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Abstract. Vesicoureteral reflux (VUR) is a congenital
malformation carrying a high risk of recurrent urinary tract
infections (UTI) and, at worst, chronic renal failure. Familial
clustering implies a genetic etiology, but studies during the
past few decades have demonstrated a causal gene variant in
<10% of patients with VUR. The aim of the present study was
to search for fully or partially shared ancestral haplotypes in
14 families from south-western Sweden with at least three
affected members. High-density single nucleotide polymor-
phism microarray was used for genotyping prior to analysis
with a compatibility matching method developed in-house,
and the analysis of copy number variations (CN'V). No single
unique haplotype was revealed to be shared by the families,
thereby excluding a common ancestry and founder mutations
as a probable cause of VUR. After evaluation of haplotypes
shared by subsets of families, a haplotype shared by nine
families was found to be of particular interest. This haplotype,
located at chromosomal region 4q21.21, harbours two tentative
candidate genes (bone morphogenetic protein 3 and fibroblast
growth factor 5), both expressed in metanephros and with
known functions during nephrogenesis. As to CN'V, only one
family had a specific CNV shared by all affected members.
This was a focal deletion at 5q31.1 including follistatin-like 4,
a gene without a previous known connection to VUR. These
data demonstrated the genetic heterogeneity of VUR and
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indicated that an interaction of environmental and genetic
factors, including non-coding and epigenetic regulators, all
contribute to the complexity of VUR.

Introduction

Vesicoureteral reflux (VUR) is a common urinary tract (UT)
defect that occurs in approximately 1-2% of young children (1).
High-grade VUR is seen primarily in male infants and is
often associated with generalised renal damage, i.e. renal
hypodysplasia. This rare condition is regarded as a congenital
abnormality associated with primary VUR (2). Overall, in
children with VUR the most common form of renal damage
is a focally acquired injury caused by ascending urinary tract
infections (UTI) (3). The morbidity seen in children with VUR
is often related to recurrent UTI, which carries the risk of
progressive renal damage.

Familial clustering of VUR is well recognized. The risk
that offspring of affected individuals will have reflux them-
selves has been reported to be as high as 66%, while the risk of
a sibling of an affected individual also having the condition is
between 27 and 51% (4-7). The high frequency of VUR in rela-
tives favours an autosomal dominant inheritance pattern with
reduced penetrance (8-12), although some studies indicate
possible autosomal recessive inheritance (13) or an X-linked
mode of inheritance (14).

The search for a single gene linked to the heritability
of VUR has so far been unsuccessful, but a large number
of candidate genes have been suggested. These candidates
mainly include genes functioning in the developmental path-
ways of the kidney, ureter and ureterovesical junction. During
the last decade, the VUR hypodysplasia anomaly has been
included in the congenital anomalies of the kidney and urinary
tract (CAKUT) group, which comprises a broad spectrum of
renal and lower UT structural and functional abnormalities.
The rationale for this approach is the shared embryological
background, starting with an interaction between the ureteric
bud (UB) and metanephric mesenchyme (MM) (15,16). There
has been arapid increase in identification of CAKUT-associated
genes due to recent advances in new and more affordable
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sequencing. Mutations in numerous different developmental
genes have been identified, but there is little correlation
between families and individuals. Despite this progress, the
mutations responsible for the majority of CAKUT conditions
remain unknown (17,18).

The vast majority of genetic studies of VUR and/or CAKUT
have focused on the coding part of the genome. However, in
numerous studies of familial VUR there is a relative paucity
of precise genetic causes, despite indications of a dominant
autosomal inheritance pattern. It may therefore be reason-
able to expect that VUR-related variants are located in the
non-coding DNA, such as the promotor, topologically asso-
ciating domain (TAD) boundaries, or regulatory elements.
Studies have shown that the regulatory elements can be located
within the gene, or located at a distance of up to 1 Mb from
the gene (19). Thus, designating variants in non-coding areas
as pathological is far more difficult than identifying variants
in protein-coding genes. Whole-genome scans to identify
common regions are the first step towards locating these regu-
latory regions. However, genome scan studies, mainly linkage
analyses, show different results with very few shared genomic
regions among hereditary VUR patients.

Besides single nucleotide variants (SNV) and smaller
insertions/deletions (indels), copy number variations (CNV)
are also important contributors to human genetic variation.
However, some CNVs can also be associated with a variety
of birth defects and common diseases (20). CNV-associated
congenital malformations depend on the disruption of specific
genes at breakpoints, and also on which genes are located
within the duplication or deletion. Few studies have investi-
gated the impact of CNV in relation to VUR/CAKUT (21,22).

For this study we included only families from the
south-western part of Sweden who had the VUR complex
(same phenotype). This was because of the higher levels
of heredity in VUR than in other conditions included in
CAKUT. We concentrated on individuals who had the highest
grade of VUR together with renal hypodysplasia, which
is the most severe phenotype. In this study we explored the
possible presence of shared chromosomal areas (haplotypes)
in 14 families with familial VUR. We screened for unique
haplotypes which might be shared by affected individuals in
the families and would therefor indicate a common ancestor.
Screening was performed using high-density single nucleo-
tide polymorphism (SNP) arrays, followed by genome-wide
association (GWA) and the SNP compatibility matching
method recently described (23,24). As VUR appears to be a
genetically heterogeneous disease we also evaluated shared
haplotypes, including those in subsets of families, for coding
and non-coding genes which could cause the VUR abnor-
mality. In addition, we searched for CN'Vs which might be
associated with the condition.

Materials and methods

Patients and families. Fourteen families with three or more
members with primary VUR, were recruited at Queen Silvia
Children's Hospital (a tertiary referral center) in Gothenburg,
Sweden. The families were contacted and information on
the study was given. Before entering the study all subjects
and/or their parents signed informed consent forms for genetic

screening. Blood samples or buccal smear (Isohelix SK-2S
Buccal Swabs) specimens were collected using standard proce-
dures. The Regional Ethical Review Board in Gothenburg
approved the study (Dnr 589-05).

A total of 43 patients in 14 families with VUR were
included (49% males). To clarify the relationship and analyse
the pattern of inheritance, pedigrees were constructed for each
family (Fig. 1). Additional members of the families whose
medical histories strongly suggested VUR, but who had not
undergone radiological investigations, were classified as
probable cases. Patients with VUR secondary to a neurogenic
bladder and posterior urethral valves were excluded from the
study.

Clinical data were obtained from medical records.
A VUR grade was obtained from a voiding cystoure-
thrography (VCUG), levels of kidney damage from
dimercaptosuccinic acid (DMSA) or mercaptoacetyltrigly-
cine (MAG-3) scintigraphy (25), and total kidney function was
measured using glomerular filtration rate (GFR) or was esti-
mated according to the Schwartz formula (26). When patients
had bilateral VUR, their more severely affected side was
measured to establish VUR grade and kidney damage. Focal
kidney damage was defined as one or more areas with reduced
uptake or indentation of the renal outline, and is caused by
postnatally acquired renal scarring (3). Generalised damage,
referred to as congenital renal hypodysplasia, was classified as
a small kidney with reduced tracer uptake or a diffuse paren-
chymal anomaly. A GFR of <80% (<2SD) of expected GFR
was considered subnormal (27).

SNP genotyping. Genomic DNA was extracted from blood
lymphocytes (in 25 cases) and buccal cells (in 15 cases) using a
Qiagen DNeasy Blood and Tissue Kit (Qiagen) and a Maxwell
16 Buccal Swab LEV DNA Purification Kit (Promega, Corp.)
respectively. For three individuals from three different families
DNA samples were not available. The samples were genotyped
on Affymetrix 250K SNP Nspl arrays, (Affymetrix Inc.), which
detects ~262,000 SNPs. The array experiments were performed
either locally (n=34, Department of Laboratory Medicine at the
University of Gothenburg, Gothenburg, Sweden) or at the BEA
Core Facility, (n=6, Karolinska Institute, Huddinge, Sweden),
according to the manufacturer's protocol (Affymetrix).
Briefly, 250 ng of genomic DNA was digested using the Nspl
restriction enzyme and ligated to adaptors. After ligation, the
template was subjected to PCR amplification using a generic
primer that recognised the adaptor sequence. The amplified
DNA was fragmented with DNase I, labelled with biotin and
hybridised to a GeneChip® Human Mapping 250 K array. The
hybridised probes were washed using the Affymetrix Fluidics
Station 450 and marked with streptavidin-phycoerythrin. The
arrays were scanned using a confocal laser scanner, GeneChip
Scanner 3000 (Affymetrix). Primary data analysis was
performed using GDAS (GeneChip® DNA Analysis software)
and GTYPE (Affymetrix) for the extraction of genotype calls.

SNP compatibility matching. SNP genotype data for individ-
uals were analysed using SNP compatibility matching (23,24).
This method can be applied to dominant traits in families
where several members are affected. In the original SNP
compatibility matching method, it was assumed that all
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Figure 1. Pedigrees describing the 14 participating families with three or more vesicoureteral reflux cases. Squares, males; circles, females; rhombuses,
sex unknown; black symbols, indicate diagnosis confirmed by voiding cystourethrography; grey symbols, indicate strong history of VUR but no available
radiological investigations; crossed over symbols, deceased; arrow, index cases. VUR, vesicoureteral reflux.

affected individuals had a common ancestor and shared the
causal IBD (identical by descent) variant. Although it was
unlikely that all affected individuals in our 14 families shared
the same ancestral variant, we still wanted to examine this
possibility. In a similar way to homozygosity mapping we also
used this method to identify shared haplotypes, which may act
as causal factors for a disease, in different subsets of affected
subjects or families. The aim of the method is to identify
regions free from incompatibilities. For each SNP locus, indi-
viduals can have either genotype ‘AA’, ‘AB’ or ‘BB’. A locus
where at least one affected individual is ‘AA’ and at least one
other affected individual is ‘BB’ is scored as an incompat-
ibility. A locus of this type cannot by definition be included in
the disease gene haplotype we are trying to locate. However,
a continuous large region of SNP loci, without any incompat-
ibilities among affected individuals, may include a unique
disease haplotype and, consequently, also the disease gene.
Genotypes for our 14 affected families were compared and
incompatibilities, as defined above, for all the 260,000 SNP
loci were scored and plotted against the genome position for
each locus. Corresponding genotype data generated by the
Affymetrix 250 K array in four healthy control individuals
were entered into the analysis. Given that an affected indi-
vidual and an unaffected control do not have the same disease
phenotype, their DNA must by definition be different. The

regions of the genome that were identical by state (IBS) in
both VUR cases and controls were therefore excluded.

Study strategies. Two different strategies were used for
analysing the study group and the controls (Fig. 2). In the first
set of analyses, we tested whether the disease haplotype was
inherited from a common familial ancestor (causal variant
IBD). For this strategy we included one affected individual
per family, since a common ancestor hypothesis presumes
that all affected members of the family share the same haplo-
type, which contains the founder gene mutation. We used
four controls added one at a time. Haplotypes found in both
the control and the families were excluded as a non-specific
disease haplotype. If the haplotype region shared by affected
individuals, on the other hand, became covered with incom-
patibilities when the control data was added, this indicated that
the haplotype was not present in the control and thus might
be specific to the disease. After testing the controls one after
the other, the shared region(s) that remained could be regarded
as identical by reason of descent. In these analyses the size
of haplotype regions we chose was =120 SNPs. After this, in
a second set of analyses, we searched for common haplotype
regions in subsets of families. All affected individuals from
each family were included and for each family only haplotypes
shared by all family members were selected. We used four
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Figure 2. Flow chart of genome-wide scan to locate candidate regions for familial VUR. Dashed arrows indicate that the results are not presented for the
indicated combination of study group and controls. VUR, vesicoureteral reflux; w., with; SNP, single nucleotide polymorphism.

controls to rule out common haplotypes within the general
population. We excluded only those regions that were identical
for VUR cases and all four controls. The haplotype region
unique to the affected families and not present in all four
controls could be regarded as specific to the disease. Given
the limited number of families available for this study, a less
stringent filtering strategy was used with inclusion of a very
restricted number of controls in order to only exclude the most
common haplotypes i.e. haplotypes shared by all four controls.
With this strategy, increase in number of controls would prob-
ably mean exclusion of fewer common haplotypes. The chosen
size of haplotype regions was =60 SNPs in the second set of
analyses.

CNYV detection. The R package ‘aroma.affymetrix’ was used
for copy number detection. The CEL files for each sample
provided us with copy number estimates of the intensity values
using the CRMA v2 method (28). For copy number segmen-
tation we used the Circular Binary Segmentation (CBS)
method (29). Criteria for inclusion of CN'Vs were: i) number of
SNPs per CNV =10; ii) CNV size >50 kb but <3 Mbj; iii) CNV
frequency <1% in the general population. The CN'Vs were also
filtered by the log2 values, excluding those between +/-0.2.
We searched for recurrent identical CN'Vs within families.
CNVs were defined as identical if they had the same state of
duplication or deletion, showed <30% difference in length, and
overlapped by >70%.

Data bases. All genomic positions for SNPs and CNVs are
given relative to GRCh37/hgl9 genome assembly. Regions
shared by seven families or more were reported in the results.
The UCSC genome browser (https://genome.ucsc.edu) was
used to visualise the regions which could theoretically contain
the disease gene. We recorded the genes, both coding and
non-coding DNA sequences, in these regions. In addition,
we examined their expression and role during kidney devel-
opment using GUDMAP (the GenitoUrinary Development
Molecular Anatomy Project data; https://www.gudmap.org)
and via an extensive literature search (https://www.ncbi.nlm.
nih.gov/pubmed). The significance of each CNV detected
was determined by comparison with public CNV databases:
DECIPHER (Database of Chromosomal Imbalance and
Phenotype in Humans using Ensembl Resources, https:/deci-
pher.sanger.ac.uk/) and DGV (Database of Genomic Variants,
http://dgv.tcag.ca/dgv/app/home).

Results

Clinical characteristics. The study included 43 patients with
VUR, from 14 different families (21 males). Two families
were nuclear and 12 were extended families. The relationship
between the affected individuals and the pattern of inheritance
is shown in pedigrees in Fig. 1. Phenotypical details of the
study subjects are outlined in Table I. Of the 43 patients with
VUR, high-grade reflux (grades IV to V) was seen in 49%,
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Table I. Demographic data, VUR grades, renal abnormalities and function for the group of individuals included in the IBD part
of the study and for the whole study group.

Characteristics IBD study cohort*, n=14 (%) Total VUR cohort, n=43 (%)
Sex

Female 6 (43) 22 (51)

Male 8 (57) 21 (49)
Presenting symptom VUR

Pyelonephritis 9 (64) 29 (68)

Pre- and postnatal screening 3(22) 10 (23)

Other symptoms 2 (14) 4 (9
Age at presentation, months 11 (0.25-98) 7 (0.25-98)
Grade of reflux

I-111 4(29) 22 (51)

IvV-v 10 (71) 21 (49)
Uni- or bilateral reflux

Unilateral 4(29) 17 (40)

Bilateral 10 (71) 26 (60)
Recurrent UTIs

No 4(29) 13 (32)

Yes 10 (71) 28 (68)
Renal damage

No 2 (14) 15 (36)

Yes, focal 2 (14) 6 (14)

Yes, generalized” 10 (72) 21 (50)
Uni- or bilateral renal damage

Unilateral 9 (75) 22 (81)

Bilateral 3 (25) 5(19)
Total renal function

Normal 10 (71) 34 (85)

Subnormal 4(29) 6 (15)

*One affected individual from each family. "Hypodysplasia. Categorical variables n (%); continuous variables median (range). IBD, identical

by descent; VUR, vesicoureteral reflux.

generalised kidney damage in 50% and subnormal total renal
function in 15% of the cases. Five cases displayed additional
malformations of the UT, such as bilateral duplex kidney,
bladder diverticula and a unilateral megaureter. One VUR
patient with syndromic presentation was diagnosed with
unbalanced translocation, which was inherited from a healthy
father with balanced translocation, the VUR inheritance being
maternal. An additional three cases with extrarenal manifesta-
tions had syndromic features but were undiagnosed (Table SI).

The SNP compatibility matching method for locating risk
regions using GWA data

GWA data testing for IBD haplotype (common ancestor).
Regions with no incompatibilities were identified through
SNP genotype data analyses using the method described
above. One affected individual per family (n=14) was included
in these analyses. Since the individual chosen for the analysis
was the most severely affected member of the family, this
subgroup displayed more high-grade VUR (10/14), more

generalised kidney damage, hypodysplasia (10/14) and more
frequent subnormal total renal function (4/14) (Table I).

In these analyses we excluded shared haplotype regions in
affected individuals that were also found in any of the controls,
i.e. excluded as non-specific disease haplotypes. In the analyses
without controls, the most frequent haplotype was present in
13 out of 14 VUR families. When tested against four healthy
controls one at a time, a maximum of seven families shared
one haplotype and thus the number of haplotypes shared by
>7 families decreased from 34 to only one (Table II). Thus
additional controls were not included as a common ancestor
haplotype already was excluded after used controls. The
conclusion was that we did not find a unique haplotype that
was shared by most or all the families, as the regions of interest
shared by numerous families were also seen in one or more of
the controls.

GWA data testing for disease variant excluding the common
haplotypes. In these analyses we searched for haplotype
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Table II. Number of haplotypes shared by = seven families in the different sets of analyses.

A, One affected individual/family

Number of haplotypes shared by = seven of the families

Type of analysis 7 fam 8 fam 9 fam 10 fam 11 fam 12 fam 13 fam
No control included 18 8 5 1 1 1 1
Inclusion of 4 controls

Haplotypes found in all 4 controls excluded*® 14 6 4 0 1 1 1

Haplotypes in any of 4 controls excluded 1 0 0 0
B, All affected individuals/family

Number of haplotypes shared by =7 of the families

Type of analysis 7 fam 8 fam 9 fam 10 fam 11 fam 12 fam 13 fam
No control included 21 9 5 2 0 0 0
Inclusion of 4 controls

Haplotypes found in all 4 controls excluded® 20 6 5 1 0 0 0

Haplotypes in any of 4 controls excluded® 0 0 0 0 0 0 0

*Common haplotypes in the general population. *Results not presented. Fam, families.

10.0—

® 2 22

Number of families

I
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el
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Figure 3. Genomic location of shared haplotype regions in relation to the number of families sharing the locus, with all family members included. X-axis,
genomic locations on the 22 autosome chromosomes (Mb); y-axis: number of families sharing the region. There are 37 peaks at and above the horizontal dotted
line, denoting the haplotype regions shared by = seven families, before including the control data. Peaks marked with an arrow denote haplotypes that were
excluded, when common haplotypes (present in all controls) were removed. The unmarked peaks show haplotypes that remained.

regions shared by subsets of VUR families, with the only
exclusion being of haplotypes common in the general popu-
lation, i.e. haplotypes shared by all the four controls used
(Table IT). Forty out of 43 affected individuals from 14 families
were included in these analyses; DNA was missing from three
individuals. A total of 32 haplotype regions shared by =7 fami-
lies were identified (Table III). The size of these possible

disease-associated haplotypes varied from 0.20 to 1.93 Mb,
with a total of 22.92 Mb, representing 0.76% of the genome.
Twenty regions of haplotypes were shared by seven families,
six regions by eight families and five regions by nine families,
while only one haplotype was shared by 10 families (Table II).
Fig. 3 illustrates the genomic locations of haplotype regions
shared by =7 families.
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Table III. Haplotype regions found in = seven families when including all affected individuals in the 14 families, after exclusion
of common haplotypes in the general population.

Haplotype regions shared by = seven families

Number of Genes Evidence
Cytogenetic Size of families per
Genomic locations band region, Mb haplotype region =~ Coding  Non-coding (Refs.)  Region
Chr1:56,335,237-56,766,727 1p32.2 043 8 0 - 11 1p32-33
Chr1:102,757,243-103,757,081 1p21.1 1.0 7 - -
Chr1:173,712,120-174,952,226 1925.1 1.24 7 - - (40) 1g23.3-q32.2
Chr3:49,938,758-51,864,849 3p21.31-p21.2 1.93 7 - -
Chr3:115,953,619-116,316,741 3q13.31 0.36 7 - - (40) 3pl13-q21.2,
(45) 3pl2.3-q24
Chr3:153,425,054-153,967,763 3q252 0.54 7 - - (9) 3pl2.1-q26.1
Chr4:33,953,172-34,754,839) 4pl5.1 0.80 10 0 - (25) 4pl5.1
Chr4:43,274,485-43,768 843 4pl3 0.50 9 0 -
Chr4:81,214,575-82,324 437 4q21.21 1.11 9 BMP3°, -
FGF5°
Chr5:115,384,247-115,845,251 5q23.1 046 7 - -
Chr6:3,982,143-4,279,669 6p25.2-p25.1 0.36 8 - -
Chr8:9,294,638-9,977,187 8p23.1 0.68 7 TANKS®*¢, -
SLCY9A6¢

Chr8:16,029,070-16,489,054 8p22 0.46 7 - - C)) 8p22
Chr10:68,938,308-69,975,774 10g21.3 1.04 7 - - (25) 10g21.3
Chr10:83,304,656-83,757,199 10g23.1 045 7 - -
Chr10:100,474,570-101,213,280 10q24.2 0.74 8 - -
Chr11:26,300,178-26,592,685 11p14.2 0.29 7 - -
Chr11:38,648,159-39,400,252 11p12 0.75 8 0 -
Chr11:41,769,608-42,310,568 11p12 0.54 7 0 -
Chr12:79.467,497-80,385,649 12q21.2- 0.92 8 - -

q21.31
Chr12:88,355,694-89,207,726 12q21.32- 0.85 9 CEP290%, -

q21.33 KITLG*¢
Chr13:19,814,247-20,642,012 13q12.11 0.83 8 - -
Chr13:38,832,645-39,313,967 13q13.3 048 7 FREM?2°
Chr13:83,414,846-83,830.,486 13q31.1 042 7 0 0
Chr14:37,462,847-38,176,041 14q13.3- 0.71 7 FOXAT1P RPI11-

q21.1 35609.2¢
Chr14:66,862,743-67,886,781 149233 1.02 9 PLEK?2* -
Chr15:48,329,542-48,925,115 15q21.1 0.60 7 SLCI2A1*",  RPI-

FBN1# 208K4.1¢

Chr16:78,422,926-78,621,620 16qg23.1 0.20 9 - -
Chr18:26,268,963-26,952,256 18q12.1 0.68 7 0 -
Chr19:23 .487,250-24,503,985 19p12-pl1 1.02 7 - -
Chr20:21,055,354-22 080,540 20p11.23- 1.03 7 PAX1* - (40)  20pl2.2-

pl1.22 pl1.23
Chr21:30,025,580-30,507,998! 219213 048 7 USP16* -

*Gene expressed in Metanephros, function not established. *Function shown in metanephros. “Non-coding RNA expressed mainly
or only in kidney/urinary bladder. ‘Activate the WNT signaling pathway. °Kidney specific, repairing damaged proteins. 'Regulation
of ciliogenesis. ¢Activates STAT 1-3-5. "Kidney specific, Na/K regulation. ‘Interacts with TGFB and BMP. Haplotypes were also
found in analyses including one individual/family. (-) genes or non-coding RNA are present in the region, but are not known to be
involved in kidney/urinary tract development. BMP3, Bone morphogenetic protein 3; FGFS, fibroblast growth factor 5; CEP290,
centrosomal protein of 290 kDa; KITLG, Kit ligand; FREM2, FRAS1-related extracellular matrix 2; FOXA1, forkhead box Al;
PLEK2, pleckstrin-2; SLC12A1, Solute carrier family 12 member 1; FBNI, fibrillin-1; PAX1, paired box protein; USP16, ubig-
uitin carboxyl-terminal hydrolase 16; TANKS, TRAF Family member associated NFKB activator; SLC9A6, solute carrier family 9
member A6.
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E, Family 80

Family members

Genes

652 M* 658 M* 666 M* 695 F

682 M*

CNV position

BMP7°
DSCR3°, TTC3

20:54967565-55918939

21:38399356-38712209
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CNV absent. "Expressed in ureteric bud and/or metanephric mesenchyme. “Expressed later in metanephros (in mice

according to GUDMAP). “Probable carrier according to the pedigree. °Probable VUR-strong history of VUR but no radiological investigations available. CNVs, copy number variants; VUR, vesicoureteral
reflux; FSTLA, follistatin-like 4; TRAC, T cell receptor alpha chain constant; NAT2, arylamine N-acetyltransferase 2; PSD3, phosphatidylserine decarboxylase proenzyme 3; BMP7, bone morphoge-

s Ty

*Affected family members. F, female; M, male; NA, not analysed. +, CNV present;

netic protein 7; DSCR3, vacuolar protein sorting-associated protein 26C; TTC3, E3 ubiquitin-protein ligase TTC3; PRR12, proline-rich protein 12; IRF3, interferon regulatory factor 3; BCL2L12,
Bcl-2-like protein 12; CPT1C, carnitine O-palmitoyltransferase 1; RPS11, 40S ribosomal protein S11; RCN3, reticulocalbin-3; NOSTP, nitric oxide synthase interacting protein; PRRG2, transmembrane

gamma-carboxyglutamic acid protein 2; SCAF]1, splicing factor arginine/serine-rich 19; PRMT1, protein arginine N-methyltransferase 1; AP2A1, AP-2 complex subunit a-1; TSKS, testis-specific serine

kinase substrate; FCGRT, Fc fragment of IgG receptor and transporter; ADMS5, adrenomedullin-5; RRAS, Ras-related protein R-Ras2.

In these candidate regions where genes causing the disease
might be located, we searched for coding and non-coding
genes of interest in the embryological development of the
kidney and UT. We differentiated between genes with a
known function in the UB and MM, and genes only expressed
in the metanephros according to GUDMAP but without
known function (Table III). The haplotype region shared by
the highest number of families (n=10) and located at 4pl5.1
did not contain any protein coding elements. The non-coding
RNAs were not expressed in the post-developmental kidney
or UT, although to our knowledge their expression in the fetal
kidney has not yet been investigated. A haplotype shared by
nine families was also located on chromosome 4, at 4q21.21
(Table III). In this region, two tentative candidate genes were
located; bone morphogenetic protein 3 (BMP3) in the middle
of the region and fibroblast growth factor 5 (FGF5) at the
lower end of the region, both with known functions in the
embryological development of the kidney and UT. Non-coding
RNAs were also present in this region, but with no known role
in the post-developmental kidney.

Of the other four regions shared by nine families, two
regions (12q21.32-q21.33 and 14q23.3) included genes with
expression in metanephros, but without an identified function
during kidney development (Table III). In the six haplotype
regions shared by eight families no genes of interest were
found. Of the 20 haplotypes shared by seven families each,
one region on cytogenetic band 13q13.3 included the FRASI
related extracellular matrix 2 (FREM?2) gene with known func-
tions in the embryonic kidney. Another locus at 14q13.3-21.1,
contained the forkhead box Al (FOXAI) gene, known to be
involved in early embryological development of numerous
organ systems. Of the remaining haplotypes shared by seven
families, four included genes expressed in the embryological
kidney, but without known function (Table III).

Non-coding RNA genes were present in almost all
haplotype regions, often with detectable expression levels in
most of the tissue samples, as presented by the GTExPortal
(https://www.gtexportal.org/home/). A few IncRNA
(14q13.3-g21.1 and 15q21.1, respectively), had expressions that
were exclusive or almost exclusive to the post-natal kidney and
UT. Despite extensive data mining regarding fetal expression
of these IncRNA in the kidney (ENCODE-HaploReg 4.1), no
available data could be found.

A large number of haplotype regions were shared by
six families each (data not shown). A few genes of interest
because of their roles in UB and MM development were
located in these regions. One of these genes was ZFYVE9 at
locus 1p32.3.

CNV analysis for locating inherited chromosomal imbalances.
A large number of CNVs were detected in all the individuals
analysed, with the overall CNV distribution (Fig. S1). We
searched for recurrent identical CN'Vs within the families with
log 2 value >0.2 for gain and log 2 <-0.2 for loss. CN'Vs shared
by several affected family members were detected in five fami-
lies, although only one family (family 32) showed the presence
of a shared CNV-a deletion at 5q31.1-in all affected relatives
(Tables IV and SII). This chromosomal region contains the
follistatin like 4 (FSTL4) gene, expressed during renal tubuli
development, according to GUDMAP, but not detected in
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Figure 4. Haplotype regions shared by = seven families in relation to previous studies. Common haplotypes in the general population have been excluded by
the use of controls. Red boxes on the chromosomes and positions given above the chromosomes indicate results in the present study. Rectangles below the
chromosome indicate results from previous studies. References are as follows: Sanna-Cherchi et al (35), Kelly et al (30), Feather et al (9), Darlow et al (31)

and Conte et al (37).

earlier embryological phases (in UB or MM). An additional
four CN'Vs were partially shared, meaning that some but not all
affected family members were carriers of that specific CNV. Of
specific interest is the duplication at 20q13.31, seen in family
80. This region contains the BMP7 gene, known to have a major
function in kidney and UT development. However, it was only
present in two family members. In addition, eighteen CN'Vs
were shared by =2 unrelated individuals among the families.
Common CNVs in the population were excluded.

Discussion

There are numerous association and linkage studies, mainly
genome-wide scans, searching for the chromosomal region(s)
which can explain the heritability of VUR. These studies either
include a large number of small families with =2 affected
members, often siblings (30-34), or a small number of large
families with numerous cases (9,11,35-37). They show few
overlapping regions, posing the question of whether distinctive
VUR-associated loci may vary in frequency in different popula-
tions. In our study, the pedigrees of the 14 families with three or
more individuals with primary VUR indicate a dominant auto-
somal inheritance pattern with reduced penetrance, in line with
earlier reports (8-11). Given their origin in a small homogenous
region in Sweden, we wanted to investigate the possibility of
shared ancestry among the families. We used a SNP compat-
ibility matching method, a variant of linkage analysis, to analyse
GWAS data. This data included only patients with the condition,
taking an affected-only approach. This method was originally
designed to detect a disease gene haplotype derived from a

common ancestor, thus establishing a classical Mendelian
dominant inheritance pattern (23,24). However, in this case the
method revealed that there was no haplotype region shared by
all the affected members of the 14 families. This suggested that
there was no common ancestral founder mutation, a finding in
line with similar studies of other cohorts (38,39).

Nevertheless, subsets of the VUR families were shown to
share regions on candidate disease genes. In our study we have
presented haplotype regions shared by seven or more families,
and at least eight of our findings agreed with loci identified in
other studies (on chromosomes 1, 3,4, 8, 10 and 20, Fig. 4). The
haplotype chromosomal region 4p15.1 was the region shared by
most families (n=10) and overlaps with a locus presented in an
earlier case/control association study by Darlow ef al (31). The
region contained only non-coding genes, without any records
of expression in the post-developmental kidney. Whether regu-
latory elements in this region fulfil functions in the fetal kidney
is unknown and will require further study. Of the other novel
haplotypes shared by several families in this present study, we
found regions 4q21.21 (n=9), 13q13.3 (n=7) and 14q21.1 (n=7)
to be of particular interest given the current knowledge of
the role of genes in fetal development of the kidney and UT.
The 4q21.21 region contains BMP3, encoding a ligand of the
growth factor beta (GFB) superfamily with a role in organogen-
esis in embryonic kidney and renal tubuli development (40,41).
This chromosomal region also contains FGF5, which encodes
for a member of the fibroblast growth and differentiation
factor family, which in turn has been shown to have a role
in metanephric development (42). Interaction between FGF
and BMP signaling pathways has been shown to have a role
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in the regulation of MM development (43). Interestingly,
in a patient with DiGeorge-like syndrome with unilateral
renal agenesis and a deletion in chromosome 3, BMP3 was
suggested as a target gene through action via the non-coding
gene miRNA-4273 (44). The role of the BMP receptor family
in VUR is further indicated by Darlow ef al, which found an
association with chromosomal region 4q22.3, which contains
BMPRIB (31). The haplotype region 13q13.3 includes FREM?2,
which encodes a factor in the GDNF-RET/BMP signaling
pathway, a factor that both affects expression and has an
established function in the UB and MM. In addition, bial-
lelic mutations in FREM?2 cause the recessive disorder Fraser
syndrome type 2, which includes CAKUT anomalies (45). The
14g21.1 haplotype includes FOXAI (HNF3a), a gene involved
in early embryonic development in numerous organ systems.
The gene is expressed in the embryonic kidney (metanephros)
and UT, mainly in epithelia of the ureter. Nevertheless, studies
in Foxal null mice did not show any overt malformations in
the kidney. However, the condition led to death due to severe
hypoglycaemia and dehydration, the latter due to nephrogenic
diabetes insipidus (46,47).

In the study of CN'V inheritance in the 14 VUR families, only
one family showed segregation of a CN'V. This was a small dele-
tion within chromosome 5q31.1, which included a part of FSTL4.
This gene encodes a calcium ion-binding protein that is expressed
during renal tubuli development, although not detected in earlier
embryological phases (in UB or MM) according to GUDMAP.
The 5q31.1-deletion was not present in the other families and has
not been reported in previous publications (21,22,48). Whereas
the majority of the CN'Vs detected did not segregate fully with
disease in the families, an overlap between our data and previ-
ously published findings of likely pathogenic de novo CN'Vs was
seen in three loci; 7p22.1, 12q24 (21) and 8q24.13 (22). These
latter studies included individuals with CAKUT, mainly renal
hypodysplasia, which was also seen in the majority of our own
patients. The CNV at 7p22.1 is associated with chromosome 7p
interstitial duplication syndrome, which includes developmental
delay and intellectual disability. However, the individual in our
study who was found to have this duplication had neither kidney
damage nor an extrarenal phenotype. The CNV at 12q2 was
described as a large pathogenic de novo duplication associated
with congenital kidney malformations (21).

Using GWA and the SNP compatibility matching method,
we did not identify a unique haplotype IBD for all 14 families
in the south-western part of Sweden with the VUR complex,
although retained haplotypes were identified in subsets of
families. However, a limitation of the present study was the
small number of families with hereditary VUR, and also the
limited number of generations included. The latter limitation
was explained mainly by VUR being a radiological diagnosis
not generally available before the 1970s, and thus the VUR
diagnosis is not ideal for this type of studies of heredity far
back. Nevertheless, partially shared haplotypes on chro-
mosomes 4q and 13q, with possible candidate genes, were
retained as regions of interest after common haplotypes were
eliminated. The genes identified in these regions have known
functions in the embryogenesis of the kidney and UT but the
regions also include non-coding genes. An overwhelming
amount of data shows that the hereditary VUR-hypodysplasia
complex is a genetically heterogeneous disease where less than
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10% of VUR patients have an identified pathogenic causal
mutation (18). On the other hand, knowledge of non-coding
regulatory elements and their expression in the UB and MM at
the time points when the VUR anomaly develops, is currently
very limited and thus a limitation of the study. However, this
is an emerging field that aids in the identification of regula-
tory elements in the human genome and makes possible the
potential discovery of new mechanisms which govern VUR.
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