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Background: Primary nonsyndromic vesicoureteral reflux 
(VUR) and VUR with renal hypoplasia/dysplasia (VUR-RHD) are 
common congenital anomalies of the kidney and urinary tract 
(CAKUT). Sequence variations of the ROBO2 gene were investi-
gated in children with nonsyndromic VUR or VUR-RHD.
Methods: Single-strand conformation polymorphism 
(SSCP) electrophoresis or multiple restriction fragment SSCP 
(MRF-SSCP), followed occasionally by direct sequencing, was 
used to screen 103 patients and 200 controls for nucleotide 
changes. Gene polymorphisms and transposable elements 
were investigated using bioinformatics.
Results: Two single-nucleotide polymorphisms were 
detected: IVS1-53 and IVS5-31. The frequency of A allele of IVS1-
53G>A did not differ significantly between patients and controls. 
IVS1-53 does not affect mRNA splicing according to in silico anal-
ysis. IVS5-31A>G substitution was found in one patient, reported 
here for the first time in VUR. In silico results demonstrated altera-
tion in two serine/arginine-rich (SR) protein-binding sites and 
two additional acceptor sites. The ROBO2 gene sequence was 
found to contain 25.9% transposable elements.
Conclusion: ROBO2 variants were not found to be associ-
ated with nonsyndromic VUR or VUR-RHD, providing further 
evidence for genetic heterogeneity. The role of transposable 
elements in ROBO2 gene expression in CAKUT needs fur-
ther investigation since they are generally considered to be 
mutagens.

Congenital anomalies of the kidney and urinary tract 
(CAKUT) account for up to 30% of all anomalies diag-

nosed prenatally and constitute the main cause of chronic renal 
disease in infants and young children. Although the etiology of 
most of these anomalies has not yet been elucidated, experi-
mental studies have identified several genes that are implicated 
in nephrogenesis, the derangement of which results in renal 
mal-development (1).

One of the most common CAKUT is primary nonsyn-
dromic vesicoureteral reflux (VUR). Although the incidence 
of VUR in healthy children was found to be less than 2% (2), 
its prevalence in infants with febrile urinary tract infection 

(UTI) approaches 40% (3). VUR is also diagnosed in ~9–11% 
of neonates with intrauterine hydronephrosis (4,5). Data from 
studies in newborn infants with VUR detected during inves-
tigation of fetal hydronephrosis documented the presence of 
VUR in association with congenital renal damage, specifically 
renal hypoplasia/dysplasia (RHD), in the absence of UTI (4,5).

Recent studies have identified variants of the roundabout, 
axon guidance receptor, homolog 2 (ROBO2) gene in patients 
with VUR and VUR accompanied by other CAKUT, but their 
conclusions are contradictory on whether or not mutations of 
the ROBO2 gene are a causative factor of VUR or VUR-other 
CAKUT (6–14).

Transposable elements constitute almost half of the mam-
malian genome (15). There is increasing evidence regarding 
their involvement in alternative gene regulation, recombina-
tion, and creation of new genes and genome restructuring 
and development (16,17). Transposable elements are capable 
of mobilization and integration into new genomic sites, and 
their activity is generally controlled by various cellular defense 
mechanisms, such as DNA methylation (16). This control 
mechanism has been shown to be restricted during develop-
ment and embryogenesis (18). Deregulated activity of trans-
posable elements has been associated with monogenic and 
multifactorial genetic diseases (16).

The aim of this study was to evaluate the presence of 
sequence variations in the ROBO2 gene in young children with 
primary, nonsyndromic VUR and children with VUR-RHD. 
Comparison was made using as control subjects children with 
a negative imaging study for CAKUT. In silico estimation of the 
effect of variants was performed. In addition, for the first time 
to the knowledge of the authors, the ROBO2 gene sequence 
was analyzed for the presence of transposable elements that 
could lead to mutagenesis and a pathological phenotype.

RESULTS
Two SNPs, IVS1-53 (rs9874095 [G>A]) and IVS5-31 
(rs76571990 [A>G]), were detected by single-strand confor-
mation polymorphism (SSCP) or multiple restriction frag-
ment SSCP (MRF-SSCP) analysis in the patient group, and 
these were subsequently characterized by direct sequencing.
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IVS1-53 Polymorphism
Statistical analysis of IVS1-53 polymorphism showed that 
the A allele was less frequent in the entire group of patients 
(P = 0.0488) and in the VUR patients (P = 0.0125), compared 
with the control group. Similarly, the A allele was less frequent 
in the total of female patients (P = 0.0119) and in the VUR 
female patients (P = 0.0194) than in the female control group 
(Table 1). Regarding the genotype distribution, because of the 
lack of probands with AA genotype in the patient group, the 
genotypes GA and AA were combined in one group for sta-
tistical analysis. The GA/ΑΑ combination was less frequent in 
the VUR group (males and females) (P = 0.0196), in the total 
of female patients (with VUR or VUR/RHD) (P = 0.0119) and 
in female patients with VUR (P = 0.0177) compared with the 
control group (Table 1). Nevertheless, because of the multiple 
hypotheses tested on one set of data, the chance of getting a 
false-positive result is 36.9%. In order to neutralize the risk 
of type-I error, the Bonferroni correction was used to adjust 
the P value for each hypothesis to 0.0055. Subsequently, there 
were no significant differences in the frequency of any of the 
hypotheses tested.

The genotype frequencies of the study population, patient 
and control groups, and the subgroups were in Hardy–
Weinberg equilibrium.

In silico analysis with SplicePort (19) showed a very low 
probability for the corresponding splice site to create an alter-
native splice variant, and ESEFinder (20,21) demonstrated no 
difference. Overall splicing is probably not affected by IVS1-53.

IVS5-31 Polymorphism
IVS5-31 [A>G] was detected in one patient with VUR in 
the heterozygous state (AG), while all the other individuals, 
patients, and controls were homozygous for the ancestral allele 
(AA). The patient was diagnosed with febrile UTI at the age of 
4 mo, and the imaging study revealed VUR grade IV on the 
left side.

In silico analysis showed alteration of two SR (serine/argi-
nine-rich) protein-binding sites, SC35 and SRp40, due to the 
polymorphism, using the ESEfinder (20,21) software. Also, in 
the presence of this polymorphism, two additional acceptor 

sites were predicted from the SplicePort (19) software, which 
has been confirmed by ESEfinder (20,21).

Transposable Elements
University of California, Santa Cruz Genome Bioinformatics 
(22) revealed the presence of transposons in the gene sequence, 
and RepeatMasker showed the content in transposable ele-
ments to be 25.9%, 21.35% of which were retrotrasposons.

DISCUSSION
In this study, ROBO2 screening revealed two SNPs in otherwise 
healthy children with primary, nonsyndromic VUR or VUR-
RHD. The first polymorphism, IVS1-53, has been reported 
previously in patients with VUR or VUR-other CAKUT (9). 
In this study, this polymorphism was detected in 27 patients 
(only in heterozygous state) and 71 control subjects (64 in het-
erozygous and 7 in homozygous state). The second polymor-
phism, IVS5-31, reported here is observed for the first time in 
a CAKUT study group, but it was found in only one patient.

ROBO2 is a member of the immunoglobulin superfam-
ily and is highly conserved from fly to human (23). The gene 
resides on chromosome 3p12.3 and encodes the transmem-
brane receptor of SLIT2. The signaling of both genes plays a 
key role in the formation of the ureteric bud, regulating the 
expression of glial cell-derived neurothrophic factor (GDNF), 
the factor that induces the outgrowth of the ureteric bud from 
the nephric duct. The role of SLIT2-ROBO2 signaling is to 
restrict GDNF to a single site. In mice, inactivation of either 
slit2 or robo2 leads to supernumerary ureteric bud develop-
ment (9,24). The gene codes for two isoforms RΟΒΟ2a and 
RΟΒΟ2b. The “a” isoform has very restricted expression espe-
cially in fetal brain with extremely low level in kidney (13,25).

Previous studies have also screened the ROBO2 gene in 
patients with VUR and VUR-other CAKUT. Lu et al. (7) found 
a de novo translocation in a man with syndromic VUR, which 
disrupted the ROBO2 gene. They also studied 124 families 
with VUR or VUR-other CAKUT and identified two hetero-
zygous missense variants of the gene in two unrelated fami-
lies (British and Dutch) with VUR-renal hypoplasia, VUR, 
VUR-duplex kidney, and other CAKUT-small kidney. A study 

Table 1.  Allelic and genotypic frequency for IVS1-53 polymorphism in patients with VUR with and without RHD and control subjects

Total 
patients  
(Ν = 103)

VUR  
(n = 65)

VUR/RHD 
(n = 38)

Male 
patients  
(n = 56)

Males 
VUR  

(n = 31)

Males VUR/
RHD  

(n = 25)

Female 
patients 
(n = 47)

Females 
VUR  

(n = 34)

Females 
VUR/RHD 

(n = 13)

Total 
controls  
(n = 200)

Male 
controls  
(n = 68)

Female 
controls  
(n = 132)

Alleles, n (%)

  G 179 (87) 117 (90) 62 (82) 94 (84) 55 (89) 39 (78) 85 (90) 62 (91) 23 (88) 322 (80) 114 (84) 208 (79)

  A 27 (13) 13 (10) 14 (18) 18 (16) 7 (11) 11 (22) 9 (10) 6 (9) 3 (12) 78 (20) 22 (16) 56 (21)

  P* 0.0488 0.0125 0.0119 0.0194

Genotypes, n (%)

  GG 76 (74) 52 (80) 24 (63) 38 (68) 24 (77) 14 (56) 38 (81) 28 (82) 10 (77) 129 (64) 49 (72) 80 (61)

  GA/AA 27 (26) 13 (20) 14 (37) 18 (32) 7 (23) 11 (44) 9 (19) 6 (18) 3 (23) 71 (36) 19 (28) 52 (39)

  P* 0.0196 0.0119 0.0177

RHD, renal hypoplasia/dysplasia; VUR, vesicoureteral reflux.
*P compared with controls (Not significant after the Bonferroni correction).
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on 95 unrelated Italian patients with VUR or VUR-other 
CAKUT identified a relatively high frequency of ROBO2 vari-
ants (5.1%) in familial cases; 24 variants were discovered, 4 of 
which led to amino acid substitutions in patients with VUR 
or VUR-other CAKUT (9). A study on 54 families, mostly of 
Swedish origin, with different grades of VUR, some accompa-
nied by other CAKUT, detected six ROBO2 variants, including 
two new variants (10). Dobson et al. (13) performed sequenc-
ing in 227 patients with primary VUR and 23 family mem-
bers and found 55 ROBO2 variants, 20 of which were new. The 
most recent study analyzed the coding exons of various genes, 
including ROBO2, in 749 individuals with CAKUT from 650 
families, in which the most common phenotypes were VUR, 
renal hypodysplasia, and unilateral renal agenesis; four muta-
tions of ROBO2 were detected in four unrelated families (14). 
Three linkage studies, however, have been unable to support 
these findings. One study on Italian and American kinships 
with VUR, one on four Dutch families with VUR, and one on 
UK and Slovenian data sets with VUR found no linkage to the 
locus of ROBO2 (6,8,11).

In this study, syndromic cases of VUR were excluded, and 
the cases of primary nonsyndromic VUR accompanied by 
RHD were studied separately. The frequency of the A allele and 
GA/AA genotype of IVS1-53 polymorphism did not differ sig-
nificantly between patients and controls, after the Bonferroni 
correction. Even though the correction was used to reduce the 
type I error rate, the difference of not reaching formal signifi-
cance might also be a false-negative result, as any correction 
for multiple testing increases the rate of false-negative results. 
The IVS1-53 polymorphism was found in the homozygous 
form only in control subjects. The difference in frequencies of 
the A allele and GA/AA genotype combination in the female 
subgroup, even though it is not significant, has no clear expla-
nation, besides the large difference in the number of cases and 
controls (47 female cases vs. 132 female controls), compared 
to the male subgroup (56 male cases vs. 68 male controls). 
The second SNP, IVS5-31, was found in only one patient, and 
no control subject, which is not consistent with the 14% fre-
quency of the G allele given on one registry of the NCBI-SNP 
database. Since the control subjects had been investigated by 
imaging studies during routine examination, and all were 
documented as having no VUR or other CAKUT, there is 
no obvious explanation for the these findings, apart from the 
limited number of patients in the study and the method used. 
The possibility that the absence of nucleotide changes could 
be due to false-negative results from the SSCP method could 
not be completely ruled out, since the method’s sensitivity is 
not 100%. However, using at least two different conditions, as 
done in this study, it can reportedly reach an efficiency of 97% 
in fragments up to 300 bp, as is the case here (26,27).

In silico analysis was used to predict possible interference of 
the SNPs in splicing. IVS1-53 does not appear to affect a splice 
site, while IVS5-31 displayed alteration in SR protein binding 
and two additional acceptor sites. IVS5-31 probably affects, 
therefore, the corresponding splice site, although the SNP itself 
was only found in one patient.

Based on the above findings, sequence variations of the 
ROBO2 gene do not appear to play a role in the VUR or 
VUR-RHD subgroups of the study population. The novelty of 
this study is that for the first time the control group did not 
come from a general pediatric population but was recruited 
from a group of children with negative imaging evaluation for 
CAKUT. One of the problems of genetic investigation in VUR 
is that the control subjects coming from the general population 
may themselves have VUR and possibly VUR-causing muta-
tions, since VUR is common and often asymptomatic in cases 
of mild to moderate severity. The limited number of patients in 
the present study, however, even when compared with subjects 
with documented absence of VUR, does not allow for defini-
tive conclusions.

Retrotransposons can disrupt gene function in many 
ways, including insertional mutagenesis, alternative splic-
ing, epigenetic effects, and the expression of small noncod-
ing RNAs (28). Two recent studies report that ROBO2 gene 
is a target for L1 retrotransposons insertional mutagenesis in 
intronic regions (15% frequency) and was found in a patho-
genic cancer phenotype (28,29). The mutational analysis in 
this study included only the exons and their intronic bound-
aries, leaving out the noncoding regions of the gene. Even 
though ROBO2 content in transposable elements is relatively 
low (15) taking into account the above, along with the fact 
that retrotransposons are active during embryogenesis (18), 
it could be speculated that retrotransposon insertions, in 
addition to a polymorphism such that found here (IVS5-31), 
which may affect splicing, could lead to alteration of ROBO2 
gene expression in patients with CAKUT. The role of ret-
rotransposons in ROBO2 gene expression therefore needs 
further investigation.

Overall, the findings of the present study indicate that muta-
tions in ROBO2 gene were not present in the distinct study 
group of patients with primary nonsyndromic VUR or VUR-
RHD, providing further evidence for genetic heterogeneity. 
Since VUR, VUR-RHD, and other CAKUT are multifacto-
rial disorders, the possibility of a single rare polymorphism, 
in association with other genetic variations, playing a role in 
the pathogenic phenotype, could not be ruled out, and further 
studies, such as investigation of tissue specific transposable 
elements are needed for safer conclusions to be reached.

METHODS
The study was conducted on 103 Caucasian children of Greek origin 
(56 males, 47 females) diagnosed as having primary nonsyndromic 
VUR (65 patients, including 10 siblings) or VUR/RHD (38 patients, 
including 2 siblings) (Table 1). The mean age at the time of diagnosis 
was 1.48 ± 2.14 y.

The radiological investigation which documented the above diag-
noses had been performed because of a history of a first UTI or pre-
natal hydronephrosis. The imaging studies included urinary tract 
ultrasound, voiding cystourethrography, and technetium-99m dimer-
captosuccinic acid (99mTc-DMSA) scan. In patients with UTI, voiding 
cystourethrography and DMSA scan were performed at 1–2 mo and 
6 mo, respectively, from the onset of the UTI. All the imaging studies 
were performed in the radiological department of the study hospital. 
Patients with secondary VUR, syndromal anomalies, or chronic dis-
eases were excluded from the study.
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VUR was diagnosed and classified by voiding cystourethrography 

into grades I–V, according to the International Reflux Classification 
(2). Renal hypoplasia and dysplasia may coexist and the definitive 
diagnosis can be confirmed only by renal histology, which is not per-
formed in routine clinical practice. The term renal hypoplasia/dys-
plasia was used, therefore, for kidneys with reduced renal length and 
regular outline, with or without cortical hyperechogenicity and loss 
of corticomedullary differentiation on ultrasound and with persistent 
(for ≥ 6 mo), general reduction in 99mTc-DMSA uptake. For optimal 
radiological diagnostic accuracy of RHD, only the severe cases were 
included (split function ≤ 35%).

The control group consisted of 200 healthy Caucasian children 
(68 males, 132 females), age matched with the patients. These chil-
dren had a history of a first UTI and were evaluated during the same 
period as the patients, by ultrasound, voiding cystourethrography, 
and DMSA scan in the same pediatric and radiological departments 
as the patient group. They all had normal renal function, and no uro-
logical anomalies or chronic diseases were detected. The mean age of 
the control subjects at the time of imaging studies was 2.3 ± 3.7 y. They 
came from the same geographical region as the patients, and there 
were no ethnic differences between patients and controls.

The study protocol was approved by the Ethics Committee of the 
University Hospital of Ioannina, Greece, and informed written con-
sent for the genetic study was obtained from the parents of all patients 
and control subjects.

For the genetic study, peripheral venous blood was collected for 
genomic DNA extraction, according to the manufacturer’s protocol 
using QIAamp DNA Mini Kit (Qiagen, Hilden, Germany), at the time 
of routine blood testing of the patients and control subjects.

PCR Amplification and Nucleotide Change Screening
Genomic DNA (50–100 ng) was amplified in a 25 μl reaction 
containing 1 U Taq polymerase, 67 mmol/l Tris–HCl (pH 8.8),  
16.6 mmol/l (NH4)2SO4, 0.1% Tween 20, 2–6 mmol/l MgCl2 (HyTest, 
Turku, Finland); 10 pmol from each primer and 0.2 mmol/l dNTPs 
(Invitrogen, Waltham, MA). Only for exon 26, dimethyl sulfoxide, 
(Sigma-Aldrich, St Louis, MO) 5% was added to the reaction. All 26 
exons of the ROBO2b gene isoform, including their intronic boundaries, 
were amplified by PCR, using specific primers (7). PCR was performed 
following the cycling conditions: one initial denaturation step at 95 °C 
for 3 min, followed by 30 cycles at 95 °C for 30 s, specific annealing tem-
perature for 30 s and 72 °C for 40 s and a final step at 72 °C for 5 min.

For the detection of mutations and polymorphisms, the patients 
were screened by SSCP electrophoresis or MRF-SSCP, depending 
on the PCR product size. Two different electrophoresis conditions at 
room temperature were used, 8% polyacrylamide gel and 8% poly-
acrylamide gel with 5% glycerol. DNA bands were visualized by silver 
staining. In samples with abnormal migration patterns, the relevant 
DNA sequences were re-amplified and submitted to a second elec-
trophoresis. Samples with an unusual pattern were then sequenced 
by an ABI 3730XL DNA sequencer (Macrogen Europe, Amsterdam, 
The Netherlands). The normal migration pattern was simultaneously 
confirmed by direct sequencing.

The control group samples were screened for the nucleotide vari-
ants identified in the patients, using restriction fragment length poly-
morphism analysis or MRF-SSCP methods.

Statistical and In Silico Analysis
Genotype and allele frequencies in patients and controls were com-
pared using the χ2 test. Since nine different hypotheses are tested on 
the same set of data, the Bonferroni correction was used to adjust the 
P value for each hypothesis to 0.0055, taking into account the increased 
possibility of type-I error. Deviation from the Hardy–Weinberg equi-
librium for alleles in each SNP was assessed using the χ2 test with one 
degree of freedom. Additionally, the gender association was evaluated.

In silico estimation of the effect of variants was performed using the 
bioinformatic tools available online, SplicePort (19) and ESEfinder 
(20,21), to evaluate the SNP interference in mRNA splicing.

The gene content in transposable elements due to evidence of 
L1 retrotransposon insertion into intronic regions of the gene 
was estimated using University of California, Santa Cruz Genome 
Bioinformatics (Santa Cruz, CA) (22) and RepeatMasker.
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