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Abstract
Background: Immunoglobulin A nephropathy (IgAN) is a 
heterogeneous disorder with a strong genetic component. 
The advent of whole exome sequencing (WES) has acceler-
ated the discovery of genetic risk factors underlying familial 
disorders. Objectives: We set out to test whether damaging 
variants in known kidney disease genes explain a proportion 
of IgAN cases recruited in Ireland. Methods: We performed 
WES in 10 Irish families with multiple affected members hav-
ing kidney disease where at least one member had biopsy 
confirmed IgAN. Candidate variants were identified based 
on being shared between affected family members, minor 
allele frequency, function and predicted pathogenicity. 
Pathogenicity of variants was determined according to 
American College of Medical Genetics and Genomics guide-
lines. Results: We detected candidate variants in 3 of 10 fam-
ilies. We identified a likely pathogenic variant in COL4A5 in 
one family and a variant of unknown significance (VUS) in 
COL4A3 in another. Variants in COL4A5 and COL4A3 are 

known to cause Alport syndrome. In the third family, we 
identified a VUS in LMX1B, a gene associated with Nail-patel-
la syndrome. Conclusions: We identified a number of cases 
of familial IgAN where the families harbored variants in 
known kidney disease-related genes indicating that poten-
tially a number of cases of familial IgAN are mistaken for oth-
er familial kidney disorders. However, the majority of families 
studied did not carry a candidate variant in a known kidney 
disease causing gene indicating that there may be > 1 under-
lying genetic mechanism present in these families.

© 2019 S. Karger AG, Basel

Introduction

Immunoglobulin A nephropathy (IgAN) is a hetero-
geneous disorder defined by the presence of immuno-
globulin A (IgA) deposits on immunofluorescence of kid-
ney biopsies. It is the most common form of glomerulo-
nephritis in the world and can occur de novo or 
associated with a multitude of different disease types [1]. 

G.L.C. and P.J.C. contributed equally to this work.
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The condition varies greatly in progression and severity 
[2] ranging from individuals developing end-stage renal 
disease to cases of asymptomatic mesangial IgA deposits 
seen post-mortem [3]. It affects people of all ages but 
most commonly in early adulthood [1]. More males are 
affected than females, with a reported ratio of approxi-
mately 2: 1 [4, 5]. 

There are many pieces of evidence which suggest that 
genetic factors play a major role in disease occurrence and 
progression. These include many reports over the last 
number of decades, of clustering in families and different 
prevalence of the disease across ethnicities living in simi-
lar environments [6, 7]. Some of the reports of IgAN 
within families suggest a Mendelian pattern of inheri-
tance [6], however, many of these families show incom-
plete penetrance, which fits with a multifactorial disease 
model and suggests that additional factors (either envi-
ronmental or genetic) beyond a single causal mutational 
are needed to trigger the onset of the disease [6]. 

Despite > 30 years of genetic analysis of IgAN, no clear 
causative gene has been identified. Linkage studies of 
families with IgAN have identified significantly associ-
ated loci including 3q24–23, 6q22–23 and 2q36 [8–10]. In 
spite of a number of linked loci, in the majority of these 
families, the causal gene has remained elusive.

In the last decade, a handful of next-generation se-
quencing studies have been carried out to identify candi-
date genes for IgAN. One such study carried out whole 
exome sequencing (WES) in 10 families with IgAN. They 
identified 6 candidate disease-causing variants in the 
genes MYCT1, DEFA4, CARD8 and ZNF543 [11]. An-
other WES study identified a novel deleterious variant in 

the gene SPRY2 that segregated with the disease in a large 
Sicilian family presenting with autosomal dominant 
IgAN. SPRY2 is part of the MAPK/ERK pathway; how-
ever, the biological link between IgAN and MAPK/ERK 
pathway is yet to be explained [12]. 

A WES study by Cox et al. [13] examined rare variants 
segregating with IgAN in 16 families composed of 240 
IgAN cases and 113 controls. They identified 23 genes 
with candidate disease-causing variants that were func-
tionally related to a large immune-related network of 
pathways. They hypothesized that IgAN disease status 
may be influenced by a variety of mutations influencing 
one over-arching immune-related network [13].

To further expand upon these studies, we conducted 
WES on 10 Irish families who presented with multiple af-
fected family members having severe kidney disease 
(stage 3 or above) in whom at least one member had bi-
opsy confirmed IgAN (Table 1). In this study, we identi-
fied that a number of cases of familial IgAN are in fact 
likely mistaken for other familial kidney disorders. Our 
findings illustrate the role of molecular diagnosis in ac-
curate disease classification. 

Materials and Methods

Selection of Families
The Irish Kidney Gene Project is a national cross-sectional 

analysis of 1,809 patients who attended renal clinics and dialysis 
units in Ireland. Part of the project involved characterisation of 
family history among patients with kidney disease [14]. The Irish 
Kidney Gene Project and several other data sources were accessed 
to identify all cases for inclusion in this study of familial IgAN.

Table 1. Disease status numbers for familial IgAN families

Pedigree Number of
members affected

Number of
generations affected

Number
with ESRD

Number with biopsy
proven IgAN

Mode of
inheritance

F141 6 1 1 1 AD
F229 2 1 0 2 AR
F315 2 1 2 2 AD
F74 4 2 2 3 AD
F104 2 2 1 1 AR
F224 3 1 2 1 AR
F404 2 1 1 1 AD
F433 2 1 1 1 AD
F654 3 2 2 2 AD
F91 4 1 1 1 ADIP

AD, autosomal dominant; AR, autosomal recessive; ADIP, autosomal dominant with incomplete penetrance; 
IgAN, immunoglobulin A nephropathy; ESRD, end-stage renal disease.
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All patients in this study provided informed written consent. 
The study protocol and design were subject to appropriate Ethics 
Committee approval at Beaumont Hospital, Dublin, Ireland (re-
search Ethics Committee reference: 12/75). 

Families presenting with IgAN were identified through a clini-
cal analysis carried out by Fennelly et al. [15]. Patients were se-
lected on the basis that they had a clinical picture compatible with 
IgAN predominantly. Specifically patients with advanced liver dis-
ease that is associated with IgAN or patients with other disease that 
can show IgAN deposition such as Lupus or membranous ne-
phropathy were excluded. In this study, 8,033 kidney biopsies per-
formed at Beaumont Hospital over the period 1986–2016 were re-
viewed and identified 1,283 cases of IgAN. Of these cases, 23 (1.8%) 
were found to have a family history of kidney disease and were 
classed as familial IgAN. These 23 cases represented 14 different 
families. The families were then contacted and blood/saliva was 
collected on any available, consented family member by the staff 
at Beaumont Hospital. DNA from these patients was obtained at 
Beaumont Hospital from these collected blood or saliva samples 
and processed through the Rare Kidney Disease Biobank at St. 
James Hospital, Dublin, Ireland. We then chose families who had 
at least one family member with biopsy proven IgAN and one oth-
er family member with either biopsy-proven IgAN or end-stage 
renal disease as previously described [15] and selected families that 
had at least 2 affected members with DNA available. This left us 
with 10 families for the exome sequencing analysis. All unaffected 
individuals that had gene sequencing were labelled unaffected on 
the basis of negative dipstick for significant blood or proteinuria. 
All families recruited were Irish and were reported as non-consan-
guineous.

Ten families were selected for exome sequencing, labelled F104, 
F141, F229, F315, F74, F404, F433, F654, F224, and F91. In family 
F141, we sequenced 3 affected members. In family F104, we se-
quenced one affected member and in the remaining 8 families, we 
sequenced 2 affected members (F229, F315, F74, F404, F433, F654, 
F224, and F91). Families were selected for exome sequencing on 
the basis of meeting the aforementioned phenotype criteria and 
also having sufficient DNA to carry out exome sequencing and test 
for segregation, as required.

WES Analysis
We exome sequenced the 20 individuals from 10 families to 

100X coverage using either an Ion Proton platform (n = 6, fami-
lies = F229, F315 and F91) or an Illumina Hiseq platform (n = 14, 
families = F141, F74, F104, F224, F404, F433 and F654). Six indi-
viduals were sequenced using the SureSelect XT Human All Exon 
V6 + UTRs Kit (members from F141, F74 and F104), 8 were se-
quenced using the SureSelect XT Human All Exon V6 Kit (mem-
bers from F224, F404, F433 and F654), 2 were sequenced with the 
Ion TargetSeq Exome (both individuals in F91) and the remaining 
4 were sequenced using the Ion Ampliseq exome RDY kit (families 
F229 and F315). 

Annotating Variants
Following alignment and quality control of exome data (online 

suppl. Methods; for all online suppl. material, see www.karger.
com/doi/10.1159/000503564), VCF files were annotated using 
Annovar [16]. Candidate variants were defined as variants that 
were shared between affected family members, functional, rare 
and predicted deleterious (online suppl. Methods).

Candidate variants and where relevant, the associated genes 
were cross-referenced with the Online Mendelian Inheritance in 
Man catalog, Clinvar (version 20150330), gnomad, missense toler-
ance ratio Gene Viewer and Residual Variation Intolerance Score 
[17–21].

We incorporated clinical data using Online Mendelian Inheri-
tance in Man and Clinvar to see if any of the candidate variants 
were thought to be involved in kidney disease or had been previ-
ously been reported as pathogenic. We then re-examined the ped-
igree information to select variants that fit the disease model. Fi-
nally, we used the American College of Medical Genetics and Ge-
nomics (ACMG) guidelines to annotate whether or not the variant 
was considered pathogenic, likely pathogenic, uncertain signifi-
cance, likely benign or benign [22]. 

We used Sanger sequencing to confirm candidate variants and 
to test for segregation (online suppl. Methods). 

Searching for Variants Across Families
Families in which we did not identify a candidate variant in a 

gene previously linked with renal disease were assessed for candi-
date variants found in genes shared across these families. Genes 
with a candidate variant found in > 1 family were selected. Artefacts 
of sequencing were identified through examination of the bam files 
using the Integrative Genomics Viewer [23].

Results

We performed WES on 20 individuals across 10 fami-
lies (Table 1). The average age in the affected individuals 
(n = 30) across these 10 families was 41 (SD 15.8 years), 
with 22 males and 8 females (online suppl. Table 1 for 
further details on affected family members). The average 
age in the unaffected individuals (n = 26) across these 10 
families was 58 (SD 11.6 years), with 8 males and 17 fe-
males. In 7 families (F224, F91, F404, F433, F654, F229 
and F315), we did not identify candidate variants in genes 
known to cause kidney disease, or that were found across 
multiple families in biologically relevant genes (online 
suppl. Table 2 for list of qualifying variants found in these 
families). In 3 families (F141, F74 and F104), we identi-
fied candidate mutations that were found in genes known 
to cause kidney disease (Table 2). 

Exome Sequencing: Family 141
Family 141 (F141) is a multi-generational family with 

multiple affected members presenting with blood and 
proteinuria. In one member a kidney biopsy confirmed 
IgA deposition in the mesangium. There was clear male 
to male transmission suggesting an autosomal dominant 
mode of inheritance (Fig. 1). The proband (IV.1) in this 
family was diagnosed (via biopsy) with IgAN and mild 
arteriosclerosis/arteriolar sclerosis (Fig.  2). The pro-
band’s father (III.6) was diagnosed with focal prolifera-

D
ow

nl
oa

de
d 

by
: 

V
er

la
g 

S
. K

A
R

G
E

R
 A

G
, B

A
S

E
L 

   
   

   
   

   
   

   
   

   
 

17
2.

16
.7

.7
6 

- 
12

/2
3/

20
19

 1
0:

36
:1

3 
A

M



Stapleton et al.Nephron4
DOI: 10.1159/000503564

tive glomerular nephropathy, thin glomerular basement 
membrane and mild arteriolar sclerosis. The proband’s 
grandmother (II.1) was reported to have “scarred kid-
neys” but the reason for this scarring was not reported. 
The proband’s sister (IV.2) had signs of early stage chron-
ic kidney disease with both blood and proteins present in 
the urine. The proband’s paternal uncle (III.5) was also 
found to have kidney disease with urinalysis showing 
presence of protein and haemolysed blood and upon bi-
opsy showed signs of thin basement membrane nephrop-
athy (Fig. 2). The proband’s aunt (III.3) also presented 

with 2+ blood in the urinalysis. A cousin (IV.3) was re-
ported as affected, but exact details on this individual are 
unknown. 

Three of the affected individuals were selected for 
WES (Fig. 1) – the proband (IV.1), the sister (IV.2) and 
the affected uncle (III.5). In F141, we identified a likely 
pathogenic variant (according to ACMG standards) in 
the gene COL4A5, a gene known to cause X-linked Alport 
syndrome [24]. This variant was present in IV2 and III5 
but not in the proband. This variant, rs104886228: G>A, 
was found on chromosome X in the 38th exon of  COL4A5. 

Table 2. Candidate variants found in 3 Irish families with IgAN

Family rsID Gene Chr BP Ref./Alt 1000G ExAC ESP SIFT Polyphen2 CADD

F74 rs373336352* LMX1B 9 129458213 G/A NA NA 0.0001 0.49 (T) 0.99 (D) 10.5
F141 rs104886228** COL4A5 X 107908790 G/A NA NA NA 0 (D) 1 (D) 21.7
F104 rs200302125*** COL4A3 2 228172594 T/C 0.0012 0.003 0.003 0 (D) 1 (D) 15.76

* The highest MAF seen for rs373336352 was in the ESP European subpopulation (MAF = 0.0001).
** rs104886228 was not seen in any of the subpopulations in ExAC, 1000G or ESP.
*** The highest MAF seen for rs200302125 was in the ExAC non-Finnish European population (MAF = 0.0046).
All the variants in the above table were nonsynonymous SNVs found in exonic regions. 
rsID, SNP identifier; Chr, chromosome; BP, base pair position (hg19 coordinates); 1000G, minor allele frequency in across all populations in the 1,000 Genomes project using the 

August 18, 2015 Annovar release; ExAC, Minor allele frequency across all populations in the Exome Aggregation Consortium (ExAC; exac03 version); ESP, Minor allele frequency of va-
riant in the Exome Sequencing Project (eps6500siv2 ALL release); Polyphen2, Polyphen2 HDIV score (prediction); SIFT, SIFT score (prediction); T, tolerated; D, damaging; CADD, CADD 
phred score; LMX1B, lim homeobox transcription factor 1, beta; COL4A5, collagen, type IV, alpha-5; COL4A3, collagen, type IV, alpha-3; IgAN, immunoglobulin A nephropathy. 
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Fig. 1. Pedigree of family F141. Circles in-
dicate females, squares indicate males, dia-
mond indicates uncertain sex, arrow indi-
cates proband, diagonal line through a 
shape indicates a deceased individual, filled 
shapes indicates affected status, unfilled 
shaped indicate an unaffected individual. 
Individuals with A or G letter under their 
shape indicates their genotype at the 
 COL4A5 variant. The proband (IV1), fa-
ther (III.6) and uncle (III.5) underwent bi-
opsies. 
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This nucleotide change was a nonsynonymous single nu-
cleotide variation (SNV) predicted to result in an amino-
acid change (glycine to serine) at position 1,143 of the 
COL4A5 protein p.(Gly1143Ser). We interpreted this 
variant according to ACMG criteria as “likely pathogen-
ic” (Table 3).

We went on to genotype the variant in 9 family mem-
bers (6 affected and 3 unaffected) to test for segregation. 
The “likely pathogenic” (“A”) allele was found in to seg-
regate with affected status along the proband’s father’s 
side of the family (Fig. 1, online suppl. Fig. 1). As this vari-
ant is on the X chromosome, the father cannot pass the 
mutation to the proband indicating that there may be 2 
very similar diseases segregating in 1 family. Notably, 
there was one healthy female carrier (III.1) who was 
found to have a clear urinalysis (urinalysis carried out at 
age 44). Due to potential X-inactivation [25, 26] and the 
segregation pattern of the variant, we did not consider 
cosegregation data as evidence towards ACMG. This ped-
igree appears to demonstrate sporadic IgAN within a 
family with Alport mutations. This case demonstrates the 

difficulty of studying familial kidney disease where 2 kid-
ney disease patterns occur within the 1 family or where a 
family member is a phenocopy with a different disease. 

Exome Sequencing: Family 104
Family 104 (F104) presented with 2 affected brothers 

with a recessive inheritance pattern (Fig. 3). The first af-
fected brother (II.1) presented with hematuria and pro-
teinuria at the age of 29 and was diagnosed with IgAN 
upon biopsy. He progressed to end-stage kidney disease 
undergoing transplant approximately 6 years after his 
IgAN diagnosis. The second brother (II.3) was also diag-
nosed with IgAN. No other family members reported kid-
ney disease. 

In F104, a variant of unknown significance (VUS, ac-
cording to ACMG guidelines), rs200302125: T>C, was 
identified in the non-collagenous domain of COL4A3 
(Table 2, Fig. 3). Here, a nonsynonymous SNV was pre-
dicted to result in the replacement of a leucine with a pro-
line at amino acid position 1474 p.(Leu1474Pro).  COL4A3 
is associated with autosomal dominant and recessive 

Fig. 2. Light and electron micrographs 
showing appearances seen in IgAN and 
Thin basement membrane nephropathy of 
family 141. a Hematoxylin and Eosin 
stained light micrograph (20×) showing 
diffuse mesangial matrix expansion and 
hypercellularity from kidney cortex of in-
dividual IV1 from F141. b Electron micro-
graph (5,000×) showing electron dense de-
posits in the mesangium (solid arrows) and 
a thin basement membrane on the glomer-
ular capillary loop (dashed arrow) from in-
dividual IV1. c Hematoxylin and Eosin 
stained light micrograph (20×) showing a 
normal glomerulus in individual III.5. d 
Electron micrograph (10,000×) showing a 
thin glomerular basement membrane in 
individual III.5 (dashed arrow). No elec-
tron dense deposits were found in the me-
sangium of III.5. In individual IV1, immu-
nofluorescence showed global and diffuse 
granular mesangial positivity for IgA in all 
glomeruli (data not shown), while no evi-
dence of immune complex deposition was 
seen in individual 111.5. The findings in 
the above images, taken together with the 
immunofluorescence results, demonstrate 
features typical of IgAN and thin basement 
membrane nephropathy for IV1 and 
TBMN for 111.5. 
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forms of Alport syndrome as well as autosomal dominant 
benign familial hematuria [27–32]. 

The minor allele frequency was high for a disease-caus-
ing heterozygote variant (0.12% MAF in 1000G_All and 
0.2% in gnomad). Several computational tools predicted 
the variant to be damaging (SIFT_pred = D, Polyphen2_
HDIV_pred = D, MutationTaster_pred = D, CADD_
phred = 15.76). The variant met a number of criteria for 
ACMG, as laid out in Table 4. However, the evidence was 
not sufficient to call this variant as pathogenic, and so at the 
time of writing, this variant comes under the VUS category. 

Exome Sequencing: Family 74
The third family, family 74 (F74), presented with an 

autosomal dominant inheritance pattern with 4 affected 
individuals across 2 generations (Fig.  4). The proband 
(II.11) presented with biopsy confirmed IgAN and dia-
betic nephropathy, which progressed to end-stage kidney 
disease and required the patient to undergo transplant. 

Table 3. Criteria met by COL4A5 variant found in F141

ACMG criteria met Evidence

PM1 – Located in a mutational hot spot and/or critical
and well-established functional domain (e.g., the active
site of an enzyme) without benign variation 

Variant was found in the in the collagenous domain of the α5 (IV) 
chain. Glycine substitutions in this region are known to have
deleterious effects on the function of the protein [35].

PM2 – Absent from controls (or at an extremely low
frequency if recessive) in Exome Sequencing Project, 1,000 
Genomes Project, or Exome Aggregation Consortium

Variant not found in gnomad, 1000G_ALL, ExAC_ALL or
ESP6500siv2_ALL

PM5 - Novel missense change at an amino acid residue
where a different missense change determined to be
pathogenic has been seen before

Variant was at the same codon but causing a different amino acid
(glycine to aspartate) change that had previously been found in a family 
with Alport syndrome and is reported as pathogenic in OMIM [34]. 
This variant was located in the collagenous domain of the α5 (IV) chain 
and was found interfere with the maintenance of the triple helical
formation of the collagen molecule which leads to increased
permeability and weakening of the glomerular basement membrane

PP2 – Missense variant in a gene that has a low rate of
benign missense variation and in which missense
variants are a common mechanism of disease

COL4A5 has an RVIS score = 6.3%, meaning this gene is amongst the 
top 6.3% most intolerant genes in the human genome (based upon the 
amount of common variation found in that gene) [18].

PP3 – Multiple lines of computational evidence support
a deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc.)

Variant was predicted damaging (D) by SIFT_pred, Polyphen2_
HDIV_pred and MutationTaster_pred. CADD_phred score of 21.7

PP5 – Reputable source recently reports variant as
pathogenic, but the evidence is not available to the
laboratory to perform an independent evaluation 

Previous studies identified variant as pathogenic in families with
Alport syndrome, however this variant not reported in OMIM [35, 49].

The above table lays out the evidence for calling the COL4A5 variant found in F141 as likely pathogenic according to ACMG guide-
lines. 

PM, moderate pathogenic criterion; PP, supporting pathogenic criterion; ACMG, American College of Medical Genetics and Geno-
mics; OMIM, Online Mendelian Inheritance in Man.

II.1
TC

II.2
TT

I.1 I.2
TT

II.3
TC

II.4

Fig. 3. Pedigree of family F104. Circles indicate females, squares 
indicate males, diamond indicates uncertain sex, arrow indicates 
proband, filled shapes indicates affected status, unfilled shaped in-
dicate an unaffected individual. Individuals with T or C letter un-
der their shape indicates their genotype at the COL4A3 variant. 
Individual II.1 underwent biopsy. 
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The proband’s nephew (III.1) presented with biopsy con-
firmed IgAN and mild arteriosclerosis/arteriolarsclerosis 
(Fig. 5). The second nephew (III.2) of the proband self-
reported as healthy, however, urinalysis showed haemo-
lysed blood. The proband’s brother (II.1) presented with 
CKD and on renal biopsy IgA deposits were found in the 
glomerular mesangium (Fig. 5). 

Two individuals in F74 were selected for WES (II.1 and 
III.1). We identified a candidate variant, rs373336352: 
G>A, in the gene LMX1B, a gene associated with Nail-
patella syndrome (Table 2, Fig. 4) [33]. This variant, was 
a nonsynonymous SNV which was predicted to cause an 
amino acid change from glycine to serine, p.(Gly339Ser). 
Although this variant was also found to segregate with the 
disease in affected family members, it had mixed results 
for computational evidence supporting a deleterious ef-
fect on the gene or gene product (CADD Phred score of 

10.5, Polyphen2_HDIV_pred = D, MutationTaster = D, 
SIFT_pred = T) and had a higher MAF than would be ex-
pected for a pathogenic variant. As such, it was classified 
as VUS (Table 5). It was not possible to obtain DNA sam-
ples for unaffected family members in F74 and therefore 
only affected family members were sequenced.

Discussion

We analysed exome sequence data from 10 Irish fami-
lies presenting with IgAN, filtering for rare, functional, 
exonic or splicing, predicted damaging variants that were 
shared between affected members of the family. We de-
tected an ACMG-satisfying disease causing mutation in 
one of the 10 families, with VUS found in kidney-disease-
related genes in another 2 families.

Table 4. Criteria met by COL4A3 variant found in F104

ACMG criteria met Evidence

PP1 – cosegregation with disease in multiple affected family 
members in a gene definitively known to cause the disease

Variant segregated with the disease in 2 unaffected and 2 affected 
family members (online suppl. Fig. 2)

PP3 – multiple lines of computational evidence support a
deleterious effect on the gene or gene product
(conservation, evolutionary, splicing impact, etc.)

Several computational tools predicted the variant to be damaging 
(SIFT_pred = D, Polyphen2_HDIV_pred = D, MutationTaster_
pred = D, CADD_phred = 15.76)

PP5 – reputable source recently reports variant as
pathogenic, but the evidence is not available to the
laboratory to perform an independent evaluation

A recent study reported the same variant in a family with (likely 
mistaken) familial focal segmental glomerulosclerosis [37].

The above table lays out the evidence for calling the COL4A3 variant found in F104 as uncertain significance according to ACMG 
guidelines.

PP, supporting pathogenic criterion; ACMG, American College of Medical Genetics and Genomics.

I.1

II.1
AG

II.1
AG

III.2
AG

III.3 III.4 III.5

II.2 II.3 II.4 II.5 II.6 II.7 II.8 II.9 II.10 II.11
AG

I.2

Fig. 4. Pedigree of family F74. Circles indi-
cate females, squares indicate males, dia-
mond indicates uncertain sex, arrow indi-
cates proband, filled shapes indicates af-
fected status, unfilled shaped indicate an 
unaffected individual. Individuals with A 
or G letter under their shape indicates their 
genotype at the LMX1B variant. Individu-
als II.1, III.1 and II.11 underwent biopsy.
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IgAN is the most common form of glomerulonephritis 
worldwide and likely has multiple different forms, from 
monogenic to multifactorial. Despite strong evidence 
from familial segregation, to date a clearly monogenic 
form has yet to be fully characterised. Given the relative 
frequency of IgAN, it is also clear that IgA deposits may 
be present on kidney biopsies with a second clear renal 
pathological diagnosis. This points to the difficulty in an-
alysing kidney pathology where IgA deposition may be 
present but other disease mechanisms are the predomi-
nate lesion affecting kidney structure. In the families pre-
sented in this study, there was clear evidence of IgA de-
position thus making the criteria for a diagnosis of IgAN 
in extended families with advanced kidney disease. 

In our analysis, we did not identify any potentially 
causal qualifying variants in 7 of the families. We made a 
clear molecular diagnosis in one case and in 2 further cas-
es, we identified variants of uncertain significance. In 
family F141, a likely pathogenic mutation was found in 
the COL4A5 gene (notably, this variant did not meet the 
criteria originally set out in this study as it was not present 
in the proband). Mutations in this gene are commonly 
associated with Alport syndrome. This variant and a mu-
tation resulting in a different amino acid change at the 
same codon had previously been identified as pathogenic 
in families with Alport syndrome [34, 35]. In F141, the 
father’s biopsy report diagnosis was focal proliferative 
glomerular nephropathy with mild arteriolar sclerosis 

Fig. 5. Light and electron micrographs 
showing appearances seen in IgAN of fam-
ily 74. a Hematoxylin and Eosin stained 
light micrograph (20×) showing areas of 
mesangial hypercellularity and mesangial 
matrix expansion (arrows) from kidney 
cortex of individual II.11. The inset shows 
one of these areas at higher magnification 
(40×). e Hematoxylin and Eosin stained 
light micrographs (20×) showing diffuse 
mesangial matrix hypercellularity and ex-
pansion from kidney cortex of individuals 
II.1 and III.1, respectively. b, d, e Electron 
micrographs (15,000×) showing electron 
vdense deposits in the mesangium (arrows) 
and also capillary loops (b). The diamonds 
show the glomerular capillary loop spaces. 
Immunofluorescence for all patients dem-
onstrated global and diffuse granular me-
sangial positivity for IgA (data not shown). 
The findings in the above images, taken to-
gether with the immunofluorescence re-
sults, demonstrate the features typical of 
IgAN. 
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and the uncles’ biopsy showed thin basement membrane 
nephropathy (Fig. 2). In comparison, the proband’s bi-
opsy report showed IgAN. 

This finding indicates that the father (and associated 
carriers of the COL4A5 variant) had a similar, yet differ-
ent, cause of kidney disease compared to the proband, 
who has clear features of IgAN and does not carry the 
COL4A5 variant. Deafness, a clinical phenotype often 
found in individuals with Alport syndrome, was not 
found in this family [36]. This highlights the range and 
diversity in the phenotypes associated with type 4 colla-
gen mutations. The proband in this family had clear evi-
dence of IgAN with multiple affected family members 
with overt kidney disease which was likely resulting from 
collagen mediated disease. This family illustrates the dif-
ficulty in diagnosing familial kidney disease as there was 
clear evidence of 2 distinct pathogenic processes coexist-
ing within the 1 family (IgAN and collagen basement 
membrane disease). 

In family F104, we identified a VUS in COL4A3. This 
gene has previously been shown to cause autosomal re-
cessive and dominant Alport syndrome as well as autoso-
mal dominant benign familial haematuria [28]. This vari-
ant was recently reported in a family diagnosed with focal 
segmental glomerular sclerosis indicating that the spec-
trum of disease caused by mutations in COL4A3 may be 
wider than previously thought [37]. However, the variant 
had a minor allele frequency that is higher than what we 
would expect for a causal heterozygous pathogenic vari-
ant. That being said, kidney disease is relatively common 
in any population. According to a 2010 study, the age-
standardized global prevalence of CKD in adults (mini-

mum age of 20) is 10.4% in men and 11.8% in women 
[38]. Therefore, it is possible that variants with relatively 
high minor allele frequencies, may in fact be causal, or 
contributing risk. Also, kidney disease has an extremely 
broad age of onset, becoming more common as age in-
creases [39]. This means that variants causing kidney dis-
ease may not be under the same selective pressure as vari-
ants causing disease with earlier ages of onset as the mean 
age for end stage kidney disease in patients with IgAN is 
past the average age for child bearing (mean age recently 
reported as 42.8 [40]). Therefore, variants causing the dis-
ease could be at relatively high frequencies in the general 
population. However, without further evidence we can-
not class the mutation found in this family as pathogenic 
and so whether this variant is causal or an incidental find-
ing has yet to be determined.

In the third family, F74, we identified a variant in the 
gene LMX1B, known to cause autosomal dominant Nail-
patella syndrome. This syndrome is characterised by dys-
plastic nails, absent or hypoplastic patellae and, in a num-
ber of cases, nephropathy resembling glomerulonephri-
tis. LMX1B is binds the enhancers of COL4A4 [41]. In 
mice with LMX1B knock-out mutations (–/–), there is a 
strong decrease in the alpha-3 and -4 chains of type IV 
collagen [41]. Similar to that of Alport syndrome, the dys-
regulation of the alpha-3 and -4 chains of type IV collagen 
results in glomerulopathy. It is thought that haploinsuf-
ficiency is the pathogenic mechanism of Nail-patella syn-
drome, with the disease following an autosomal domi-
nant inheritance pattern [33]. A study examining indi-
viduals with nail patella-like renal disease reported a 
number of families who carried a mutation in the home-

Table 5. Criteria met by LMX1B variant found in F74

ACMG criteria met Evidence

PP1 – cosegregation with disease in multiple affected family
members in a gene definitively known to cause the disease

The variant segregated with all 4 affected family members (online 
suppl. Fig. 3)

PP2 – Missense variant in a gene that has a low rate of
benign missense variation and in which missense variants
are a common mechanism of disease

LMX1B has RVIS score of 11.06% and a number of missense
variants reported as pathogenic in OMIM

BS1 Allele frequency is greater than expected for the
disorder

Variant was not found in 1,000 genomes, EXAC or gnomad databases 
but had a frequency of 0.0001 in the NHLBI-ESP project with 6,500 
exomes. The variant was found in one individual in this database

The above table lays out the evidence for calling the LMX1B variant found in F74 as uncertain significance according to ACMG gui-
delines.

PP, supporting pathogenic criterion; BS, strong benign criterion; OMIM, Online Mendelian Inheritance in Man; ACMG, American 
College of Medical Genetics and Genomics.
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odomain of LMX1B indicating that individuals with mu-
tations in this gene do not always present with the full 
spectrum of Nail-patella syndrome phenotypes and can 
cause renal specific disease [42]. However, it should be 
kept in mind that the variant in LMX1B was found at a 
higher frequency than expected, was not found in the ho-
meodomain region [43] and had conflicting computa-
tional evidence for pathogenicity and so whether this 
variant is causal or an incidental finding remains uncer-
tain. Investigations of the prevalence of variants of un-
known significance in genes known to cause kidney dis-
ease are warranted to help us understand the likelihood 
of these variants occurring.

In the remaining 7 families, there was just one gene, 
PIK3C2B, that contained qualifying variants in > 1 family 
(online suppl. Table 2). We identified 1 family (F91) that 
carried a frameshift deletion and 1 family (F433) contain-
ing a nonsynonymous variant in PIK3C2B. This gene has 
no known links to kidney disease and according to Re-
sidual Variation Intolerance Score, is in the 77.93% most 
intolerant genes (i.e., very tolerant to mutations) and so 
this may be an incidental finding or potentially is a risk 
factor as opposed to a causal variant – adding to an over-
all polygenic load. We did not identify any other genes 
with qualifying variants that were shared across these 
families. This raises a number of potential scenarios. Po-
tentially, the disease in these families is caused by non-
genetic (or at least not exclusively genetic) factors. IgAN 
is correlated with a number of environmental factors in 
particular infections. For example, HIV, staphylococcus 
mucosal infections, Chlamydia, malaria and Lyme dis-
ease have all been associated with the occurrence of IgAN 
[44–47]. 

Also, some forms IgAN may be polygenic. As IgAN is 
a relatively heterogeneous disorder, it is possible that dif-
ferent families have different underlying genetic causes in 
genes yet to be linked to kidney disease. Notably, a num-
ber of the families carried variants in genes (TRAF2 and 
NFKB2, online suppl. Table 2) associated with TRAF6 
mediated NF-kB activation. TRAF6 mediated NF-kB ac-
tivation is involved in the production of galactose-defi-
cient IgA1, which is needed for the formation of immune 
complexes found in individuals with IgAN [48]. Poten-
tially, variants in the pathway and other pathways associ-
ated with the production of galactose-deficient IgA1 may 
be risk factors for the development of IgAN. Further anal-
ysis of larger cohorts of families presenting with IgAN 
will be needed to decipher this important question.

This study had a number of limitations. First, the ab-
sence of a control group of Irish ancestry would have al-

lowed us to better interpret the candidate variants pre-
sented in this study in the context of the given population. 
Further work is required to decipher the frequency of 
these variants in the Irish population. Another limitation 
of this study was that different sequencing platforms (Ion 
Torrent and Illumina) were used across the families. The 
resulting variants were refined using visual inspection 
with Integrative Genomics Viewer and followed up with 
Sanger sequencing to reduce the number of potential ar-
tefacts. However, the use of different sequencing plat-
forms may have resulted in false negatives, where, for ex-
ample, variants could be identified in 1 family was not 
observed in other families due to the differences in se-
quencing methodology. Also, due to the relatively small 
pool of families (n = 10), we were underpowered to carry 
out polygenic or burden analyses. 

Our results confirm the heterogeneous nature of IgAN 
and provide evidence that while a proportion of families 
who present with IgAN may carry a disease causing vari-
ant in a known kidney disease-related gene, the majority 
do not. With the continued discovery of disease genes, it 
is possible that families with a currently unknown genet-
ic cause for their disorder may receive a genetic diagnosis 
in the near future. Further analysis of large, carefully phe-
notyped families with IgAN should provide insights into 
disease mechanisms of IgAN.
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