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Abstract 

Objective: In most cases of renovascular hypertension in children, the etiology is unclear. The aim of 

this study was to investigate genetic variation as a factor in the development of renovascular 

hypertension in children. 

Methods: In a cohort of 37 unrelated children from a single tertiary referral center, exome sequencing 

was performed. We assessed variants in recognized and suspected disease genes and searched for 

novel ones with a gene-based variant-burden analysis.  

Results: In the majority of patients, exome sequencing could not identify causative variants. We found 

a pathogenic variant in a recognized associated disease gene in five patients (three pathogenic 

variants in NF1, one in ELN and a deletion of chromosome 7q11.23, consistent with Williams 

Syndrome). In two other patients, (likely) pathogenic variants were found in putative renovascular 

hypertension genes (SMAD6 and GLA), with clinical implications for both. Ten additional patients 

carried variants of uncertain significance (VUS) in known (n=4) or putative (n=6) renovascular 

hypertension disease genes. Rare variant burden analysis yielded no further candidate genes.  

Conclusions: Genetic contributors, such as germline mutations in NF1, ELN, 7q11.23del were present 

in only 5 out of 37 (14%) children with renovascular hypertension. Twelve other children (32%) had 

potentially causal variants identified, including a pathogenic variant in SMAD6; a vasculopathy gene 

hitherto unknown to link with renovascular hypertension. Most importantly, our data show that 

exome sequencing can rarely identify the cause of renovascular hypertension in non-syndromic 

children. We suggest that non-genetic factors or somatic genetic variation will play a more important 

role. 

 

Keywords: Renal artery obstruction, neurofibromatosis 1, Williams syndrome, Fabry disease, whole 

exome sequencing   
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Introduction 

Renovascular hypertension (RVH) is defined as high blood pressure due to renal arterial occlusive 

disease. Stroke, cardiac failure and chronic kidney disease are major complications of childhood RVH. 

Unfortunately, many pediatric cases are only recognized after onset of the first complications. It has 

an incidence of approximately 1.9 per million children per year and is responsible for 5-10% of 

secondary childhood hypertension.[1,2] The causes are usually different from adult RVH and include 

fibromuscular dysplasia, vasculitis, extrinsic compression of a renal artery, trauma, iatrogenic, 

congenital rubella and specific genetic diseases.[1] Radiological or surgical intervention to improve 

renal blood supply is performed in most for better blood pressure control, as pharmacological control 

alone, even with multiple agents, proves difficult.[2] Furthermore, in very difficult cases, nephrectomy 

might be the only option.[2] Timely diagnosis is important as the blood pressure is often seriously 

elevated, risking devastating complications, including stroke and cardiac failure. 

Lack of understanding on the etiology is a major impediment for improvements in diagnostic and 

therapeutic approaches. Known causes include congenital rubella syndrome, vasculitis and genetic 

causes, but how these diseases trigger renal arterial occlusive disease is unclear. Moreover, such 

causes can only be identified in a minority of patients. 

Genetic diseases that are known to associate with renovascular hypertension are neurofibromatosis 

type 1[3] (most common genetic cause), ELN-associated disease (elastin associated disease, including 

Williams-Beuren syndrome)[4,5], Alagille syndrome[6], tuberous sclerosis[7], Grange syndrome[8] 

and adenosine deaminase deficiency[9]. There is large variability in the severity of vascular disease in 

these genetic disorders, ranging from no vascular disease at all to involvement of all the major vessels 

in the arterial tree. One of the more severe forms is midaortic syndrome, a disease characterized by 

narrowing of the abdominal aorta, leading to reduced perfusion of the lower extremities, intestines 

and kidneys. Therefore, midaortic syndrome is almost invariably accompanied by renovascular 

hypertension.  
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Great Ormond Street Hospital is a large national and international referral center for renovascular 

hypertension and we therefore had access to a substantial number of children with this rare disorder. 

A recent study had characterized genetic contributors to the etiology of midaortic syndrome, 

reporting a genetic cause in almost half of children with midaortic syndrome.[10] We therefore 

hypothesized that there would also be a substantial genetic contribution to pediatric renovascular 

hypertension in general. We performed whole exome sequencing (WES) in our patient cohort, aiming 

to identify known causes as well as discover potentially novel ones.  
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Methods 

Study design and participants 

Ethical permission for the study was given by the London-Bloomsbury National Health Service 

Research Ethics Committee. Patients admitted to the pediatric nephrology ward of Great Ormond 

Street Hospital (UK) between the years 2009 and 2016 with evidence of renovascular hypertension 

were eligible for inclusion and asked to participate. Renovascular hypertension was defined as proven 

arterial narrowing on a digital subtraction angiogram. Informed consent was obtained from all 

participants before inclusion. 

 

Whole exome sequencing and variant analysis 

WES was performed as described previously.[11-13] Briefly, genomic DNA was isolated from blood 

lymphocytes and sent for exome sequencing (Perkin Elmer Genomics, Duluth GA, USA). Reads were 

aligned to the human genome assembly GRCh37/hg19. Variant calling format (VCF) files were 

uploaded to Ingenuity Variant Analysis (Qiagen, Aarhus, Denmark). 

 

Variant filtering 

We evaluated the WES data of all patients for possibly pathogenic variants in known and putative 

renovascular hypertension genes (Supplemental tables 1 and 2). A putative renovascular hypertension 

gene was defined as a gene that can cause large- or medium-sized arterial disease in humans when 

mutated. Ingenuity Variant Analysis (version 5.5.20190807) was used for variant filtering. We excluded 

all variants that were (1) located outside the known and putative renovascular hypertension genes, 

(2) had low call quality (Phred-scaled quality score <20), (3) were too frequent in any of the large 

population databases (GnomAD (2.0.1) or EVS (ESP6500SI-V2)) with the upper limit of the minor allele 

frequency (MAF) set between 0.005 and 0.1%, depending on mode of inheritance (for details see 

Supplemental Figure 1), (4) were in an intronic region (unless predicted to harbor a regulatory site or 
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be involved in splicing) or (5) did not fit the inheritance pattern of the respective gene (e.g. a mono-

allelic variant in a gene causing recessive disease).  

Additionally, we screened for evidence of Williams’ Beuren syndrome by searching for unexpectedly 

long stretches of pseudo-homozygosity in the 7q11.23 region (GRCh37/hg19 chr7: 72,744,455 - 

74,142,510). 

Renovascular hypertension in children has been associated with congenital anomalies of the kidney 

and urinary tract (CAKUT).[14] Therefore, we also checked for pathogenic or likely pathogenic variants 

in known CAKUT genes (Supplemental table 3). 

 

Variant classification with 2019 ACGS Guidelines 

All remaining variants were scored according to the Association for Clinical Genomic Science Best 

Practice Guidelines for Variant Classification 2019 (https://www.acgs.uk.com/quality/best-practice-

guidelines/, ratified 06-05-2019). This is a modification of the 2015 American College of Medical 

Genetics and Genomics criteria (ACMG criteria) and uses the same five variant classes: (1) pathogenic 

(probability of pathogenicity >99%), (2) likely pathogenic (probability >90%), (3) variant of uncertain 

significance (probability between 10% and 90%), (4) likely benign and (5) benign.[15]  

 

Rare variant burden analysis 

VCFs underwent quality control filtering using bcftools (v1.7) and were annotated with Variant 

Effect Predictor (VEP v98). Exome-wide rare variant analysis was carried out on a per-gene basis 

using TRAPD[16]. Only variants with a read depth > 10 were analyzed. The burden of rare 

(gnomAD_AF < 0.001) likely deleterious (high or moderate impact as determined by VEP) variants 

in cases compared to the publicly available gnomAD database (n= 125748), under both a 

dominant and recessive model, was calculated using a one-sided Fisher’s exact test. Bonferroni 

corrected exome-wide significance level was calculated to be 3.1x10-6 (0.05/16149 genes). 

https://www.acgs.uk.com/quality/best-practice-guidelines/
https://www.acgs.uk.com/quality/best-practice-guidelines/
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Comparison of rare variant burden in RVH cases against a set of in-house controls (n=41) was 

conducted using rvtests to exclude sequencing artefacts.[17]  

 

Results 

Cohort description 

37 patients with renovascular hypertension were included in the study. Median age at presentation 

was 5 years, 41% were female and most patients reported European ethnicity (Table 1). Midaortic 

syndrome was present in approximately half of the patients, an additional 19% had bilateral renal 

artery stenosis, 14% unilateral renal artery stenosis and 11% intrarenal stenoses.  

Three patients had a genetic diagnosis before start of the study (pathogenic variants in NF1 in two 

patients and in ELN in one patient). Additionally, three other patients had a clinically suspected 

diagnosis of neurofibromatosis type 1. 

 

Identification of seven pathogenic or likely pathogenic variants in seven individuals 

Variant filtering resulted in the identification of 27 candidate single nucleotide variants and small 

insertion-deletions (indels) in the known renovascular hypertension genes (Supplemental Figure 1). 

Using the 2019 ACGS criteria, four variants were classified as pathogenic, six as variants of unknown 

significance (VUS), fourteen as likely benign and four as benign (Supplemental Table 4). In the putative 

renovascular hypertension genes, a further 22 candidate single nucleotide variants (SNV) and small 

indels were identified (Supplemental Table 5). One variant was scored as pathogenic, one as likely 

pathogenic, ten as VUS, and ten as likely benign. Furthermore, in the analysis of the exome sequencing 

data in the 7q11.23 region, we observed (pseudo-)homozygosity for this region in one individual. The 

(pseudo-)homozygosity spanned the whole 1.4 million basepair Williams-Beuren syndrome region 

(containing 26 genes), suggesting a deletion of the region. In total we thus identified seven pathogenic 

or likely pathogenic DNA variants in seven different individuals in this cohort of 37 individuals with 
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renovascular hypertension (Figure 1). The individuals who carry these variants are listed in Table 1, 

including a summary of clinical and variant information. 

Of the SNV classified as (likely) pathogenic, two variants were novel. These were the SMAD6 variant 

c.433dupC and the ELN variant c.1228G>T leading to a frameshift and premature stop codon, 

respectively. The other four variants, all reported before to be disease-causing, included an SNV 

leading to a premature stop codon in NF1, the NF1 p.K1444E missense variant in two unrelated 

patients and a missense variant in GLA (c.870G>C). [18-20] 

No pathogenic or likely pathogenic variants were identified in any of the CAKUT genes (data not 

shown). Also, no rare variants were detected in NF2, SPRED1, BRAF, KRAS, MAP2K1, RAF1, NRAS, 

PTPN11, RIT1, SOS1, GNAS, MSH2, MSH6, MLH1, PMS2 in those patients with a clinical suspicion of 

neurofibromatosis type 1 but without a detected variant in NF1. 

We found variants of uncertain significance in ten further patients; variants and clinical summary are 

listed in Table 2.  

 

Exome-wide rare variant burden analysis did not detect any novel genes enriched for rare variation 

In an attempt to try and identify novel genes that might be enriched for rare likely deleterious variation 

in RVH, we compared the burden of qualifying variants (gnomad_AF < 0.001 and either protein 

truncating, splice-site, missense or inframe indel) on a per-gene basis in our cases to the publicly 

available gnomAD database. A total of ten genes reached exome-wide significance under the 

dominant (nine genes) and recessive (six genes) inheritance models. Although NF1 did not reach 

exome-wide significance, some enrichment of rare variation under the dominant model was seen 

(p=0.004). However, when the rare variant burden in our cases was compared to a set of in-house 

controls who had been sequenced on the same platform, none of the ten genes remained significant.  

  

Phenotype correlated with genotype in most individuals 
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Age at first presentation of the patients in which a genetic cause was identified varied between 8 

months and 16 years (median 4 years). This age range corresponds with the age at inclusion. Of the 

five patients with a pathogenic variant in a known gene, all had bilateral renal stenosis, four had 

further involvement of other vessels, including three with some form of aortic and/or pulmonary 

artery stenosis; one had midaortic syndrome. Three patients with a pathogenic variant in NF1 all had 

café-au-lait spots and a positive family history. One patient with an ELN mutation had more extensive 

vascular involvement as well as a history of pyloric stenosis and unilateral inguinal hernia. The patient 

with a pathogenic variant consistent with Williams-Beuren syndrome presented with hypertension as 

an incidental finding and a history of learning difficulties and nocturnal enuresis. The patient found to 

have a likely pathogenic variant in GLA presented with no reported history of Fabry disease. A full 

description of the clinical data of the patients in which a genetic cause or putative genetic cause was 

identified can be found in Supplemental Table 6. 
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Discussion 

Our study is the first to characterize the contribution of genetic factors in the etiology of pediatric 

renovascular hypertension. In our cohort of 37 unrelated children, we established or confirmed a 

genetic diagnosis in 5 patients (~14%). Additionally, we found a pathogenic variant in SMAD6 and a 

likely pathogenic variant in GLA in two more patients; the two genes are known to cause arterial 

disease in humans when mutated. A further 10 patients had a variant of uncertain significance in a 

known or putative renovascular hypertension gene.  

Interestingly, in three patients with a clinical suspicion of neurofibromatosis type 1, exome sequencing 

did not detect any mutation in NF1, nor in disease genes that can mimic aspects of neurofibromatosis 

type 1, i.e. NF2, SPRED1, BRAF, KRAS, MAP2K1, RAF1, NRAS, PTPN11, RIT1, SOS1, GNAS, MSH2, MSH6, 

MLH1 and PMS2. Potentially, these patients had a variant in NF1 that was not detected by exome 

sequencing (e.g. in a non-coding region), or were mosaic for a NF1 mutation; alternatively, other genes 

might be causative. 

Of further interest, two unrelated patients had the exact same pathogenic variant in NF1 (p.K1444E). 

This might suggest that this variant is more often associated with renovascular hypertension than 

other pathogenic variants in NF1. This hypothesis is supported by a very recent report of a significantly 

increased prevalence of cardiovascular abnormalities in patients with this specific variant in NF1, when 

compared to patients with other variants.[18] 

The finding of a pathogenic variant in SMAD6 in a child with unilateral renal artery stenosis may extend 

the phenotype associated with pathogenic variants in this gene. Whether the observation of a cross-

fused ectopic kidney in this child might also be a result of the variant is only speculative. The SMAD6 

protein is an inhibitory factor in the transforming growth factor beta (TGFB) pathway.[21] Dysfunction 

of any of the genes in this pathway cause aneurysms or stenosis of the large arterial vessels. 

Pathogenic variants in SMAD6 have been repeatedly observed in patients with bicuspid aortic valve, 

supravalvular aortic stenosis and aortic aneurysms.[22-24] Furthermore, a recent publication reports 

unilateral renal hypoplasia in a child with biallelic variants in SMAD6,[25] suggesting that this child 
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might have unnoticed renal artery disease. Our study suggests a possible link between SMAD6 variants 

and renovascular hypertension. 

The finding of a likely pathogenic variant in GLA in a girl who presented with bilateral renal artery 

stenosis at the age of 8 months was unexpected. Fabry disease, an X-linked disease caused by 

mutations in GLA, can result in severe vascular disease.[26] Males generally present earlier in life and 

with a more severe phenotype, but females can be affected as well. Accumulation of a glycolipid called 

globotriaosylceramide is believed to be the primary cause of symptoms, including for the stenosis of 

small arteries.[27] We consider it unlikely that a girl at this age would have sufficient glycolipid 

deposition around her intrarenal arteries to cause renovascular hypertension without apparent other 

symptoms of the disease. Therefore, the identification of this variant appears coincidental, yet with 

potentially significant clinical implications otherwise. 

To identify novel causative genes for renovascular hypertension, we used a per-gene rare variant 

burden analysis. This initially identified ten genes significantly enriched for rare variation in our cohort. 

However, comparison to a group of in-house controls failed to validate the association, suggesting 

that sequencing artefacts and differences in variant calling accounted for the signal seen when using 

the gnomAD database as a control population.  

 

Renovascular hypertension is a rare disease in children and a strength of our study is the relatively 

large size of our cohort. Since most national and international referrals to our center were for the 

expressed purpose of providing radiological or surgical intervention, it is however possible that our 

cohort is biased towards the more severe end of the spectrum. Another limitation is the lack of 

sequencing data for both parents in most cases, which would have allowed us to identify potentially 

causative de novo variants.  

Interestingly, we show that finding a genetic diagnosis appears to be less common in our mixed 

cohort of renovascular hypertension than in a previously described cohort with midaortic 

syndrome.[10] A potential explanation for at least some of the observed difference is our more 
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stringent application of variant classification criteria. Establishing a correct genetic diagnosis is of 

paramount importance, as it can affect prognosis, treatment and reproductive counselling.[28] 

Therefore, classification criteria demand at least 90% certainty before assigning (likely) pathogenicity 

to an identified variant.[15] The difficulty of reaching this threshold is reflected in the large number of 

VUS in our study.  

 

Future perspectives 

Our data do not support routine exome sequencing in children with renovascular hypertension. Apart 

from the scientific benefit of genetic screening, a genetic diagnosis might have important clinical 

implications by providing an explanation for the disease and informing treatment and genetic 

counselling.[29] However, these benefits should be weighed against the cost of screening and the 

potential of incidental findings. In our study, the genetic diagnosis was clinically suspected in four of 

the five patients in which we found a pathogenic variant in a recognized associated disease gene. The 

fifth patient had symptoms that might have suggested the clinical diagnosis (Williams-Beuren 

syndrome). Our data thus suggest that genetic testing is most likely to identify a causative variant only 

in patients with a clinical suspicion of an underlying inherited disorder. 

Nevertheless, from a scientific point of view, studies like the current are of great importance. They 

might provide novel leads for genes and pathways involved in renovascular hypertension, as shown 

by our finding of a pathogenic variant in SMAD6. Many questions remain on the pathophysiology and 

genotype-phenotype-treatment relationships of this disease. Exome or genome sequencing of novel 

large cohorts and pooled analyses of such cohorts might help to answer these questions. 

A potentially important aspect to be investigated in future studies concerns the role of somatic or 

mosaic mutations, which may be missed when using DNA from peripheral leukocytes. The fact that 

exome sequencing could not reveal an etiological diagnosis in most patients, suggests that factors 

such as these play a more important role. The absence of a genetic diagnosis in three patients with a 

clinical suspicion of NF1 in our study further supports this hypothesis. Somatic and mosaic mutations 
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are of particular potential relevance for patients with unilateral or otherwise very localized disease. 

Sequencing of DNA extracted from affected tissue obtained during surgical interventions would be 

ideal to address this important question. 
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 Number Proportion 

Sex   

Male 22 59% 

Female 15 41% 

   

Age   

Below 2 years 9 24% 

2-6 years 16 43% 

Above 6 years 12 32% 

   

Type of renovascular hypertension   

Midaortic syndrome 20 54% 

Bilateral renal artery stenosis 7 19% 

Unilateral artery stenosis 5 14% 

Segmental or intrarenal stenoses 4 11% 

Graft for aortic aneurysmatic disease 1 3% 

   

Clinical etiological diagnosis at inclusion   

Vasculitis 2 5% 

Fibromuscular dysplasia 3 8% 

Neurofibromatosis type 1 6 16% 

Pathogenic variants in ELN 1 3% 

No clear clinical etiological diagnosis 25 68% 

   

Involvement of other vessels   

Yes 23 62% 

None noticed 14 38% 

   

   

Table 1. Baseline characteristics of the cohort. 
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Patient Gene/locus Zygosity Variant class 

Effect on 

protein 

Clinical diagnosis 

before sequencing Clinical summary 

Variants in known renovascular hypertension genes 

1 NF1 Het* Pathogenic p.K1444E Neurofibromatosis 

Bilateral RAS‡, café-au-lait spots,  optic pathway 

glioma, bilateral high frequency hearing loss 

2 NF1 Het Pathogenic p.K1444E Neurofibromatosis 

Bilateral RAS, café-au-lait spots, valvular 

pulmonary artery stenosis 

3 NF1 Het Pathogenic p.Q452* Neurofibromatosis 

MAS† with bilateral RAS, café-au-lait spots, 

scoliosis, bone changes 

4 ELN Het Pathogenic p.G415* 

ELN-associated 

disease 

Bilateral RAS, stenosis supra valvular aorta, 

brachiocephalic artery, pulmonary artery and 

unilateral carotid artery, pyloric stenosis, 

inguinal hernia. 
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Table 2. Summary of pathogenic and likely pathogenic variants. Patients in which a pathogenic variant was identified, including a summary of the variant 

information and the clinical information. *Het, heterozygous; † MAS, midaortic syndrome; ‡ RAS, renal artery stenosis. ACGS scoring criteria applied for each 

variant are listed in Supplemental table 4 and 5. 

5 7q11.23del Het Pathogenic - - 

Bilateral RAS, intra-renal stenosis, midaortic 

syndrome, learning difficulties. 

Variants in putative renovascular hypertension genes 

6 GLA Het 
Likely 

pathogenic 
p.M290I - Bilateral RAS 

7 SMAD6 Het Pathogenic p.L145fs*158 - Unilateral RAS, crossed fused ectopic kidney 
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Patient Gene/locus Zygosity Variant class 

Predicted effect 

on protein Clinical summary 

Variants in known renovascular hypertension genes 

8 TSC1 Het VUS p.P231L Bilateral RAS, MAS 

9 TSC1 Het VUS p.D1136E Bilateral RAS, major aneurysms aorta 

10 TSC2 Het VUS Promoter/5’UTR Bilateral RAS, MAS, cerebrovascular accident 

11 ELN Het VUS p.G764R Unilateral RAS 

6 NOTCH2 Het VUS Promoter/5’UTR Bilateral RAS 

5 JAG1 Het VUS p.R1042H 

Bilateral RAS, intra-renal stenosis, midaortic syndrome, learning 

difficulties. 

Variants in putative renovascular hypertension genes 

12 PRKG1 Het VUS 5’UTR Bilateral RAS, MAS 

13 FBN1 Het VUS p.E2102Q Bilateral RAS, MAS, transient facial palsy 

14 RNF213 Het VUS p.P243L Bilateral RAS, history of meningitis 
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Table 3. Summary of variants of uncertain significance. Patients in which a variant of uncertain significance was identified, including a summary of the variant 

information and the clinical information. Note that all variants have a MAF below the relevant threshold (detailed in Supplemental Figure 1). None of the 

patients had a clinical diagnosis before sequencing. *Het, heterozygous; † MAS, midaortic syndrome; ‡ RAS, renal artery stenosis; VUS, variant of uncertain 

significance. ACGS scoring criteria applied for each variant are listed in Supplemental table 4 and 5. 

15 RNF213 Het VUS p.R2196K Unilateral RAS, supraventricular tachycardia 

16 OBSCN Het VUS p.M3024I Bilateral RAS, MAS, left ventricular failure 

6 PHACTR1 Het VUS 3’UTR Bilateral RAS 

17 RNF213 

Compound 

het.? VUS 

p.L182M, 

p.I258N Unilateral RAS, vasculitic rash 
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Figure legends 

 

Figure 1: Patients in which a variant of the indicated class was identified. Individuals are counted only 

once, and only in the highest category. Thus, an individual with both a pathogenic variant and a variant 

of uncertain significance would be counted once as an individual with a pathogenic variant. A) 

Visualisation of the number of variants in each class for the known renovascular hypertension genes 

(i.e. upper part of Tables 1 and 2). B) Visualisation of the number of variants in each class for the known 

AND putative renovascular hypertension genes (i.e. lower part of Tables 1 and 2). VUS, variant of 

uncertain significance. 
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Figure 1. Known (A) – and known and putative (B) – genetic causes of renovascular hypertension in 

our cohort 
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ACGS  Association for Clinical Genomic Science 
CAKUT  Congenital anomalies of the urinary tract 
MAF  Minor allele frequency 
RVH  Renovascular hypertension 
SNV  Single nucleotide variant 
VUS  Variant of uncertain significance 
WES  Whole exome sequencing 
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