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Abstract

Background Genetic testing of patients with inherited kidney diseases has emerged as a tool of clinical utility by improving
the patients’ diagnosis, prognosis, surveillance and therapy.

Methods The present study applied a Next Generation Sequencing (NGS)-based panel, named NephroPlex, testing 115
genes causing renal diseases, to 119 individuals, including 107 probands and 12 relatives. Thirty-five (poly)cystic and 72
non (poly)cystic individuals were enrolled. The latter subgroup of patients included Bardet-Biedl syndrome (BBS) patients,
as major components.

Results Disease-causing mutations were identified in 51.5 and 40% of polycystic and non-polycystic individuals, respectively.
Autosomal dominant polycystic kidney disease (ADPKD) patients with truncating PKD] variants showed a trend towards a
greater slope of the age-estimated glomerular filtration rate (¢GFR) regression line than patients with (i) missense variants, (ii)
any PKD?2 mutations and (iii) no detected mutations, according to previous findings. The analysis of BBS individuals showed
a similar frequency of BBS4,9,10 and 12 mutations. Of note, all BBS4-mutated patients harbored the novel ¢.3324+1G>GTT
variant, which was absent in public databases, however, in our internal database, an additional heterozygote carrier was found.
All BBS4-mutated individuals originated from the same geographical area encompassing the coastal provinces of Naples.
Discussion In conclusion, these findings indicate the potential for a genetic panel to provide useful information at both
clinical and epidemiological levels.
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Graphic abstract

Nephroplex: a kidney-focused NGS panel highlights the challenges of PKD1 sequencing and identifies a founder BBS4

mutation
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Introduction

The development of “Next-Generation Sequencing” (NGS)
has determined a revolution in clinical genetics, thus
improving the possibility of increasing sequencing content
while dramatically reducing costs, due to the simultane-
ous analysis of multiple genes through one single reaction
[1-3]. Genetic kidney diseases (GKD) are a heterogene-
ous group of disorders, accounting for approximately 10%
of adult chronic kidney disease (CKD) and up to 30% of
pediatric CKD patients [4, 5]. It has recently been shown
that genetic analysis of GKD patients has a significant
clinical impact in terms of either diagnosis and manage-
ment, reinforcing the rationale for analyzing these patients
at the molecular level [4]. While whole exome sequencing
(WES) and whole genome sequencing (WGS) are widely
used as the first choice genetic analysis, focused genetic
panels still retain unique advantages: they produce higher
coverage and better separate genes from pseudogenes,
an important clue in genetic kidney diseases, especially
in the most common one, i.e., autosomal dominant pol-
ycystic kidney disease (ADPKD) [6]. In addition, han-
dling large amounts of data produced by WGS and WES
requires significant computing power and storage capacity.

@ Springer

We developed a gene panel that includes 115 genes caus-
ing kidney disorders, including major genetic loci which
account for ~ 85-90% of ADPKD and over 96% of Bar-
det-Biedl syndrome (BBS), namely PKD1-2 and BBSI-15,
respectively [7, 8]. Our study illustrates the potential of
using Nephroplex to test GKD patients, demonstrating its
utility in the molecular diagnosis of classic, challenging
and genetically heterogeneous conditions, such as ADPKD
and BBS and showing major challenges in PKD]I analysis.

Methods
Patient recruitment and clinical characterization

One-hundred-nineteen subjects referred to the Units of
Nephrology of the University of Campania L. Vanvitelli
were studied by Nephroplex. This group of individuals
included 107 probands and 12 unaffected relatives. Among
the 107 probands, 7 were used as positive controls. All
probands fulfilled specific diagnostic criteria. Patients
were defined as having (poly)cystic kidney diseases (n =
35) and non-(poly)cystic kidney disease (n = 72) (Tables 1
and 2). The former group of individuals included patients
with a clinical diagnosis of ADPKD based on the number
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of kidney cysts and family history [7]; sporadic cases
were included when a clear clinical suspicion based on
kidney ultrasound or abdominal CT scan was present.
Patients with non-cystic disorders were classified as fol-
lows: patients with hypokalemic tubulopathies (N = 12),
when documented metabolic alkalosis and hypokalemia
were ascertained after excluding gastrointestinal and endo-
crine causes; patients with a clinical suspicion of Alport
Syndrome (AS) (n = 11) were defined according to cur-
rent guidelines [8]. Other tubulopathies were included,
such as cystinuria(n = 1) and distal renal tubular acidosis
(dRTA) (n = 3). The diagnosis of dRTA was based on a
urine acidification test [9], while the Fanconi syndrome
patient was defined by the presence of aminoaciduria, low-
molecular weight proteinuria and metabolic acidosis due
to urine bicarbonate loss that was detected after the load-
ing test. Twenty-seven patients fulfilled the clinical crite-
ria for the diagnosis of Bardet-Biedl syndrome, according
to Beales criteria[10]. Further 8 hypercalciuric patients,
1 individual with diabetes insipidus and 5 patients with
congenital anomalies of the kidney and urinary tract were
included. One patient with familial drug-resistant hyper-
tension. Patients with a likely immune pathogenesis, and
other acquired kidney diseases (such as diabetic nephrop-
athy) were excluded. Clinical and laboratory findings,
information on familial segregation, and previous genetic
testings were requested for each patient (Zacchia et al,
DOI: sfaal82 in Clinical Kidney Journal, in press). All
patients provided written informed consent, in accordance
with standard procedures.

The glomerular filtration rate(GFR) was estimated
(eGFR) using the CKD-EPI formula : eGFR = 141 X
min(serum Creatinine/k, 1)* X max(SCr /k, 1)712% x
0.993%¢° x1.018 [if female] x 1.159 [if Black], according
to the literature and using standardized serum creatinine
(SCr) [31].

All studies were conducted according to the interna-
tional guidelines and to the tenets of the 2008 and 2013
Helsinki Declaration. In addition, the study was approved
by the Ethics Committee of the University of Campania,
L. Vanvitelli.

Gene panel construction and validation

A custom enrichment tool, named Nephroplex, covering
all exons and at least ten flanking nucleotides of the 115
genes causing different inherited kidney diseases was
built (Supplemental Table 1). Gene selection was con-
ducted based on literature analysis showing the associa-
tion between chosen genetic loci and human disease. As a
strategy for targeting regions of interest, corresponding to

@ Springer

338.809 Kbp, the HaloPlex TM Target Enrichment System
(Agilent) was used.

DNA extraction and NGS workflow

DNA samples were extracted from whole blood, using stand-
ard procedures. DNA quality and quantity were assessed
using both spectrophotometric (Nanodrop ND 1000, Thermo
Scientific Inc., Rockford, IL, USA) and fluorometry-based
(Qubit 2.0 Fluorometer, Life Technologies, Carlsbad, CA,
USA) methods, according to the manufacturer’s instructions
(HaloPlex Target Enrichment System for Illumina Sequenc-
ing, Agilent Technologies, Santa Clara, CA, USA). For
library preparation, 200 ng of genomic DNA was digested
in restriction reactions for each individual. The fragments
were hybridized to specific probes, as described elsewhere
[32]. After the capture of target DNA, fragments were closed
by a ligase, captured and amplified by PCR. The enriched
target DNA in each library sample was validated and quan-
tified by microfluidics analysis using the Bioanalyzer High
Sensitivity DNA Assay kit (Agilent Technologies) and the
2100 Bioanalyzer with the 2100 Expert Software. All sam-
ples were analyzed in 4 different experimental sections, with
a mean of 30 samples per run. Each group was loaded on a
single lane of HIseq1000 Illumina system.

Targeted sequencing analysis

The libraries were sequenced using the HiSeq1000 system
(Illumina, San Diego, CA, USA). The generated sequences
were analyzed using eXSP, an in-house pipeline designed to
automate the analysis workflow, composed of modules per-
forming every step using the appropriate tools available to
the scientific community or developed in-house [33]. Paired
sequencing reads were aligned to the reference genome
(UCSC, hg19 build) using BWA and sorted with SAM tools
and Picard (http://picard.sourceforge.net). Post alignment
processing (local realignment around insertions-deletions
and base recalibration) and SNV and small insertions-dele-
tions (ins-del) calling were performed using the Genome
Analysis Toolkit (GATK) [34] with parameters adapted
to the haloplex-generated sequences. The called SNV and
ins-del variants produced with both platforms were anno-
tated using ANNOVAR [35] with; the relative position in
genes using RefSeq [36] gene model, amino acid change,
presence in dbSNP v137 [37], frequency in NHLBI Exome
Variant Server (http://evs.gs.washington.edu/EVS) and the
1000 genomes large scale projects, multiple cross-species
conservation and prediction scores of damaging on protein
activity [38]. The annotated variants were then imported into
the internal variation database.
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Table 2 (continued)

Solved
cases

AMCG Con-

Refer-
ence

ExAC gno-

Genetic sequence  cDNA change ZYG Protein change

Genomic posi-

tion

Gene

Sample Gender Clinical diag-

trols

classifi-
cation

mAD

nosis

Uncer-

This

- 1.00

spl

het

¢.1030-6T>-

chr7:138434066 NM_020632

ATP6V0OA4

Tubulopathy

K102

tain

study

(RTA)

signif-
icance

Patho-

[30]

0.00 0.00

p.G105R

het

c.313G>A

chr19:33355167 NM_001126335

SLC7A9

Tubulopathy

K123

genic
Patho-

(cystinuria)

This

0.00 0.00

p.L424Gfs*63

het

¢.1266_1267del

chr19:33324187 NM_001126335

SLC7A9

genic
Likely

study
This

0.00 0.00

hem p.R113Q

c.338G>A

chrX:153171298 NM_000054

Tubulopathy AVPR?2

M

K12

patho-
genic

study

(Diabetes
Insipidus)

Tubulopathy None

M

K20

(hypertension)

Validation of nephroplex

To design the Nephroplex-panel, a straightforward procedure
was followed. Briefly, disease genes causing major inherited
kidney disorders were selected. The target sequences were
enriched by the HaloPlex system (see “Methods” Section).
To validate NephroPlex, the analysis included DNA samples
belonging to patients with known genetic mutations (n =7,
see Table 1), with 100% specificity. The average read depth
of the target region was more than 98% at 20 X and more
than 90% at 100 X. Damaging variants were validated by
Sanger sequencing. Primers for PCR were designed using
PRIMER3PLUS free software (http://www.bioinformatics.
nl/cgi-bin/primer3plus/primer3plus.cgi) and synthesized
by Eurofins Genomics. Sanger sequencing was performed
using the BigDye Terminator v1.1 cycle sequencing kit
and ABI3130xl, as suggested by the manufacturer (ther-
moFisher). For validation of PKD1 variants, Long PCR was
performed to discriminate the PKDI gene from the pseu-
dogene overlapping region (exonl- exon34), as reported by
Tan YC et al [39].

Variant interpretation

To provide clinically relevant data, a multidisciplinary board
consisting of geneticists and nephrologists reviewed the
analysis in the context of clinical data. To identify causal
variants, the latter were first prioritized based on frequency
in public databases (http://www.broadinstitute.org/) and in
the internal database, using a minimum allele frequency
(MAF)<1% as the cut-off . Then, among the rare variants,
we selected exonic and splicing mutations. These variants
were searched for in public databases, such as CLINVAR
(https://www.ncbi.nlm.nih.gov/clinvar/), HGMD (http://
www.hgmd.cf.ac.uk/ac/index.php), and, with regard to
ADPKD patients, also in the MAYO CLINIC Database. All
variants were classified into the five categories defined by
ACMG standards: pathogenic (P), likely pathogenic (LP),
uncertain significance (US), likely benign (LB) and benign
(B). P variants were defined as such when reported in the
literature as deleterious or when they resulted in protein
truncation. LP variants were defined in the same way as
those previously established as LP in the literature; LB and
B variants were those defined as such by other articles or that
were predicted not to be damaging by in silico programs,
such as SIFT and Polyphen.

Statistics

To compare the effect of genetic mutations (truncat-
ing PKDI vs non-truncating) on the eGFR decrease as a
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function of age we used covariance analysis with eGFR as
the dependent variable, age as covariate and type of muta-
tion (truncating vs. non truncating) as factor. Statistical sig-
nificance was accepted for p<0.05.

Results
Patient cohort

One-hundred-nineteen subjects were enrolled in the study,
including 107 probands and 12 relatives. Probands under-
went genetic analysis to address the molecular basis of the
following clinical pictures: inherited polycystic diseases
(N = 35) (Table 1); among non-cystic patients, the follow-
ing categories were included in the study; hypokalemic
metabolic alkalosis tubulopathies (n = 12), Fanconi syn-
drome (n = 1), cystinuria (n = 1), renal glycosuria (n = 3),
distal renal tubular acidosis /dRTA (n = 2), hypercalciu-
ria (n = 8), diabetes insipidus (n = 1), Alport Syndrome/
AS(n = 11), congenital anomalies of kidney and urinary
tract (CAKUT)(N = 5), Bardet-Biedl Syndrome/ BBS (n
= 27), and resistant hypertension (n = 1) (Table 2). Most
patients were analyzed as single/sporadic cases (97 out of
107 patients), and ten as familial.

Molecular analysis of polycystic patients

Thirty-five individuals underwent genetic analysis due to
the clinical suspicion of inherited kidney cystic diseases.
A causative mutation was found in over 51% of patients
studied; the remaining patients showed either variants of
uncertain significance (VUS) or no putative genetic muta-
tions (Fig. 1a). Thirty-six variants in PKDI and PKD2 were
found in 25 individuals; twenty-two variants were novel, the
remaining were already described in the literature. PKD1
variants occurred with higher frequency than PKD?2 (83.4%
vs 16.6%, respectively). We detected damaging PKD1-
2 variants in 15 individuals; 12 in PKD]/ and 3 in PKD?2,
respectively (Figs. 1b and C). Twelve pathogenic variants
were truncating variants, while the remaining were missense
variants. Seven out of 12 damaging PKDI mutations were
located in duplicated regions. Finally, seven patients did
not show rare variants in the genes of interest. Interestingly,
analysis of covariance of eGFR using age as covariate and
type of mutation (truncating PKD] variants vs. all others,
including no detected variants) as factor revealed significant
effects for age (F = 5.87, p = 0.027) and borderline age x
mutation type interaction effect (F = 3.1, p = 0.09). This was
due to the greater slope of the age-eGFR regression line in
the group with PKD]- truncating patients, as indicated by
previous studies [40, 41]. Indeed, regression analysis in this
group showed that each year of age led to a mean loss of

@ Springer

eGFR of 2.54 ml/min/1.73m?, whereas in the non-truncating
group the loss of eGFR was of 0.73ml/min/1.73m? (Supple-
mental Fig. 1). Moreover, we found a frameshift hemizygote
OFD] mutation in a young female patient, one patient with
compound heterozygote PKHD] variants, and one patient
with a frameshift MUC] variant (Fig. 1b and c).

Molecular analysis of non (poly)cystic patients
BBS individuals

Two of the 27 BBS individuals were studied as trios (K73
and K128). Nine patients showed homozygote variants and
five patients had compound heterozygote variants in known
BBS genes. Six patients showed only heterozygote BBS
variants, while 7 patients did not show any alteration in the
genes of interest (Table 2). Major variants were predicted
as likely pathogenic or pathogenic (see Table 2). The most
common mutations were detected in BBS10, BBS12, BBS4,
and BBS9 genes.

Alport Syndrome patients

Eleven patients (3 males and 8 females) with a clinical sus-
picion of AS were analyzed. Six indexes showed pathogenic
variants: all mutations were in the COL4A5 gene. Among
these patients, four related individuals showed the known
COL4A5¢c.520G>C pathogenic variant, while two sisters
showed the novel COL4A5 c.3032delC variant, resulting in
a frameshift mutation (Table 2).

Tubulopathies and CAKUT patients

Patients with hypokalemic metabolic alkalosis of renal
origin made up the most substantial subgroup of patients
with a clinical suspicion of tubulopathies, accounting for
12 individuals. Six individuals showed either pathogenic
or likely pathogenic homozygote or composite heterozy-
gote variants in SLC12A3 (n =5) or CLCKNB (n = 1). One
patient showed only a heterozygote SLC12A3 variant and the
remaining 5 patients showed no mutations in genes of inter-
est. Two out of three patients with renal glycosuria showed
variants of uncertain significance in SLC5A2; hypercalciuric
patients, as well as patients with CAKUT were all unsolved.
Major genetic findings of non-cystic individuals are sum-
marized in Fig. 2 and table 2.

Frequency of BBS4c.332 + 1G> GTT in the patients’ cohort

We found the ¢.3324+1G>GTT variant in the BBS4 gene in
five unrelated BBS individuals. The variant was homozygote
in three BBS patients, while two patients were heterozygote.
The predicted effect of genetic mutation of protein function
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is depicted in Fig. 3. One of the two heterozygote patients
showed a second BBS4 variant, described in the literature
as pathogenic. The other patient did not show additional
variants in BBS4, thus was unsolved. Given the high fre-
quency of this variant, we searched for the variant in our
internal database, accounting for 4,000 individuals: besides
the cases reported above, it was detected in an additional
subject. The latter underwent genetic analysis for the suspi-
cion of AS (K121). The BBS4 ¢.332+1G>GTT variant was
heterozygote and, was consistent with the autosomal reces-
sive inheritance of BBS. This patient did not show clinical
signs of the disorder and was considered an unaffected car-
rier. Interestingly, individuals harboring the variant showed
restricted geographic origin.

PKD1 variants in non-cystic individuals

During the analysis of PKD]I variants in non-cystic indi-
viduals, a high prevalence of PKD]I variants was observed.

We detected a total of 28 rare PKDI-2 variants in 21 out
of 75 adult individuals with non-cystic phenotype (28%).
Five variants were detected in PKD2, while the remaining
variants were found in PKD1 (18% vs 82%, respectively).
Supplemental Table 2 shows the position of the variants and
whether they have been previously reported in major public
databases, such as Clinvar and/or the Mayo Clinic database.
All detected variants were predicted by in silico program
as benign or likely benign variants, with two exceptions.
Patients K7 and K17 underwent genetic analysis due to the
clinical suspicion of hypercalciuria and Gitelman syndrome,
respectively. K7 was unsolved, while K17 showed a homozy-
gote SLC12A3 variant, explaining the phenotype. Moreover,
our analysis revealed that both individuals carried a PKDI
variant: a frameshift PKD1 mutation (K7), predicted as path-
ogenic, and a missense PKD] variant predicted as likely
pathogenic (K17), respectively. Both mutations were located
in duplicated PKD] regions, as well as in 77.3% of detected
PKD] variants in this subgroup of individuals. To further
analyze whether our findings might have been the result of

Analysis of cystic patients

a

30

25

20

15

10

Number of solved patients

ADPKD OFD-1 ADTKD-MUC1 ARPKD

Fig. 1 Genetic analysis of cystic patients. 1a Genetic diagnosis was
obtained for 51.5% of patients, the remaining showed either variants
of uncertain significance (VUS) or no causative variants. 1b. Genetic
analysis confirmed the diagnosis of autosomal dominant polycystic
kidney dissease (ADPKD) in 15 individuals, Oro-facio-digital type
1 Syndrome (OFD-1, n = 1), autosomal dominant tubulointerstitial

PKHD1
5.5%

OFD1
5.5%

M Solved
M Unsolved

kidney disease (ADTKD, n=1) and autosomal recessive polycystic
kidney disease (ARPKD, n=1). lc. Among the pathogenic variants,
our results showed that the main mutations occurred in PKDI, fol-
lowed by PKD2. OFD1, MUC1 and PKHDI mutations were less fre-
quent
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contamination by pseudogenes, we performed ClustalW
alignment of PKD1 with all pseudogene sequences to local-
ize the position of the ‘incidental variants’. Our analysis
revealed that all the variants detected in exon 10-33 were
located in overlapped regions with almost one pseudogene
(see Supplemental Table 2 and additional supplemental
material). These findings suggest possible contamination.

Discussion

In the present study, we set-up and validated a gene panel,
named Nephroplex, that includes 115 genes causing inher-
ited kidney disorders, with the aim to define the genetic
landscape of a cohort of individuals with kidney cystic
and non-cystic phenotype. Recently, WES and WGS have
entered into clinical use in several fields. However, there has
been a great deal of speculation concerning the perceived
advantages and limitations of these studies as compared to
focused panels. Costs, time to results, coverage and scal-
ability are major considerations. Given the reduction of costs
of NGS, the latter is not a crucial discriminator in choosing
sequencing strategies. Moreover, focused gene panels still
retain some advantages when used for diagnostic purposes.
WGS produces massive amounts of data, requiring intense
computational analysis and adequate instrumentation that
few clinical laboratories have embraced. The generation of
so much sequence data per patient causes low coverage com-
pared with targeted panels, even though this limitation has
been overcome in recent studies [42]. Thus, while gene pan-
els and WGS provide similar diagnostic yield, a more labori-
ous analysis is required to handle WGS data. Clearly, WGS
offers the advantage of re-analysis paralleling the advances
in knowledge and the possibility to discover novel disease,
risk and modifier genes, when probands are studied as trios
and when data are validated properly.

In our study, the group of polycystic individuals consisted
mainly of ADPKD patients. The genetic panel included the
two most common genes causing ADPKD, namely PKD]
and PKD?2 [43, 44]. The study is in line with data from the
literature suggesting the superiority of NGS compared with
Sanger in analyzing the PKDI, which is a large gene con-
sisting of 46 exons[45, 46]. Molecular screening is unusually
difficult, as exons 1-33 have six copies of this region pre-
senting as pseudogenes (PKD1P1-P6), located ~ 13—16Mb
proximal to PKD1, on the short arm of chromosome 16 [47].
These pseudogenes have early stop codons, so they do not
generate large protein products and are 98-99% identical
to PKDI in homologous regions. This complexity makes
molecular diagnosis challenging. Comprehensive screening
of well-characterized ADPKD patients has revealed definite
(truncating) mutations in up to 61% of affected families,
and in-frame changes in ~ 26%, all of which were scored
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as pathogenic [48, 49]. Screening for larger rearrangements
using multiplex ligation-dependent probe amplification
detected mutations in a further ~ 4% of families [50]. Non-
definite mutations were found in 26% of patients, and ~ 9%
of individuals showed no mutations in either PKDI or PKD?2
[48]. There are several explanations for this: missed muta-
tions in PKD1 gene due to technical limitations; PKD1 pseu-
dogenes; intronic mutations; gene promoter changes; mosai-
cism; other genes, as recently suggested [51]. In our study,
we found a higher prevalence of PKDI than PKD2 muta-
tions in ADPKD patients, just as reported in the literature.
Interestingly, in the study we encountered the greatest dif-
ficulties during ADPKD molecular diagnosis : (1) the high
incidence of private mutations; (2) the large prevalence of
missense variants. As largely addressed by experts, the clas-
sification of missense variants remains cumbersome given
the technical difficulties of performing functional studies.
In this scenario, the high allelic heterogeneity of PKDI and
PKD?2 in non-cystic individuals further complicates molecu-
lar diagnosis, as we showed in our cohort. Most variants
found in subjects with no clinical ADPKD phenotype were
missense variants. Only two patients showed a pathogenic
and a likely pathogenic variant, respectively, according to
prediction tools. However, the majority of PKD] variants in
the cohort of non-cystic individuals were located in dupli-
cated regions, including the ones defined as pathogenic: our
alignment studies suggest that they may be the result of con-
tamination (PKD1 gene vs pseudogenes?).

BBS was the second most represented disease in our
cohort. The analysis revealed a diagnostic rate of 44%.
Interestingly, the study showed a surprisingly high preva-
lence of BBS4 variants. BBSI, 2, and 10 are known to
constitute nearly 50% of diagnoses [52, 53]. One possible
explanation is that patients were selected from a cohort
consisting of over 60 well-characterized BBS individuals,
with most of them possessing a genetic diagnosis at basal.
Thus, several BBSI-mutated patients were excluded from
the study. The high prevalence of BBS4 mutations in our
study was peculiar and attracted our attention. All patients
harbored the same BBS4c.332+1G>GTT variant. The lat-
ter was homozygote in three unrelated BBS individuals.
A fourth patient showed two BBS4 mutations. An addi-
tional BBS subject with no complete molecular diagnosis
showed the heterozygote BBS4c.332+1G>GTT variant.
The identified mutation is predicted to determine defec-
tive splicing. Interestingly, all individuals were from the
same region of Southern Italy. Three of 5 BBS4-patients
were from an area south of Naples, between Torre del
Greco and Castellammare di Stabia. The remaining two
BBS individuals were from Naples city. A review of both
the public and of our own internal database showed no evi-
dence of the variant, except for one additional individual
who was identified in the internal database. The patient
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Analysis of non-cystic patients

30

Number of patients
° = 5 & ] b
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Fig.2 Genetic analysis of non-cystic patients. a Forty percent of
patients were solved. b Classes of disorders and relative number
of solved and unsolved individuals. ¢ Major pathogenic variants

was a woman born in Naples, undergoing genetic analysis
for the clinical suspicion of AS(K121). She showed the
heterozygote BBS4c.332+1G>GTT variant, in the absence
of any signs of BBS, as expected. Considering the rarity
of the disease, with a prevalence of 1:160,000 individu-
als, the detected BBS4 variant shows a striking prevalence
in Naples, indicating a possible founder mutation. These
observations provide the rationale for a cost- and time-
efficient screening of this limited geographic area to deter-
mine allele frequency distribution and to estimate the risk
of BBS occurrence.

Additional non cystic patients in the study included
patients suffering from tubulopathies and CAKUT. Fifty per-
cent of patients with hypokalemic metabolic alkalosis were
solved as Gitelman Syndrome or Bartter syndrome type 3.
Conversely, patients with hypercalciuria and CAKUT were
all unsolved. The scarce knowledge of the genetic landscape
of these disorders and the contribution of acquired factors to

detected in this category of individuals. BBS Bardet-Biedl syndrome;
AS Alport syndrome; Hypok hypokalemic; RTA renal tubular acido-
sis; Fanconi S Fanconi syndrome; DI diabetes insipidus

their pathogenesis account at least in part for these results
[54, 55].

The present study demonstrates the potential of a kidney
focused gene-panel in the diagnosis of renal inherited disor-
ders. In the era of WGS and WES, the potential of focused
genetic panels is still of clinical utility and scientific interest,
providing advantages when studying inherited kidney disor-
ders in terms of both diagnostic purpose and identification
of allele frequency in a restricted geographic area, a pre-req-
uisite to address the risk of occurrence of genetic disorders.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s40620-021-01048-4.
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