bradykinin levels in
abdominal transudates from nephrotic patients (Paskhina et al.,
1979) but no further evidence has been published.

The role for vascular hyperpermeability was further
demonstrated using technetium labeled albumin in nephrotic
human patients and healthy controls (Rostoker et al., 2000).
Nephrotic patients had high levels of hyperpermeability
which was reversible with steroids and bilbao extract (which
reduces capillary permeability) and the authors proposed
a vascular permeability factor derived from local immune
cells (Rostoker et al., 2000). The search for the permeability
factor remains elusive although possible targets are being
proposed such as cytokine receptor-like factor 1 with
specific therapeutic targets (Savin et al., 2017). Vascular
endothelial growth factors (VEGF) are regulators of capillary
permeability (Bates, 2010). However, circulating VEGF
levels are not different in nephrotic and non-nephrotic
children, and rat VEGF expression is not altered, nor does
administration of VEGF induce nephrosis (Webb et al.,
1999).

Nephrotic ascites (peritoneal fluid accumulation) is likely
to develop via similar mechanisms as nephrotic interstitial
fluid (Udwan et al., 2016). In nephrotic rats there is a change
in capillary permeability with an increased water filtration
coefficient in both paracellular and transcellular pathways,
with a reduction in the coefficient for proteins (Udwan
et al., 2016). This is associated with greater expression of
aquaporin-1 (AQP1) in the parietal peritoneum (Udwan
et al., 2016). Water permeability is reversible by inhibiting
NF-κB and N-acetylcysteine (Udwan et al., 2016). When
both are inhibited, the volume of ascites is reduced by 60%
suggesting that this water filtration coefficient, possibly
mediated by AQP1, is important in ascites formation in these
nephrotic animals (Udwan et al., 2016). The association with
aquaporin dysregulation has also been demonstrated in nephrotic
human kidneys. A study of 54 primary nephrotic individuals
determined aquaporin expression by immunohistochemistry
in renal biopsy tissue and measured urinary aquaporin.
In nephrotics, AQP1 expression was significantly reduced
in renal tissue whereas aquaporin-2 (AQP2) expression
was increased. Urinary AQP2 was higher in nephrotic
individuals, matching histological findings (Wang et al.,
2015).

Endocrine Effects
Adrenalectomized, aldosterone-deficient rats with puromycin
aminonucleoside (PAN)-inducible nephrotic syndrome
with ascites have lower levels of apically expressed ENaC
in the collecting duct than non-adrenalectomized controls
(de Seigneux et al., 2006). This suggests that oedema
and nephrotic syndrome can occur in the absence of
aldosterone and aldosterone-dependent apical expression
of ENaC. Other endocrine and paracrine candidates
have been investigated in nephrotic animals to explain
aldosterone-independent sodium retention in nephrosis.
Inhibition of insulin like growth factor, tumor necrosis factor-
alpha, nitric oxide synthase in rat models did not induce
natriuresis, implying that these are not involved (Doucet et al.,
2007).

Angiotensin II is known to have a direct effect on
sodium retention independent of glomerular filtration rate
and aldosterone secretion (Johnson and Malvin, 1977; Miura
et al., 2014). Microperfusion of angiotensin II in distal nephron
segments of rat kidney stimulated transporter-like and channel-
like sodium retention (Wang and Giebisch, 1996).

The role of circulating factors on sodium retention are difficult
to predict as models of animal unilateral nephrosis demonstrate
only alterations in sodium handling in the affected kidney
(Doucet et al., 2007). The main determinant of sodium retention
is the Na+,K+-ATPase pump (discussed above) and the capillary
epithelial dysfunction.

Atrial natriuretic peptide stimulates sodium and water
excretion from the inner medullary collecting duct thereby
opposing the interstitial volume expansion (Baxter et al., 1988;
Light et al., 1989). After prolonged exposure to ANP there is
an increase in apical expression of aquaporin-2 and the gamma
subunit of ENaC (Wang et al., 2006). However, systemic infusion
of synthetic ANP or ANP extract in experimental studies in
nephrotic individuals had a diminished natriuretic and diuretic
response compared to healthy controls (Koepke and DiBona,
1987; Perico et al., 1989) despite the prediction from animal
models for the opposite (Wang et al., 2006).

Regardless of elevated serum ANP concentration in nephrotic
syndrome, natriuresis is blunted (Perico et al., 1989). This may
be due to increased activity of renal sympathetic nerves that
override the ANP response and stimulate sodium retention,
although denervated kidneys still demonstrate the same effect
(Maack, 1980). Alternatively, dysfunctional ANP binding in the
kidney may explain the relative renal resistance to ANP. In a
murine model of nephrotic syndrome, renal resistance to ANP
is reversed by phosphodiesterase inhibitors, implying that this
ANP resistance is mediated through enhanced cyclic GMP–
phosphodiesterase activity (Valentin et al., 1992).

The PPIL gene encoding cyclophilin-like protein is
upregulated in the medulla from nephrotic rats compared
with healthy control rat medullas (Orisio et al., 1993). The gene
product cyclophilin-like protein reduces sodium excretion (Iwai
and Inagami, 1990). ANP infusion increases the cyclophilin-like
protein mRNA in the renal medulla in nephrotic rats, so this
may be a potential mechanism of ANP insensitivity in nephrosis
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(Orisio et al., 1993). Down-regulation of the protease corin in
kidneys reduces conversion of pro-ANP to active ANP, also
contributing to a lack of renal response to ANP (Polzin et al.,
2010).

EPITHELIAL SODIUM CHANNEL

The ENaC mediates absorption of sodium in the late distal
convoluted tubule, connecting segment and tubule and the
collecting duct (Garty and Palmer, 1997). ENaC is activated by
aldosterone, anti-diuretic hormone and specific proteases (Garty
and Palmer, 1997; Kleyman et al., 2009; Rossier and Stutts, 2009;
Passero et al., 2010). The role of peroxisome proliferator activated
receptors oedema and ENaC remains unclear and is reviewed in
Pavlov et al. (2010). ENaC is composed of three subunits: alpha,
beta and gamma (Firsov et al., 1998). Proteases activate ENaC
by cleaving the alpha and gamma subunits (Hughey et al., 2003).
Dual cleavage of the gamma subunit renders ENaC highly active
(Sheng et al., 2006). Further, animal and human nephrotic urine
activates ENaC; proteases (e.g., plasmin) in the urine activate
and inhibitors of plasmin deactivate ENaC dependent sodium
currents in Xenopus laevis oocytes (Svenningsen et al., 2009).
Furthermore, remission of nephrotic syndrome is associated
with a reduction in urinary plasmin levels in patients’ urine.
Patients’ urine was applied to M1 collecting duct cells expressing
ENaC and there was a lower ability to activate ENaC-mediated
(amiloride sensitive) sodium currents compared to urine from
nephrotic patients (Andersen et al., 2013).

Most recently, a cohort study reports urinary plasmin
increases the risk of hypertension in type 1 diabetics.
Despite this association, the increased risk was dependent
on albuminuria and nor were there differences in urinary sodium
or potassium excretion. This was attributed to uncontrolled
patient sodium intake and urinary plasminogen deactivating
ENaC simultaneously (Ray et al., 2018).

Recent studies in mice using pharmacological inhibitors of
protease activity to inhibit the gamma subunit cleavage and
activation of ENaC have been successful at preventing sodium
retention. Urinary protease inhibitors normalized protease
activity and reduced sodium retention (Bohnert et al., 2018). Rats
with induced nephrotic syndrome had higher levels of urinary
plasminogen activator, and amiloride reduced this and sodium
retention without altering proteinuria (Stæhr et al., 2015).

Protease inhibition might be an attractive therapeutic option
in addition to ENaC antagonism (e.g., with amiloride). Protease
inhibition would occur before glomerular filtration, and therefore
its effectiveness would not be limited by the glomerular filtration
rate, unlike diuretics which act on the tubular epithelium after
filtration. Further, while the onset of action of a putative
protease inhibitor will be slower than ENaC antagonism, as it
depends on the rate of ENaC retrieval to the apical membrane
(Gaillard et al., 2010), the effect is likely to be sustained
rather than the short action of ENaC antagonism. Avid sodium
retention in between periods of action of diuretics has long
been observed (Wilcox et al., 1983; Loon et al., 1989), and is an
important contributor to diuretic resistance. Protease inhibition

may therefore present an intriguing route to ameliorate diuretic
resistance in nephrotic syndrome.

In animal models of nephrotic syndrome amiloride
successfully abolishes the abnormally high sodium reabsorption
from the cortical collecting duct independent of aldosterone
activity (Deschênes et al., 2001b, 2003). ENaC inhibitors
(amiloride) are not without side effects; they increase serum
potassium (Brown et al., 2016) and pose a risk of hyperkalemia so
should be used with caution in advanced chronic kidney disease
(Wile, 2012) or diabetic patients (Unruh et al., 2017). When
used in combination with other medications such as RAAS
blockers and diuretics the risk of acute kidney injury is higher
(Unruh et al., 2017; Hinrichs et al., 2018; Ray, 2018). There is
also an association with pressure ulcers in hospitalized patients
on amiloride (Roustit et al., 2016). There are other potential
downstream effects of amiloride. Amiloride inhibits urokinase
plasminogen activator and reduces plasmin generation (Vassalli
and Belin, 1987). Plasmin is pro-fibrotic (Zhang et al., 2007)
and therefore amiloride may potentially affect renal fibrosis.
Additionally, podocyte anchoring to the glomerular basement
membrane is affected by amiloride in experimental animal
studies and thereby could influence proteinuria (Zhang et al.,
2012; Reiser, 2013; Trimarchi et al., 2014; Warnock, 2015).

Epithelial sodium channel knockout mice exhibited
downregulation of the sodium chloride cotransporter (NCC)
which was then unable to compensate with the usual enhanced
compensatory sodium reabsorption (Perrier et al., 2016). NCC
can be phosphorylated and regulated by the serum potassium
concentration (Czogalla et al., 2016; Terker et al., 2016). Reduced
ENaC activity induces hyperkalemia which may be a more
important regulator of NCC than sodium balance (Boscardin
et al., 2018). It is possible that amiloride may mediate a degree of
NCC inhibition by increasing the serum potassium.

Combination treatments with amiloride have been trialed.
Amiloride causes a significant diuresis in mouse models treated
with acetazolamide (Patel-Chamberlin et al., 2016). Amiloride
and hydrochlorothiazide improved weight loss compared to
placebo in a population aged over 65 (Damian et al., 2016). The
addition of amiloride to RAAS blockers and hydrochlorothiazide,
improved proteinuria reduction by an additional 14% (Morales
et al., 2015). Despite the growing evidence for ENaC inhibition,
loop diuretics remain the mainstay of treatment.

We have focused on the putative mechanisms of salt and
water retention in nephrotic syndrome; however, mechanisms
other than renal sodium retention may be important in causing
interstitial oedema.

TREATMENT OF OEDEMA

Diuretics
We refer the reader to the review of Wile for details on the
history of diuretics (Wile, 2012). All classes of diuretics act
within the kidney to reduce renal tubular sodium reabsorption,
limiting water reabsorption with resulting diuresis. Diuretics
are classed as osmotic diuretics, carbonic anhydrase inhibitors,
loop, thiazide or potassium-sparing diuretics (The National
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Institute for Health and Care [NICE], 2018). All diuretics (with
the exception of mineralocorticoid receptor antagonists) act
on the luminal side of the tubular epithelium and need to
attain sufficient concentration to have an action there (Wile,
2012).

Loop diuretics (e.g., furosemide and bumetanide) work by
inhibiting the Na+-K+-2Cl− cotransporter, NKCC2 on the apical
surface in the thick ascending limb (TAL) in the loop of Henle
(Brater, 1991). This transporter reabsorbs sodium (Na+) in to
the tubular cell which is reclaimed to the circulation by the
Na+,K+-ATPase pump in the basolateral membrane (Brater,
1991). The TAL is the site of approximately 25% of total sodium
reabsorption in the nephron, so loop diuretics are particularly
potent natriuretics (Burg, 1982).

Loop diuretics are highly protein bound and are secreted in
to the lumen by organic anion transporters along the proximal
tubule to reach their site of action in the TAL (Brater, 1991).
Gut oedema may limit the oral absorption of diuretics and
hypoalbuminemia decreases the delivery of diuretic to its site of
action (Sica, 2003). For this reason higher doses may be required
to achieve a successful diuresis, although with a higher likelihood
of adverse effects (Crew et al., 2004). Intravenous infusion is
another approach that can increase loop diuretic efficacy as
therapeutic levels are achieved rapidly due to lower absorption
time (Hammarlund et al., 1984).

Furosemide has incomplete and variable bioavailability
even in healthy individuals (Waller et al., 1981); probably
the worst in its class, despite its widespread popularity.
Furosemide has both poor aqueous solubility and low intestinal
permeability, and oral furosemide bioavailability varies greatly
(by an estimated 20–60%) both between individuals and within
individuals (Granero et al., 2010; Nielsen et al., 2016). In the
oedematous state bioavailability is further reduced (e.g., to 30%)
(Odlind and Beermann, 1980). There is current work using
nanoparticles or polymeric microcontainers aiming to stabilize
and reduce this effect (Sahu and Das, 2014; Nielsen et al.,
2016).

Any diuretics can cause hypovolemia with secondary
acute kidney injury (Crew et al., 2004; Oh and Han,
2015). Electrolyte dysregulation is frequent; including
hypokalemia, hypomagnesemia, hypocalcemia, hyponatremia,
and hyperuricemia. This requires monitoring. Moreover,
furosemide can cause hypersensitivity reactions such as skin
rashes or acute interstitial nephritis (Oh and Han, 2015). There
is a risk of reversible ototoxicity related to the peak serum drug
concentration due to the ubiquitous NKCC1 present in the inner
ear also being inhibited with loop diuretic use (Wile, 2012).
Diuretics can displace warfarin from its protein binding site,
increasing the anti-coagulant effect (Oh and Han, 2015). This
is seen with furosemide (Oh and Han, 2015) and the active
metabolite (canrenone) of spironolactone (Takamura et al.,
1997).

Novel Agents
Vasopressin receptor antagonists (e.g., tolvaptan) are not
diuretics, but rather aquaretics. These drugs reduce the density of
luminal aquaporins to increase urinary water excretion without

natriuresis (The National Institute for Health and Care [NICE],
2018). To date there are three case reports on four individuals
describing the use of tolvaptan in massive oedema in nephrotic
individuals, with treatment described as successful in three out of
four cases (Shimizu et al., 2014; Park et al., 2015; Tanaka et al.,
2017).

Phase I trials have been completed for a novel particulate-
guanylyl-cyclase A receptor activator (trial name ZD100) that
promotes natriuresis, inhibits aldosterone and reduced blood
pressure with activation of cyclic guanosine monophosphate
(Chen et al., 2016). At present this is being investigated in the
use of resistant hypertension but if it has natriuretic properties it
may be suitable for use in oedema in nephrosis.

Relaxin, an endogenous neurohormone is currently being
trialed in heart failure and has completed phase III trials
(Wilson et al., 2015). Relaxin induces increased expression of
both epithelial and endothelial endothelin B receptor (ETB) and
thereby indirectly stimulates ETB (Garvin and Sanders, 1991;
Danielson et al., 2000; Bogzil et al., 2005; Schneider et al.,
2007). ETB inhibits Na+,K+-ATPase and ADH causing both
a natriuresis and diuresis (Garvin and Sanders, 1991). The
fractional increase in urinary excretion of sodium occurs without
any changes in aldosterone or ANP concentrations (Bogzil et al.,
2005). In heart failure, treated individuals were found to require
lower doses of loop diuretics, had greater weight loss and reduced
signs and symptoms of fluid overload including peripheral and
pulmonary oedema (Metra et al., 2013; Voors et al., 2014).
However, this has had no effect on overall outcomes (Teerlink,
2017; Teerlink et al., 2017), and nor is it known if the endothelin
dysregulation in heart failure is present in nephrosis.

There have been two cases from a single center in Japan of
synthetic human ANP (carperitide) reducing interstitial oedema
preventing the need for hemodialysis and preserving renal
function in nephrotic patients (Ueda et al., 2014).

Luteolin is a common phenolic compound known
to have anti-inflammatory and anti-allergic effects. Rat
studies have recently demonstrated the role of luteolin in
natriuresis and diuresis with an additive effect achieved
with administration of amiloride and hydrochlorothiazide
(Boeing et al., 2017). Luteolin mediated these effects via the
muscarinic acetylcholine receptor (Boeing et al., 2017). It
will be interesting to see if this has a similar role to play in
humans.

Most recently, the role of epicatechin was investigated.
Epicatechin is a flavonoid found in food and plant
extracts and is classed as a phytochemical (Mariano et al.,
2018). Rats treated with epicatechin achieved diuresis
and uresis of sodium, potassium and chloride without
any effect on the plasma electrolyte function (Mariano
et al., 2018). Combination with hydrochlorothiazide
further improved the diuretic effect (Mariano et al.,
2018).

Clinical Practice
There are no adult guidelines available on managing oedema
and volume overload in nephrotic syndrome (Crew et al.,
2004; Oh and Han, 2015). The lack of guidelines means
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that there is considerable heterogeneity in the treatment of
overloaded nephrotic individuals with no clear consensus. Non-
pharmacological interventions such as strict dietary sodium
restriction (less than 3g per day) are important and have
an additive effect to other therapies (Hull and Goldsmith,
2008). Replacing serum albumin with intravenous infusions to
improve the efficacy of loop diuretics has been investigated
considerably. This is because only albumin-bound loop diuretics
are secreted into the lumen of the tubule, discussed above.
Hypoalbuminemia (as is present in nephrotic syndrome) reduces
the amount of loop diuretics that are delivered to their
site of action in the tubular lumen (Kirchner et al., 1990;
Fliser et al., 1999). Albumin may help overcome this by
enhancing proximal tubular secretion to the tubular lumen
and reducing the volume of distribution (Inoue et al., 1987;
Chalasani et al., 2001). Early reports were encouraging with
massive diuresis when combined with diuretics (27 kg in
14 days) (Davison et al., 1974). Later studies demonstrate
conflicting results with better results in animal models and
minimal response in humans. There was little or no effect
on urinary furosemide or sodium excretion, despite elevated
serum albumin levels (Akcicek et al., 1995; Fliser et al., 1999;
Chalasani et al., 2001). Nor did inhibiting urinary protein
binding have any effect of furosemide efficacy (Agarwal et al.,
2000). Different mechanisms may exist in children as there has
been a successful response with co-administration of albumin
in some instances (Haws and Baum, 1993). Yet, the rate of
complications remains higher in pediatric patients with 38%
developing hypertension (Dorhout Mees, 1996). We refer the
reader to table 1 in the following review for a full synopsis
on all clinical trials with albumin and furosemide (Duffy et al.,
2015).

A multicenter retrospective study of 60 pediatric units
in Italy found no consensus approach to diuretic treatment
(Pasini et al., 2015). Despite similar laboratory and clinical
data across 231 children, 64% were treated with diuretics and
55% were treated with albumin infusions, highlighting the
treatment variability (Pasini et al., 2015). The authors suggest that
shared guidelines and implementation were necessary to avoid
differences and side effects in pediatric patients (Pasini et al.,
2015).

In adults, there is also no consensus on the indication,
starting dose, approach to dosage change and monitoring of
diuretics; consequently, there are considerable differences in
treatment pathways. In general, standard first line treatment
is a loop diuretic such as furosemide (Crew et al., 2004).
The diuretic would normally be started at a low dose and
then sequentially increased until satisfactory weight loss
or until the maximum dose has been reached. If at this
stage the patient remains symptomatic, a second, synergetic
diuretic is commonly added. In the United Kingdom, this
would usually be the thiazide-like metolazone (Crew et al.,
2004). This is not always successful and a recent case
report described resistance to the loop and thiazide type
diuretic combination in a oedematous nephrotic patient.
The oedema instead responded well to a combination of
furosemide and an ENaC inhibitor (triamterene) (Hoorn and

Ellison, 2017). Another case report describes a treatment
resistant nephrotic patient with no diuretic effect after
5 weeks of high dose furosemide but a profound 7 kg
fluid loss with the addition of amiloride (Hinrichs et al.,
2018). While these are only two case reports they provide
further evidence to support ENaC blockade as effective
treatment of nephrotic oedema, although larger studies will be
necessary.

There are no trials directly comparing the commonly
used different diuretic regimens in nephrotic syndrome
despite the underlying scientific basis of causation for
oedema in animal models. Furosemide remains first line
treatment yet has extremely variable oral bioavailability
and the problematic well-described blunted natriuretic
effect with prolonged therapy (Bernstein and Ellison,
2011).

More recently, a randomized controlled study in
Iran compared different diuretic pre-loading regimens
in 20 individuals with refractory nephrosis. The two
arms were either pre-loading with acetazolamide and
hydrochlorothiazide compared to pre-loading with
furosemide and hydrochlorothiazide for 1 week after
which both treatment arms received 2 weeks of 40 mg
furosemide. Patients with hypokalemia were excluded
in view of the potassium wasting properties of these
diuretics. The authors concluded that the acetazolamide
and hydrochlorothiazide combination achieved a better
diuresis. While there was a difference in the mean weight
change and urinary volume there was no difference in
the urinary sodium and hence natriuresis over the trial
period (Fallahzadeh et al., 2017). We discussed above that
this was successful in animal models (Patel-Chamberlin
et al., 2016). Inhibition of pendrin which is found in the
collecting duct is part of a proposed route of sodium
reabsorption in the collecting duct with acetazolamide
(Zahedi et al., 2013). This may be another mechanism for
the synergistic effect with a loop diuretic (Soleimani et al.,
2012).

CONCLUSION

Patients and clinicians deserve better and more structured
information on how to successfully manage nephrotic
oedema. With increased understanding of the underlying
pathophysiology of interstitial oedema in nephrotic syndrome
we are in a better position to better treat individuals suffering
with the complications that severe interstitial oedema
brings. Management of oedema in nephrotic syndrome
will rely on individualization of therapy with consideration
of the clinical evidence. Differences especially will exist
in the treatment between pediatric and adult patients
and it is likely that there is no one best treatment for
everyone. It will be helpful to understand determinants
of response to treatment. Based on the evidence we
provide in the review we especially advocate clinical trials
to investigate the potential benefits of ENaC blockade.
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For example, it may be important in certain types of drug-
induced oedema, such as that seen with thiazolidinediones,which
stimulate ENaC-mediated sodium reabsorption through PPARγ

receptors (Guan et al., 2005). We hope that with appropriately
designed trials, guidelines can be developed based on robust
clinical evidence to achieve improved outcomes.
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A B S T R A C T

An HLA-DR3 association with membranous nephropathy
(MN) was described in 1979 and additional evidence for a
genetic component to MN was suggested in 1984 in reports of
familial MN. In 2009, a pathogenic autoantibody was identified
against the phospholipase A2 receptor 1 (PLA2R1). Here we dis-
cuss the genetic studies that have proven the association of
human leucocyte antigen class II and PLA2R1 variants and dis-
ease in MN. The common variants in PLA2R1 form a haplotype
that is associated with disease incidence. The combination of
the variants in both genes significantly increases the risk of dis-
ease by 78.5-fold. There are important genetic ethnic differences
in MN. Disease outcome is difficult to predict and attempts to
correlate the genetic association to outcome have so far not
been helpful in a reproducible manner. The role of genetic var-
iants may not only extend beyond the risk of disease develop-
ment, but can also help us understand the underlying molecular
biology of the PLA2R1 and its resultant pathogenicity. The
genetic variants identified thus far have an association with dis-
ease and could therefore become useful biomarkers to stratify
disease risk, as well as possibly identifying novel drug targets in
the near future.

VC The Author 2017. Published by Oxford University Press
on behalf of ERA-EDTA. All rights reserved.
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Membranous nephropathy: a retrospective
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Abstract

Background: Membranous nephropathy (MN) is the leading cause of nephrotic syndrome in adults. MN is a clinically
heterogeneous disease and it is difficult to accurately predict outcomes (including end stage renal failure) at presentation
and whom to treat with potentially toxic therapies. We aimed to identify factors predicting outcome in MN in our cohort
from two large tertiary London units by undertaking a retrospective data analysis of 148 biopsy-proven MN patients from
North East and Central London between 1995 and 2015.

Methods: Review of clinical and biochemistry databases.

Results: Surprisingly, patients that reached end stage renal failure (ESRF) had a less severe nephrosis compared to those
that did not develop ESRF; serum albumin 33 g/L (3.3 g/dL) versus 24 g/L (2.4 g/dL), p = 0.002 and urinary protein
creatinine ratio (uPCR) 550 mg/mmol (5500 mg/g) versus 902 mg/mmol (9020 mg/g), p = 0.0124. The correlation with
ESRF was strongest with the presenting creatinine; 215 μmol/L (2.43 mg/dL) compared to 81 μmol/L (0.92 mg/dL), p < 0.
0001. Patients presenting with creatinine of >120 μmol/L (1.36 mg/dL; corresponding to an eGFR of ≤60 ml/min in non-
Black males) had an increased rate of ESRF and a faster decline. Other traditional risk factors for progression were not
significantly associated with ESRF.
Black patients presented with higher serum creatinine but no statistically significant difference in the estimated
glomerular filtration rate, a higher rate of progression to ESRF and had a poorer response to treatment.

Conclusions: This ethnically diverse cohort does not demonstrate the traditional risk profile associated with
development of ESRF. Thus, careful consideration of therapeutic options is crucial, as current risk modelling cannot
accurately predict the risk of ESRF. Further studies are required to elucidate the role of antibodies and risk genes.

Keywords: Membranous nephropathy, Renal failure, Ethnic differences, Nephrotic syndrome, Risk factors

Background
Idiopathic membranous nephropathy (IMN) is a serious
autoimmune renal disease that is the leading cause of
adult nephrotic syndrome and can progress to end stage
renal failure (ESRF). Secondary forms exist that are attrib-
utable to an underlying cause. In all patients with mem-
branous nephropathy (MN) the pathogenesis involves the

development of autoantibodies against antigens present
on podocytes. Classic autoimmune disorders have a strong
female preponderance [1, 2], whereas with MN males are
predominantly affected (with a ratio of approximately 3:1).
MN has a variable natural history and tends to develop in
a stratified way. It demonstrates an approximate ‘rule of
thirds’: in untreated patients, spontaneous complete re-
mission of proteinuria occurs in 5-30% at 5 years [3–5],
spontaneous partial remission in 25-40% at 5 years [3–5]
and progression to ESRF in 41% at 5 years [4, 6]. The risk
of progressing to ESRF is increased in those who are older
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at presentation, have nephrotic range proteinuria and/or
decreased glomerular filtration rate (GFR) at presentation;
interestingly it is also increased in males [3, 7, 8]. Asian
patients appear to have a better prognosis than non-
Asians [7].
Immunomodulatory treatment for MN includes cyclo-

phosphamide (CYC), chlorambucil, calcineurin inhibi-
tors (CNI) - such as cyclosporine A and tacrolimus,
rituximab, anti-proliferative agents (AP) - such as myco-
phenolate mofetil and azathioprine - and corticosteroids.
These all predispose to opportunistic infections. Alkylat-
ing agents, the gold standard treatment recommended
by KDIGO [9], increase cancer risk threefold [10]. To
lessen exposure to these therapeutic toxins, there has
been much interest in predicting MN patients at risk of
progression to ESRF. The predictive accuracy of heavy
proteinuria is only 30–50%, and risk modeling with mul-
tiple clinical variables (still based on data from 1997)
yields a disappointing 80% accuracy rate [11].
Published studies describe ethnically homogenous pa-

tient cohorts [4, 12, 13] and therefore we were interested
to see if there were differences at diagnosis, treatment or
response rate within two tertiary renal London units that
cover an extensive and ethnically diverse area of North
East and Central London. This retrospective study was
undertaken to ascertain if there are differences in our
patient population, treatment strategies and remission
rates compared to those previously reported.

Methods
Patient selection
Our study was performed across two tertiary London
Renal Units – The Royal Free Hospital and the Royal
London Hospital. We identified adult patients with
membranous nephropathy (MN) by searching the clin-
ical renal databases at both centres. We excluded pa-
tients that did not have MN. Two hundred forty patients
were identified with biopsy proven MN. A further 92 pa-
tients were excluded from analysis as there was no serial
data available for the 2 year period after the diagnosis of
MN was made. The remaining 148 patients were in-
cluded in the study. Of these 148, 121 had IMN, 4 de
novo MN in renal transplants and 23 secondary MN.
The patients with secondary MN had a range of causes:
14 systemic lupus erythematosus, 1 scleroderma, 6 hepa-
titides, 1 malignancy and 1 tuberculosis. The study was
retrospective so did not need ethical approval as per
NHS Health Research Authority regulation.

Data collection
Data were collected using the renal databases in addition
to local clinical pathology databases. The date of the bi-
opsy was considered to be month 0 – (date of diagnosis)
and subsequent data collection based thereafter on this

date. Serial data was collected at diagnosis, 1, 2, 3, 6, 12,
18 and 24 months. At each time point serum creatinine,
albumin, urine protein creatinine ratio, haemoglobin,
immunoglobulins and bicarbonate were recorded. Add-
itionally, the use of renin angiotensin system blocker
(RASB) or immunosuppression was recorded at each
month. Rates of complications, co-morbidities as well as
demographic data such as gender, age and ethnicity was
collected. Remission status was calculated based on the
standard criteria for complete and partial remission [13].

Analysis of results
A retrospective analysis was then performed and data ana-
lysed using Graphpad Prism 6 (Graphpad software, USA).
For parametric data, t-tests were used to compare two data
sets, and Mann-Whitney tests for non-parametric data.
Contingency tables were analysed with Chi square tests and
more than three data sets were compared with ANOVA
analysis. Prism 6 was used to formulate the graphs.

Results
Baseline characteristics
A total of 148 patients were included in this retrospect-
ive study. The baseline characteristics of the study popu-
lation are described in Table 1.

Differences at diagnosis
In our study population there were significant differences
between characteristics at diagnosis in those that reached

Table 1 Table demonstrating baseline characteristics of all
patients. Values are given either as median with interquartile
range (IQR) or mean with standard deviation (SD) or percentages

Number of cases 148

Gender Ratio (Male: Female) n 90: 58

Median Age 58 (47–71)

Ethnicity (Asian: Black: White: Unknown) % 31: 24: 36: 9

Median Diagnosis Serum creatinine μmol/L (IQR)
(mg/dL)

92 (68–183)
(1.04, 0.77–2.07)

Median Diagnosis Serum albumin g/L (IQR)
(g/dL)

25 (20–31)
(2.5, 2–3.1)

Median Diagnosis urine protein creatinine ratio
mg/mmol (IQR) (mg/g)

776 (432 – 1172)
(7760, 4320–11,720)

Median Diagnosis cholesterol mmol/L (IQR)
(mg/dL)

7.5 (5.75–9.25)
(290, 222–357)

Median Diagnosis bicarbonate mmol/L (IQR) 25 (23–28)

Mean Diagnosis haemoglobin g/L (SD) 124.8 (21.68)

Co-morbidities: Hypertension / Diabetes /
Recurrent UTIs / Malignancy / Mental health
issues n

38 / 24 / 4 / 1 / 2

Complications: thrombotic event / treatment
related side effect %

13 / 5

Renin angiotensin system blockade medication
use %

84
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ESRF and those that did not. The serum creatinine was
significantly higher in those reaching ESRF, 215 μmol/L
(124–360) (2.43 mg/dL, 1.4–4) compared to those that
did not reach ESRF, 81 μmol/L (64–120) (0.92 mg/dL,
0.72–1.36), p < 0.0001; Fig. 1. At each time point reviewed,
the difference in the serum creatinine remained statisti-
cally significant (month 1, 2, 3, 6, 12, 18 and 24); all p-
values <0.0001. Serum bicarbonate was lower compared
to non-ESRF patients; 21.8 mmol/L ± 0.78 versus
26.0 mmol/L ± 0.45 in non-ESRF patients, p < 0.0001.
Finally, haemoglobin was also lower in those that reached
ESRF; 111.5 g/L ± 2.5 compared to 127.7 g/L ± 2.3,
p = 0.0001.
Patients reaching ESRF had less severe nephrotic syn-

drome at presentation with a higher serum albumin; me-
dian 33 g/L (27–39) (3.3 g/dL) compared to non-ESRF
patients; 24 g/L (19–30) (2.4 g/dL), p = 0.0002 (Fig. 2).
The uPCR was also lower in ESRF patients; 550 mg/
mmol (213–985) (5500 mg/g, 2130–9850) compared to
902 mg/mmol (532–1314) (9020 mg/g, 5320–13,140),
p = 0.0124. The serum cholesterol was lower in patients
with ESRF and less severe nephrotic syndrome;
5.7 mmol/L (4.4–7.9) (220 mg/dL, 170–305) compared
to non-ESRF patients 7.9 mmol/L (6–9.8) (305 mg/dL,
232–378), p = 0.008.
There was no significant difference in gender distri-

bution between the ESRF and non-ESRF groups, the
proportion of men reaching ESRF was 27% compared
to 22% women, in contrast to 73% of men being non-
ESRF and 78% women, p = 0.56. There was also no
difference in the mean age at presentation (58 ± 1.7
in the non-ESRF group compared to the ESRF group
59 ± 2.4, p = 0.67).
Multivariate analysis with a 2-way ANOVA and Bon-

ferroni correction demonstrated that only two significant
variables were associated with developing ESRF; the
diagnosis serum creatinine and uPCR. Serum creatinine
was higher in those reaching ESRF with lower uPCR, p-
values 0.0134 and <0.0001 respectively.

Progression of biochemical parameters
Detailed biochemistry was analysed for the 2 years fol-
lowing biopsy diagnosis in all patients. Over this period
there was no significant change in the serum creatinine
in the non-ESRF patients. There was also no change in
the serum bicarbonate or haemoglobin. There was a sig-
nificant reduction in the cholesterol over the follow up
period with treatment; 7.8 mmol/L (301 mg/dL) at ad-
mission compared to 4.8 mmol/L (185 mg/dL) at 2 years,
p < 0.0001. The albumin significantly incremented up to
41 g/L (4.1 g/dL) compared to 24 g/L (2.4 g/dL) at diag-
nosis, p < 0.0001. This mirrored a reduction in uPCR;
903 mg/mmol (9030 mg/g) at diagnosis compared to
119 mg/mmol (1190 mg/g), p < 0.0001.
Our patient cohort has a median follow up of 84 months,

(longest 211 months / 17.5 years). We therefore examined
long-term data on those reaching ESRF. A serum cut off
of <120 μmol/L (1.36 mg/dL) was used as this represents
an estimated GFR (eGFR) of 60 ml/min/1.73m2 (using the
abbreviated MDRD formula) in a 50 year old non-Black
male. Of patients presenting with a creatinine of
<120 μmol/L (1.36 mg/dL) only 10% (9 of 89) reached
ESRF within a median time to ESRF of 178 months (under
15 years). Patients with a creatinine >120 μmol/L
(1.36 mg/dL) however had an increased rate of developing
ESRF; 29 out of 54 (54%) and at a quicker rate with a me-
dian time period of 117 months (under 10 years), this dif-
ference is statistically significant, p < 0.0001, Fig. 3.

Ethnicity differences
Our study population are ethnically diverse, enabling direct
comparisons between different ethnic groups. There is an
approximate equal spread over the different ethnic groups;
Table 2. There was no significant difference in the age at
diagnosis for these different groups (mean age – Asian 57,
Black 57, White 60). Median creatinine was significantly
higher in Black patients (103 μmol/L / 1.17 mg/dL) com-
pared to Asian (69.5 μmol/L / 0.79 mg/dL) and White

Fig. 1 Difference between serum creatinine at presentation between
patients ultimately reaching ESRF and non-ESRF

Fig. 2 Difference between serum albumin at presentation between
patients reaching ESRF and non-ESRF
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(87.5 μmol/L / 0.99 mg/dL), ANOVA p = 0.0443. However,
there was no statistically significant difference between
MDRD eGFR though there was a trend to lower eGFR in
Black patients. Black patients eGFR was 67 ml/min/
1.73m2, White patients 71 ml/min/1.73m2 and Asian pa-
tients the highest at 86 ml/min/1.73m2. Despite this, Black
patients were more likely to reach ESRF (43%) compared
to Asian (20%) and White (19%) patients, Chi-square
p < 0.0001, see Fig. 4. White patients have higher complete
remission rates at 1 year (19%) compared to Asian patients
(6.6%) p = 0.029, and Black patients (11%) p = 0.059.

Immunosuppression & Remission Status
One hundred patients were treated with immunosup-
pression and 48 were treated conservatively. The differ-
ent therapeutic options and usage rates are summarised
in Table 3. All treatments were accompanied by steroids
in the form of either oral prednisolone or intravenous
methylprednisolone. Those receiving immunosuppres-
sion were younger, compared to those treated conserva-
tively (median age of 55 vs. 66 yrs. old, p = 0.0016).
There was no difference in the creatinine, albumin or

uPCR at diagnosis between those that were treated ei-
ther conservatively or immunosuppressed. Additionally,
there was no difference in these three parameters at
1 year between these two groups.
Rates of complete remission were highest with CYC at

25%, the least effective immunosuppressants to achieve
complete remission were CNIs at 16%. This contrasts to
no immunosuppression with a complete remission rate
of 6% and AP agents at 24%. The partial remission rate
was better with immunosuppression rather than conser-
vative treatment 29% (CYC 38%, CNI 37%, AP 33%).
The lowest rate of no remission was in the CYC group
at 36% compared to CNI 47%, AP 43% and conservative
management 54%. This suggests superiority of cyclo-
phosphamide in our patient cohort, however the results
did not reach statistical significance. Black patients were
less likely to be treated with CNI (18%) and more likely
to be treated with CYC (31%).
Patients undergoing complete remission were youn-

ger (mean age 55) compared to both partial and non-
responders (61 and 59 respectively). Responders to
treatment, irrespective of treatment strategy, had a
lower creatinine at presentation; median 87 μmol/L
(0.98 mg/dL) compared to 120 μmol/L (1.36 mg/dL) in
the non-responders, p = 0.0116. Additionally, re-
sponders had lower serum albumin at diagnosis com-
pared to the non-responders (albumin 25.5 ± 0.9 gl/L
(2.6 g/dL) compared to 28.5 ± 1.2 g/L (2.9 g/dL),
p = 0.0476), but there was no statistically significant
difference in the uPCR.

Fig. 3 Survival graph showing time to renal failure and difference
between presentation creatinine and survival at 5 years

Table 2 Ethnic diversity, number of patients and percentages of
different ethnicities within our cohort

Ethnic group N (%)

Asian 45 (31)

Black 35 (24)

White 54 (36)

Subgroups

African 14

Caribbean 21

Bangladeshi 9

Chinese 5

Indian 17

Pakistani 9

Middle Eastern 5

Fig. 4 Difference in ethnicities and resultant ESRF rates

Table 3 Different therapeutic options used in our cohort

Treatment N (%)

Conservative 48 (32)

Cyclophosphamide 36 (24)

Calcineurin inhibitors 38 (26)

Antiproliferative agents (MMF/azathioprine) 21 (14)

Rituximab/steroid monotherapy/other 1/3/1 (Total 3%)
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Discussion
This study corroborates findings from previous studies
that conclude patients presenting with impaired renal
function are more likely to reach ESRF in MN. [14].
However, at odds with these studies, we have shown that
our ESRF patients actually present less nephrotic than
the non-ESRF patients. The traditional paradigm is that
the worse the proteinuria, the worse the risk of ESRF;
patients are even risk stratified for treatment based on
the degree of proteinuria in MN [7, 12, 15]. In our co-
hort, patients who were less nephrotic but with worse
renal function progressed to ESRF. This may reflect the
reduced glomerular filtration rate attenuating protein-
uria, resulting in less severe nephrosis [16].
The other known risk factors for ESRF in MN are gen-

der and age [14]; neither were statistically significant in
our group. Further, high lipid levels have been found to
contribute to glomerulosclerosis and therefore ESRF in-
dependent to the severity of nephrosis [17]; however, we
found that patients progressing to ESRF had lower
serum cholesterol concentrations, emphasising the at-
tenuated nephrosis in the progression group.
Our data supports the main predictor for progression

to ESRF in MN being the serum creatinine at diagnosis.
In our cohort, at least, it appears that some of the trad-
itional known risk factors for the development of ESRF
with MN are less reliable than previously reported. This
is not a trivial matter, as strategies to give toxic treat-
ments for MN are currently based on these risk factors.
A significant limitation to our study is the lack of anti-

phospholipase A2 receptor antibody status. This was
due to the retrospective nature of the study and the lack
of historical serum samples, we are now in a process of
collecting anti-PLA2R antibody status of all patients in
our tertiary MN clinics. Antibody positivity and titre are
important as these are associated with severity and out-
come of disease [18, 19].

Ethnic differences
This ethnically diverse group of patients revealed some in-
teresting data. Where details of ethnicity were made avail-
able, MN has been reported in homogenous ethnic groups
[4, 12, 13]. We found Black patients had worse serum cre-
atinine and lower eGFR (though the eGFR difference was
not statistically significant), were more likely to progress
to ESRF and were treated more often with cyclophospha-
mide. There are no comparable studies or reports in Black
patients with MN, however, these findings are similar to
studies in other renal diseases. It is known that age, sex,
race and body weight affect serum creatinine concentra-
tion, some of this difference may be due to higher baseline
serum creatinine levels found in Black patients and this
explains why eGFR differences were not statistically sig-
nificant [20]. Black patients with lupus nephritis have

deteriorating renal function and reduced survival com-
pared to other ethnic groups [21]. Black patients with an
eGFR >60 ml/min have a faster rate of decline in renal
function irrespective of their albuminuria compared with
White patients [22]. The rate of decline persists despite
correction of traditional risk factors such as albuminuria,
diabetes and hypertension, which suggests an underlying
genetic mechanism [22, 23]. There are no studies of MN
outcomes in different ethnic groups, however a recent
study reviewed the distribution of glomerulopathies in a
Southern Californian population. Overall they had lower
rates of Black (18.6%) and Asian (8.8%) patients and a lar-
ger proportion of Hispanic patients compared to our co-
hort [24]. There are some reports that Black patients do
not respond to CYC as well as other AP agents [21].
There are differences in socioeconomic and biological

factors that may explain the faster rate of decline to
ESRF in Black patients. Important proposed mechanisms
are an interaction of sociodemographic factors with gen-
etic factors such as lower socioeconomic status, chronic
stress, psychosocial factors, environmental pollution and
differences in access to health care [22]. It should be
noted that, like many other studies, we grouped ethnic-
ally discrete groups of patients together. For instance,
the Asian group included both Indo-Asian and East-
Asian patients and the Black group included African and
Caribbean patients; these populations are, of course,
genetically diverse.
Knowledge about MN has changed significantly as

have treatment strategies [4, 12, 13] since the start of the
study period. For future studies of MN patients, anti-
body status and tissue immunohistochemistry of im-
mune deposits and markers of chronic damage
correlates are warranted. Furthermore, genomic data
would offer insights into the links between ethnicity,
gender and outcomes.

Conclusions
This ethnically diverse cohort does not demonstrate the
traditional risk profile associated with development of
ESRF. Those responding to treatment have more severe
nephrotic syndrome, whereas those reaching ESRF have
the worst renal function and lowest proteinuria at diag-
nosis. There are ethnic differences with Black patients
presenting with a trend to lower eGFR and having an in-
creased risk of ESRF. This study highlights the import-
ance of careful consideration of therapeutic options, as
current risk modelling cannot accurately predict the risk
of ESRF. Further studies are required to elucidate the
role of antibodies and risk genes.
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Strategies for Reduction of Cardiovascular Risk: 
Effect of Time and Different Treatments on Lipids in Membranous GN 

 
Introduction 
Treatment of membranous nephropathy (MN) is traditionally focused on reducing progression of 
CKD in the long term, and mitigating complications of nephrotic syndrome in the short term. 
Although patients with MN are at increased risk of cardiovascular events when nephrotic, the 
course of hyperlipidaemia and effects of treatment upon this are poorly studied. We conducted a 
retrospective study to define differences in lipids according to treatments received for MN. 
 
Methods 
We identified patients with MN for whom demographic and treatment information was available 
who had serum cholesterol measurements available at the time of diagnosis, and 3, 6 and 12 
months after starting treatment. Differences in serum cholesterol measurements and treatment 
groups were assessed by two factor ANOVA and Tukey’s post-hoc testing using the R statistical 
computing language. 
 
Results 
A total of 234 patients were included in the analysis. 32% of patients were female and the median 
age at diagnosis was 51 (interquartile range 21 years).  
 
41% of patients were treated with a calcineurin inhibitor (CnI), predominantly Tacrolimus, 23.5% 
with Cyclophosphamide, 26.4% with supportive treatment (e.g. ACE inhibitor or angiotensin II 
receptor blocker) and 9% with Rituximab. 
 
Distributions of cholesterol measurements by treatment type and length of follow up are shown in 
the left panel of the figure. The duration of follow up had a significant effect on total serum 
cholesterol (P-value 8.6x10-9 by two factor ANOVA), with cholesterol falling with increasing time 
from starting treatment (assessed by Tukey’s post-hoc testing). 
 
Serum cholesterol was also significantly different according to treatment used (P-value = 2.9x10-

7 by two factor ANOVA). The difference in means and associated confidence levels for all possible 
treatment pairs are shown in the right panel of the figure. A negative difference implies the second 
listed drug is associated with a lower cholesterol measurement. Cyclophosphamide treatment 
was associated with lower cholesterol compared to CnI, rituximab and supportive treatment (P-
values 2.1x10-6, 0.018, 5.8x10-6 respectively). All other treatment comparisons (those in the right 
panel whose confidence intervals span zero) had similar means. 
  
Conclusion     
This preliminary, retrospective analysis of a large cohort of patients with primary MN suggests 
successful treatment of nephrotic syndrome improves cholesterol, thus modifying the burden of 
cardiovascular risk. In addition, serum cholesterol may be differentially affected by the treatment 
used, a factor that ought to be considered in the timing and choice of therapy in the era of less 
toxic agents.  



 
It is likely that the effects of rituximab may be incorrectly estimated in these data due to its 
relatively low use (9% of patients). Additionally, time to starting immunosuppressive treatment, 
time to remission, relevant co-morbidities, and use of lipid lowering agents, are likely to affect 
treatment response of lipids in MN. 
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