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Introduction: Genetic testing can reveal monogenic causes of kidney diseases, offering diagnostic, ther-

apeutic, and prognostic benefits. Although single nucleotide variants (SNVs) and copy number variants

(CNVs) can result in kidney disease, CNV analysis is not always included in genetic testing.

Methods: We investigated the diagnostic value of CNV analysis in 2432 patients with kidney disease

genetically tested at the University Medical Centre Utrecht between 2014 and May 2022. We combined

previous diagnostic testing results, encompassing SNVs and CNVs, with newly acquired results based on

retrospective CNV analysis. The reported yield considers both the American College of Medical Genetics

and Genomics (ACMG) classification and whether the genotype actually results in disease.

Results: We report a diagnostic yield of at least 23% for our complete diagnostic cohort. The total diag-

nostic yield based solely on CNVs was 2.4%. The overall contribution of CNV analysis, defined as the

proportion of positive genetic tests requiring CNV analysis, was 10.5% and varied among different disease

subcategories, with the highest impact seen in congenital anomalies of the kidney and urinary tract

(CAKUT) and chronic kidney disease at a young age. We highlight the efficiency of exome-based CNV

calling, which reduces the need for additional diagnostic tests. Furthermore, a complex structural variant,

likely a COL4A4 founder variant, was identified. Additional findings unrelated to kidney diseases were

reported in a small percentage of cases.

Conclusion: In summary, this study demonstrates the substantial diagnostic value of CNV analysis,

providing insights into its contribution to the diagnostic yield and advocating for its routine inclusion in

genetic testing of patients with kidney disease.
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G
enetic testing in patients with kidney disease can
reveal a monogenic cause for the patient’s disease.

A genetic diagnosis can have a diagnostic, therapeutic,
and prognostic impact for patients and can also be of
importance for counselling family members.1 Both
SNVs, including small insertions and deletions, and
CNVs can result in monogenic kidney disease (MKD).
CNVs are known to provide a significant part of the
genomic burden in several MKD, such as in ciliopathies
and CAKUT.1 In a recent review, we found that CNVs
are increasingly recognized as potential contributor to
MKD, however even in recent publications w25% of
studies did not include CNV analysis.1 With read
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depth-based tools for CNV detection (e.g., Exome-
Depth) emerging, massively parallel sequencing can
detect both SNVs and CNVs.2 This makes CNV detec-
tion more efficient because it does not require a sepa-
rate test (e.g., SNP-array, and MLPA) for CNV
detection.

In this study we aim to determine the diagnostic
yield of CNV analysis in a cohort of patients with
kidney disease. Our cohort comprises all 2432 pro-
bands that received a kidney disease gene panel at the
genome diagnostic laboratory of the University Med-
ical Centre Utrecht. It is an unselected cohort repre-
senting a cross-section of all clinical subcategories of
nephropathy. By investigating the diagnostic yield of
CNV analysis in this cohort, we aim to determine the
contribution of CNVs to the diagnostic yield in pa-
tients with kidney disease. In doing so, we not only
present the diagnostic outcomes of CNV analysis but
also offer a comprehensive overview of our expert
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center’s diagnostic results over the past 8 years,
covering both SNVs and CNVs.
METHODS

Patient Selection

All patients who received a gene panel focused on
MKD from 2014 until May 12, 2022 at the genome
diagnostic laboratory of the University Medical Centre
Utrecht were included in this analysis. This includes
genetic testing requested by physicians from inside
the University Medical Centre Utrecht academic hos-
pital, as well as from other hospitals. The laboratory
started offering kidney disease gene panels in 2014.
The panel content over the years can be found in
Supplementary Table S1 (largest panel contained 495
genes in 2022). In 2018, exome-based gene panel
sequencing was implemented as standard practice,
enabling read depth-based CNV calling. Exome-based
CNV calling using ExomeDepth2 was validated for
diagnostic use in our center in April 2021
(Supplementary Methods) and has been part of genetic
testing reports since 2020 (still undergoing validation
at that time). The exome-based gene panels allowed us
to add retrospective CNV analysis for all patient
samples sent since 2018.
CNV Calling and Assessment

CNVs were called for patients who underwent exome-
based gene panel sequencing. CNV detection was per-
formed using a modified version of ExomeDepth2,3 and
in-house developed scripts.4 ExomeDepth uses an al-
gorithm to determine CNVs based on the read depth
information of a patient compared with a matched
reference set (Supplementary Methods).

Only CNVs overlapping with at least 1 gene
included in the requested diagnostic gene panel were
analyzed (based on the most recent gene panel
composition of 2022; Supplementary Table 1), because
CNV calling outside of the diagnostic region was not
part of the diagnostic consent. The assessment of CNVs
was conducted using an in-house pipeline based on the
ACMG criteria.5,6 This in-house pipeline includes a
quality control of the CNV data (Supplementary
Methods). All resulting potential disease-causing vari-
ants were discussed with a clinical laboratory geneticist
specialized in nephrogenetics to ensure that the re-
ported CNVs are true positives in accordance with the
diagnostic analysis criteria.

Identified pathogenic CNVs not yet reported in di-
agnostics were reported back to the referring physi-
cian, to assess whether a diagnosis could still be
relevant for the patient.
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Data Extraction for all Patients

Genetic testing results from gene panels focused on
MKD for all patients who met patient selection criteria
were extracted. The extracted data combined previous
diagnostic testing results, with the newly acquired
results based on retrospective CNV analysis. For the
included patients that underwent other genetic tests
(e.g., other than multigene panel for MKD) at our
department or laboratory, genetic test results positive
for a MKD causing genotype were also extracted and
included in the analysis. For each variant, the annota-
tion of whether this was an SNV (including small in-
sertions and deletions detected with regular massively
parallel sequencing) or CNV, zygosity, and ACMG
classification was recorded. If for a specific variant
ACMG classification differed between 2 patients, the
most recent classification was used.

(Likely) pathogenic variants, as per ACMG criteria,
underwent further interpretation regarding their po-
tential for causing disease. The patient’s genotype was
categorized as “could be disease-causing,” if zygosity
matched the known inheritance pattern (based on On-
line Mendelian Inheritance in Man,7 Clinical Genomic
Database8 [both downloaded in November 2022], and/or
PubMed), and variants were confirmed to be in trans for
compound heterozygosity. If segregation was not
available to confirm that the variants were on separate
alleles, but all other beforementioned criteria applied, it
was concluded to be plausible that the genotype could
be disease causing. This category also included homo-
zygous/compound heterozygous PKD1 variants that
included a hypomorphic allele, a case with 2 SLC12A3
variants of which 1 was 30% mosaic, and a case with a
hemizygous AVPR2 variant that has previously been
reported in control database Exome Aggregation Con-
sortium,9 but never in a hemizygous state. A separate
category was created for variants known as risk factors
or for which incomplete penetrance or variable
expression was known, as well as a separate category for
additional findings unrelated to kidney disease.

Furthermore, the detection method was described
for both SNVs and CNVs. For exome-based CNV calling
using ExomeDepth, this included whether it was done
at the time of diagnostic testing or retrospectively.10

For each patient, the number of CNVs detected per
panel, the size of the diagnostically relevant CNV, and
the overlapping gene that was determined to be rele-
vant were also included in the overview. The requested
MKD gene panel, age (categorized as adult, pediatric, or
prenatal) at time of testing, type of hospital, and spe-
cialty of the requesting physician were also extracted,
as well as whether the individual was considered the
proband of the family (detailed in Supplementary
Methods).
Kidney International Reports (2024) 9, 2695–2704
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Analysis of Diagnostic Yield

The number of probands was used to determine the
overall diagnostic yield for the entire cohort, based on
(L)P variants, and highlighting (i) the proportion of
the yield that could be disease causing, (ii) the pro-
portion for which disease causality was plausible (but
segregation/causality not confirmed) , (iii) the pro-
portion in which part of the phenotype was explained
by the genotype, (iv) the proportion that carried a risk
factor or a variant for which incomplete penetrance or
variable expression is known, and (v) additional
findings unrelated to kidney disease, ranked in that
order. If a patient had >1 relevant result, the highest
ranked category was used for further analysis. The
overall yield of genetic testing in this diagnostic
cohort was plotted, as well as per age at time of
testing, year, and requested gene panel. For these last
2, it should be noted that some patients had multiple
gene panels requested, which might have occurred in
different years, yielding the same diagnostic results.
The yield that is shown represents the diagnostic yield
for that specific panel or year. For example, a patient
receiving an MKD panel for Alport syndrome and
CKDY could yield the same COL4A3 pathogenic
variant. The overall yield for the diagnostic cohort is
calculated by counting each proband only once. The
diagnostic yield per variant type was also calculated.
Furthermore, the contribution of CNV analysis
(defined as the proportion of positive genetic tests
requiring CNV analysis), was determined and dis-
played. The different CNV testing methods were
visualized using pie charts. For each gene panel, the
most prevalent causative genes were determined. This
was also determined for the CNVs separately. Excel
(Version 2302 Build 16.0) PivotTables were used for
analysis and visualization.
RESULTS

Diagnostic testing using MKD gene panels was per-
formed in 2622 individuals from 2014 till May 2022
(Figure 1a). This included 2432 probands and 190
family. In the probands 2918 multigene panels were
requested, with multiple panels performed in 393 in-
dividuals. At least 1 (L)P variant was detected in 903
individuals. Also, in 301 individuals variants of un-
certain significance (VUS) were detected for which the
zygosity matched the known inheritance for that
gene. In 47 of these individuals there was also a
relevant (L)P variant reported. The probands and
variants were further assessed based on zygosity
(including whether the variants were confirmed to be
in trans), disease penetrance and disease causality
(Figure 1a).
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Diagnostic Yield in Diagnostic Cohort

Considering only (L)P variants that could be disease
causing (including confirmation of compound hetero-
zygosity) the diagnostic yield of our diagnostic cohort
was 23% (Figure 1b and d). When we add (L)P variants
that were plausible to be disease causing, the yield
increased to 26% and remained 26% with adding pa-
tients for which part of the phenotype is explained.
Adding also (L)P variants that are known as risk factors
or known to have incomplete penetrance or variable
expression the yield increased to 28% (Figure 1b and
d).

The diagnostic yield was comparable in the adult
and pediatric group, which is determined at the time of
testing (Figure 1c). The prenatal group for which an
MKD gene panel was requested had a diagnostic yield
of 16% when (L)P variants plausible to be disease
causing were also included. The CAKUT gene panel
was requested most often in pediatric and prenatal
cases (Supplementary Figure S1), being in 26% of
requested tests. The yield of this panel was only 5%,
which is comparable to previous reports.1 When we
remove the CAKUT gene panel and recalculate, the
diagnostic yield increased by w5% (Figure 2e). For
adults, the panel “renal cysts (adults)/autosomal
dominant tubulointerstitial kidney disease” had a
relatively high impact with a diagnostic yield of 52%
(Supplementary Figure S2), which comprises 12% of
requested tests. Removing this panel decreased the
yield by w5% for adults (Figure 2e).

CNV Contribution to Diagnostic Yield

The diagnostic yield based solely on CNVs was 2.4%
for our complete diagnostic cohort, considering all
diagnostic result categories (Figure 2a). For 0.6% of the
diagnostic yield the reported result included both a
SNV and a CNV. Altogether, CNV analysis was neces-
sary in 10.5% of reported diagnostic results (Figure 2a).
How this contribution of CNV analysis, defined as the
proportion of positive genetic tests requiring CNV
analysis, was distributed per diagnostic result category
is shown in Figure 2c, including what variant types
were detected. Figure 2d shows the variant type and
contribution of CNV analysis per MKD panel. In gene
panels CKDY, CAKUT, and renal ciliopathies the
highest contribution of CNV analysis to the diagnostic
yield was found, followed by electrolyte abnormalities
and nephrocalcinosis/nephrolithiasis (Figure 2d). The
different CNV detection methods are shown in the pie
chart in Figure 2b. Nearly half of these variants were
detected with a separate test (i.e., with MLPA and SNP-
array). However, >75% were detected with (retro-
spective) ExomeDepth CNV analysis, with 25% of
those also being identified through a separate test.
2697
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Figure 1. Overall yield of genetic testing in diagnostic cohort. (a) Flowchart of the diagnostic cohort: patients receiving any MKD panel were
included. The chart displays the number of probands (indicated with n), broken down by the number of probands with VUS and (likely) pathogenic
((L)P) variants. Both SNV and CNV were considered. The right side of this chart shows the number of requested tests (indicated with t) and
instances of multiple panel requests and concordant relevant variants. For probands with a (L)P variant it was determined whether that genotype
could be disease causing resulting in the categories “yes, incl. segregation confirmed,” “plausible (but segregation/causality not confirmed),” “part
of phenotype explained” and “risk factor/incomplete penetrance/variable expression.” Nine probands had both a risk factor variant and a clear
disease-causing variant. Findings unrelated to the patient’s kidney disease (non-KD findings) were reported in 12 patients. In 2 patients this was in
addition to another relevant (L)P variant. (b) Graph displaying overall diagnostic yield in all probands regardless of whether the diagnosis was
reached through MKD panel testing. The highest-ranking category is displayed when (L)P variants were present in multiple categories. The colors
of the categories correspond to the categories in the flowchart from a. “Yes” is short for “Yes, genotype could be disease causing, incl.
segregation confirmed when applicable.” (c) Graph displaying overall diagnostic yield in probands distributed by age at time of testing. Note that
26% of pediatric/prenatal panels are CAKUT panels, yielding 5% diagnostic variants, whereas 12% of adults received the “renal cysts (adults)/
ADTKD” gene panel, yielding 52% diagnostic variants (Supplementary Figure S1 and S2). Removal of these panels is shown in e. The highest-
ranking category is displayed when (L)P variants were present in multiple categories. The colors of the categories correspond to the cate-
gories in the flowchart from a. “Yes” is short for “Yes, genotype could be disease causing, incl. segregation confirmed when applicable.” (d)
Diagnostic yield by (L)P variant category as displayed in b and c. Note that four patients transitioned from the pediatric/prenatal category to the
adult category, with one obtaining a diagnosis as an adult. (e) Diagnostic yield based only on monogenic kidney disease panels (i.e., excluding
additional tests as indicated on the right side of the flow chart). The diagnostic yield after excluding the most impactful panels for adults and
pediatric/prenatal is also depicted (also see Supplementary Figure S1 and S2, showing panel-specific diagnostic yields). ADTKD, autosomal
dominant tubulointerstitial kidney diesease; CAKUT, congenital anomalies of the kidney and urinary tract; CNV, copy number variants; (L)P variant,
likely pathogenic; MKD, monogenic kidney disease; SNV, single nucleotide variants; VUS, variants of uncertain significance.
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ExomeDepth CNV analysis

ExomeDepth CNV analysis was performed in 1841
probands (Supplementary Figure S3A). In 2% of pro-
bands the quality control metrics for CNV data did not
meet the predefined criteria. However, in 17% of these
samples this was caused by an additional finding un-
related to the patient’s kidney disease (i.e., large
chromosomic rearrangements often result in a failing
quality control). CNVs were only called when these
overlapped with a gene from the requested gene panel.
2698
There were 0 to 8 CNV calls detected per requested
diagnostic test (Supplementary Figure S3B).

Recurrent CNVs revealing likely COL4A4

founder variant

In 3 patients we found a complex COL4A4 rearrange-
ment. The CNV that was called in all 3 patients was a
17.7 kb duplication on chromosome 2, overlapping
with COL4A4. Based on the orientation of the reads, we
suspected this duplication to be part of a more complex
Kidney International Reports (2024) 9, 2695–2704
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Figure 2. Analysis of CNV in diagnostic cohort.e The categories from Figure 1: “yes, incl. segregation confirmed,” “plausible (but segregation/
causality not confirmed),” “part of phenotype explained,” and “risk factor/incomplete penetrance/variable expression” were aggregated for
panel a, b, and d. Only the highest-ranking category was included when (L)P variants were present in multiple categories in a single proband.
(a) On the left the diagnostic yield per variant type for the total cohort. On the right the proportion of the diagnostic yield for which CNV analysis
was necessary. (b) This pie chart provides an overview of the methods employed for CNV detection. (c) This section illustrates the types of
variants (SNV vs. CNV) associated with reported (L)P variants per categorization of variants as in Figure 1. (d) This graph presents the dis-
tribution of variant types across gene panels for which the laboratory reported more than ten variants. ADTKD, autosomal dominant tubu-
lointerstitial kidney disease; CAKUT, congenital anomalies of the kidney and urinary tract; CKDY, chronic kidney disease at a young age; DD,
differential diagnosis; FSGS, focal segmental glomerulosclerosis; KD, kidney disease; MLPA, multiplex ligation-dependent probe amplification;
NPHS, nephrotic syndrome; NGS, next-generation sequencing; SNP-array, single nucleotide polymorphism array.
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rearrangement. Using low-pass whole genome
sequencing we were able to elucidate the exact struc-
ture of this rearrangement, which consist of a dupli-
cation of COL4A4 and DNER, which is then inverted
including the region in-between (Supplementary
Figure S4). This results in disruption of 1 of the 2
COL4A4 alleles leading to loss of function of this gene
copy. It is unlikely that this exact rearrangement
happened multiple times by chance. This complex
COL4A4 rearrangement is therefore likely a founder
variant. Other recurrent CNVs in our diagnostic cohort
are the commonly known recurrent full gene deletions
of NPHP1 and HNF1B and the recurrent deletion
overlapping CHFR1 and CFHR3 (Supplementary
Table S2).10-13
Additional Findings Unrelated to Kidney

Disease

Findings unrelated to the patient’s kidney disease were
reported in 12 patients, which is 0.5% of our diag-
nostic cohort (Figure 1d). Two of these patients had
Kidney International Reports (2024) 9, 2695–2704
both an additional finding and a diagnostic (L)P variant
in an MKD gene (Figure 1a). All additional findings
unrelated to kidney disease were identified through
CNV analysis (Figure 2c). The reported additional
findings were Klinefelter syndrome (XXY) in 5 patients,
trisomy 21 in 4 patients, 2 patients with trisomy X, and
1 patient with an unbalanced XY translocation. For
most, these diagnoses were already known and previ-
ously confirmed with genetic testing (Supplementary
Table S2).
Core Genes and Possible Phenocopies

Relevant (L)P variants were detected in 104 different
genes. However, only 6 genes (i.e., PKD1, COL4A3,
COL4A4, PKD2, SLC12A3, and COL4A5) were
responsible for >50% of the cases with such a diag-
nostic variant (Figure 3a). Considering only reported
CNVs, we found that these were most often reported in
NPHP1, HNF1B, SLC3A1, and CFHR1 þ CHFR3
(Figure 3b). A detailed overview of the number of
genes with a reported variant per requested gene panel
2699
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Figure 3. Genes in which (likely) pathogenic variants were detected. The categories from Figure 1: “yes, incl. segregation confirmed”,
“plausible (but segregation/causality not confirmed),” “part of phenotype explained,” and “risk factor/incomplete penetrance/variable
expression.” were aggregated The number of probands with a (L)P variant in a gene is shown. (a) Genes with (L)P variants detected. This
includes both SNV and CNV. Supplementary Table S3 provides the detailed list of genes in which (L)P variants were identified for each
requested test. (b) Genes with (L)P CNV detected. Supplementary Table S4 provides the detailed list of genes in which (L)P CNV were identified
for each requested test. CNV, copy number variants; (L)P variant, likely pathogenic; SNV, single nucleotide variants.
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can be found in Supplementary Table S3 and
Supplementary Table S4, with the latter containing the
breakdown of CNVs. Some phenocopies can be sus-
pected from this. For example, COL4A3, COL4A4, and
CLCN5 variants were reported in 7, 8, and 2 probands,
respectively, who received a nephrotic syndrome/focal
segmental glomerulosclerosis gene panel. Moreover, a
COL4A4 variant was detected in patients for whom a
renal cysts/ciliopathy gene panel was requested.
Furthermore, NPHP1 and NPHP4 disease causing
variants were identified in probands receiving a
CAKUT gene panel.
DISCUSSION

In our extensive cohort, comprising diagnostic testing
results from over 2400 probands who received MKD
gene panel testing within the past 8 years, we identi-
fied the pivotal role of CNV analysis in establishing a
diagnosis in 10.5% of probands with a positive genetic
test. This is comparable to other genetic diseases.14-16

Our analysis revealed the paramount contribution of
CNV analysis to the diagnostic yield in patients who
underwent gene panel testing for CKDY, CAKUT, or
renal ciliopathies, a finding consistent with previously
reported data.1 When undiagnosed patients with these
phenotypes have not had CNV analysis performed, it is
recommended to consider (retrospective) CNV analysis.

The use of recently developed exome-based CNV
detection tools, such as ExomeDepth, obviates the need
2700
for a separate diagnostic CNV test when exome-based
gene panels are performed. We expect that Exome-
Depth CNV analysis would have been able to detect
>95% of reported CNVs in our study, because these
regions are now sufficiently covered in our exome-based
gene panels with a minimum of 3 probes. Other common
CNV detection methods are MLPA, chromosomal
microarray (e.g., SNP-array), and whole-genome
sequencing-based CNV detection. Advantages and dis-
advantages of the different methods are discussed in
Table 1. Exome-based CNV detection is currently most
advantageous, because exome sequencing is already
routinely used in diagnostic laboratories and requires no
additional tests. It makes genetic testing more cost effi-
cient and represents another step toward a single genetic
test that can detect most genetic diagnoses.17 However,
it is crucial to remain aware of genetic variants that
cannot be detected with exome-based gene panels, such
as most cytosine insertions in the variable number
tandem repeat region in MUC1 or single exon CNVs
with insufficient coverage.18

Because ExomeDepth CNV calling was introduced in
our center in 2020, we performed retrospective analysis
using ExomeDepth for all patients who had an exome-
based gene panel from 2018 onwards. This yielded a
novel diagnosis in 6 patients, including a clear disease-
causing variant in 2 patients (e.g., TSC2 and a PKD1 þ
TSC2 deletion), and a risk factor based on a SLC3A1 CNV
in 4 patients. The number of missed diagnoses before the
introduction of ExomeDepth CNV calling was thus
Kidney International Reports (2024) 9, 2695–2704



Table 1. Advantages and disadvantages of common CNV detection methods
CNV detection method Resolutiona Advantages Disadvantages

MLPA Single exon - High resolution, accurate detection of single exon deletions/duplications
- No incidental findings

- Single test per gene
- Limited by availability of MLPA kits

Chromosomal micro-arrays Single/ multi gene/ multi exon - Cost-effective when CNV as cause is highly suspicious - Possible incidental findings
- Separate diagnostic test

Exome-based CNV detection Multi exon - No additional diagnostic test needed for combined SNV/CNV analysis
- Exome sequencing is currently routinely performed in diagnostics
- Sporadic detection of exact breakpoints possible

- Possible incidental findings
- Bioinformatics expertise required for
implementation

Genome-based CNV detection Multi exon (single exon) - No additional test needed for combined SNV/CNV analysis
- Noncoding regions covered
- Detection of exact breakpoints often possible

- Possible incidental findings
- Sequencing costs (but declining)
- Bioinformatics expertise required for
implementation

CNV, copy number variant; SNV, single nucleotide variant.
aMinimal resolution reported. Resolution is dependent on assay design, probe density and stability, additionally the resolution may also be influenced by factors such as sample quality
and complexity of the genomic region under scrutiny.
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limited in our center. Hence, we conclude that before the
introduction of ExomeDepth, Dutch clinicians ordered a
separate CNV test, or specific CNV testing had been part
of the requested panel (i.e., MLPAs for commonly deleted
genes had been part of MKD gene panels in our center
[Supplementary Table S1]).

The additional testing also explains why there was
not a clear increase in overall diagnostic yield after
ExomeDepth was introduced in our center
(Supplementary Figure S5A). One would expect an
increase in diagnostic yield over time merely based on
the discovery of new genes. However, we did not
observe this, which might be because of genetic testing
being offered to more patients and not only to patients
with a high suspicion of a genetic disease. Also, genetic
testing in the context of living related kidney donation
may have an impact. In fact, there was an increase in
requested tests over the past years (Supplementary
Figure S5B and S5C), likely because of (inter)national
guidelines and a large observational study.19-22

One potential drawback of CNV analysis could be
the identification of additional findings unrelated to the
patient’s kidney disease. In our cohort most of these
findings had previously been detected with another
genetic test. Because we only had limited access to the
patient’s phenotype data, we could not determine
which of these findings were incidental findings, and it
could be possible that we underestimated the number
of additional findings. We could for instance have
detected a (L)P variant in a kidney disease gene that did
not actually explain this patient’s phenotype and
should have been marked as a finding unrelated to the
patient’s kidney disease.

This study offers a complete overview of our expert
center’s diagnostic results over the past 8 years. It is an
unselected cohort representing a cross-section of all
clinical subcategories of nephropathy. Because genetic
testing is reimbursed in the Netherlands, we do not
expect that the (perceived) cost of testing influenced
Kidney International Reports (2024) 9, 2695–2704
the selection of patients. We provide an unbiased es-
timate of the contribution of CNVs to the diagnostic
yield in patients with MKD. Retrospective CNV anal-
ysis for patients from 2018 to 2021 only resulted in an
additional diagnosis for a few patients. Hence, we do
not expect the probands from before 2018 without
retrospective ExomeDepth CNV analysis, which
comprise 24% of the cohort, having a big impact on the
reported diagnostic yield in our cohort. However, this
outcome may vary in other centers. Whether there is a
duty to recontact and reanalyze has extensively been
explored in literature.23-25 In our center we instruct
patients with negative testing results to recontact us
after 3 to 5 years, or sooner when a couple wishes to
conceive, additional symptoms emerge, or family
members are diagnosed with kidney disease. It should
be noted that we only analyzed CNVs overlapping with
the requested gene panel as covered by the patient’s
consent. Therefore, CNVs outside of the gene panel
were not considered, unless an additional test (e.g.,
SNP-array) was requested. When requesting genetic
testing, we recommend verifying whether exome-based
CNV testing is performed and to what extent, because
practices vary among genome diagnostic laboratories.

Another strength of this study is that we based our
diagnostic yield not only on the ACMG classification of
variants, but also interpreted whether the genotype
could be disease causing. Because we did not have
access to detailed phenotype data, we were unable to
do this on an individual patient level, which could
affect the ACMG classification. However, we did pro-
vide on individual variant level whether a genotype
could be disease causing or was only known as a risk
factor for MKD (e.g., APOL1-variants or SLC3A1-var-
iants) and clearly show these different categories in
Figure 1. Furthermore, we did not have access to
segregation data for interpreting individual variants of
uncertain significance, resulting in a potential under-
estimation of the yield. Note that, in a diagnostic
2701
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setting it is important to always check whether a (L)P
variant explains a patient’s phenotype and to further
analyze individual variants of uncertain significance (in
family members) or refer a patient to a genetic profes-
sional. The diagnostic yield reported per phenotype
group should be interpreted within the context of a
clinical diagnostic setting, because there were no
stringent scientific inclusion criteria. To more accu-
rately determine the yield for a specific phenotype
group, all patients with this specific well-characterized
phenotype should be genetically tested. A limitation of
our study could be that we included patients based on
having received an MKD panel. We therefore did not
include diagnoses that resulted from whole exome
analysis as a first-tier test, which is for instance often
done in prenatal cases.

Interestingly, our CNV analysis identified a likely
founder variant in COL4A4 resulting from a complex
rearrangement. This variant illustrates the importance
of identifying the boundaries of a CNV and using other
techniques such as low-pass whole-genome sequencing
to confirm. More recurrent variants are present in this
dataset (Supplementary Table S2). These might be
founder variants, but could also be recurrent because
of other reasons, such as mutational hotspots based on
CpG sites or CNVs resulting from nonallelic homolo-
gous recombination. Even if assuming that these pa-
tients would have hidden familial relationships, this
would negatively affect the diagnostic yield by a
maximum of 4% (excluding the known recurrent
variants in NPHP1, HNF1B, CFHR1 þ CFHR3, and
APOL1).

We also offer an analysis of gene panel requests
categorized by requesting medical specialty over time
(Supplementary Figure S5B and S5C). These data clearly
demonstrate the increasing trend in genetic testing
requests in recent years.

Finally, we show in which genes (L)P variants were
most often reported providing a list of core genes per
phenotype group (Supplementary Figure S2 and S3).
The fact that a limited number of genes was responsible
for >50% of diagnostic results, has previously been
reported.1,26 This supports a tiered approach (using
exome-based virtual gene panels) in which a panel of
genes known to be associated with the patient’s
phenotype is analyzed first, before potentially moving
on to a complete set of known kidney disease genes,
possibly followed by whole-exome analysis in selected
cases. Potential reasons to deviate from this approach
are prenatal cases, an urgent need for diagnosis and/or
indistinct phenotypes. A tiered approach, as recom-
mended by the ERA-EDTA Working Group for
Inherited Kidney Diseases and the Molecular Di-
agnostics Taskforce of the European Rare Kidney
2702
Disease Reference Network,20 limits the number of re-
ported individual variants of uncertain significance and
incidental findings and is 1 of the reasons we provide
an extensive set of phenotype-driven gene panels in
our center (Supplementary Table S1). However, one
should be aware of phenocopies and consider addi-
tional testing after an initial negative result. We
highlighted some potential phenocopies which have
been associated with the respective phenotypes before
but were constrained by limited phenotype informa-
tion.27-32 Similar phenocopies involving different genes
are also reported in literature.33-35 Detailed analyses of
subgroups of our patients who consented to reporting
on detailed phenotyping will prove valuable in eluci-
dating these types of observations further. Patients can
be approached to participate in the GeNepher data and
biobank, which includes broad consent, allowing for
this type of research.36 For future research, we have
also implemented a protocol using a “no objection”
arrangement that allows for variant detection outside of
the diagnostic region using an aggregated anonymous
approach.36

In summary, our study demonstrates the substantial
diagnostic value of CNV analysis in kidney diseases,
providing insights into its contribution to the diag-
nostic yield and advocating for its inclusion in genetic
testing of kidney disease patients. We also offer a
comprehensive overview of our expert center’s diag-
nostic results over the past eight year covering both
SNVs and CNVs.
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