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1 | INTRODUCTION

Genetic kidney diseases form a heterogeneous group of disorders,
which, although individually mostly rare, together are frequent and
important to establish (Groopman et al., 2019). Identifying a genetic
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Abstract

Genetic kidney disease comprises a diverse group of disorders. These can roughly be
divided in the phenotype groups congenital anomalies of the kidney and urinary tract,
ciliopathies, glomerulopathies, stone disorders, tubulointerstitial kidney disease, and
tubulopathies. Many etiologies can lead to chronic kidney disease that can progress
to end-stage kidney disease. Despite each individual disease being rare, together
these genetic disorders account for a large proportion of kidney disease cases. With
the introduction of massively parallel sequencing, genetic testing has become more
accessible, but a comprehensive analysis of the diagnostic yield is lacking. This review
gives an overview of the diagnostic yield of genetic testing across and within the full
range of kidney disease phenotypes through a systematic literature search that
resulted in 115 included articles. Patient, test, and cohort characteristics that can
influence the diagnostic yield are highlighted. Detection of copy number variations
and their contribution to the diagnostic yield is described for all phenotype groups.
Also, the impact of a genetic diagnosis for a patient and family members, which can
be diagnostic, therapeutic, and prognostic, is shown through the included articles.
This review will allow clinicians to estimate an a priori probability of finding a genetic

cause for the kidney disease in their patients.
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cause in kidney disease patients is essential for patients and their fam-
ily members. For the patient, a genetic diagnosis can lead to knowl-
edge about etiology, personalized treatment and the possibility to be
counseled about prognosis and family planning options. Family mem-
bers can be counseled about presymptomatic testing and screening
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options. A genetic diagnosis can also be important for living related
kidney donation. Different categories of genetic kidney disease can
be distinguished (Hildebrandt, 2010). An important clinical presenta-
tion is chronic kidney disease (CKD) that can progress to end-stage
kidney disease (ESKD), which has a
(Coresh, 2017). Many etiologies can lead to this final common end-

high disease burden

point (Groopman et al., 2019). Overall, in genetic kidney disease, path-
ogenic variants in multiple genes can cause a single phenotype
(genetic heterogeneity) and pathogenic variants in a specific gene can
have multiple clinical presentations (pleiotropy) (Stokman et al., 2016).

The introduction of massively parallel sequencing (MPS), previ-
ously referred to as next-generation sequencing, has made testing for
monogenic kidney diseases (MKD) more accessible and therefore
diagnosing MKD easier. This has led to many new insights, but a com-
prehensive analysis of the diagnostic yield across and within pheno-
types is lacking. Estimating the likely diagnostic yield of genetic
testing, in a specific patient, is essential to determine the chance of
diagnosing monogenic disease when performing genetic testing. This
estimated vyield, together with factors like cost, availability, but also
specific needs of the patient and/or parents with regard to for
instance family planning or living related kidney donation, informs
shared decision-making with regard to genetic testing. Multiple stud-
ies report varying diagnostic yields of genetic testing for potentially
genetic kidney disease phenotypes. The varying reported diagnostic
yields might be a consequence of differences in (a) patient characteris-
tics, (b) genetic test characteristics, and/or (c) cohort characteristics.
Patient factors that can influence diagnostic yield are a positive family
history, extrarenal features, syndromal presentation, and severe dis-
ease, including early onset of disease and the presence of ESKD
(Knoers et al., 2022). Test characteristics that can influence the
reported yield are the number of analyzed genes (extending to all
genes [exome] or genome wide as maximum), whether copy number-
variations (CNVs) are assessed, whether additional tests are per-
formed for difficult genomic regions (e.g., MUC1 and exon 1 of PKD1),
but also whether trio-analyses (child and both parents tested) and seg-
regation are performed for additional variant classification. Also, the
specifics of the cohort can be of importance. In a clinical cohort
(of consecutive cases), the phenotypes are often less homogeneous,
and the population might be more representative for patients that are
seen in one's own clinic. In a research cohort varying inclusion and
exclusion criteria are applied, patients are often selected cases, most
suspect for a genetic diagnosis, from many centers and results of diag-
nostic yield are not always generalizable to a diagnostic setting.
Another relevant variable might be cohort size.

In this review, we aim to determine the diagnostic yield of genetic
tests within and across the full range of potentially genetic kidney dis-
ease phenotypes. Patient, test, and cohort characteristics influencing
the various yields are highlighted. We provide a detailed and nuanced
overview that can help weighing the meaning of the different publica-
tions, with potential useful information for clinical practice. We also
highlight the clinical impact of genetic diagnoses based on the gath-
ered studies and we show how genetic testing approaches have

evolved over the years.
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TABLE 1 The sets of terms used to conduct the PubMed search |
Sets (1) and (2) were combined into one search using Boolean
operator “AND,” the same was done for Sets (1) and (3)

Set Terms in title/abstract

(1) Kidney OR Renal OR Alport OR ADPKD OR ARPKD OR
CAKUT OR ciliopathy OR nephronophthisis OR nephrol* OR
nephrog* OR nephrogenetic OR glomerul* OR urol* OR
urinary tract OR tubulopath* OR nephrotic

(2) Diagnostic yield OR yield OR genetic test OR WES OR WGS
OR whole exome sequencing OR whole-exome sequencing
OR whole exome OR whole genome OR whole-exome OR
whole-genome OR gene panel OR gene panels OR multigene
panel OR multigene panels OR whole genome sequencing
OR MPS OR massive parallel sequencing OR massively
parallel sequencing OR NGS OR next generation sequencing
OR next-generation sequencing OR exomic sequencing OR
genomic sequencing OR targeted gene sequenc* OR
targeted sequenc* OR targeted panel*

(3) CNV OR copy number variant OR copy number variation OR
copy number variance OR SNP array OR SNP-array OR
array-CGH OR array CGH

2 | METHODS

21 | Study selection

A systematic literature search was performed to answer the review
question: “What is the diagnostic yield of genetic testing in any kind
of kidney disease and what patient, cohort, and test characteristics
impact the diagnostic yield?” This review was not registered in a
review database. The PubMed database was searched on April
2, 2021 using the terms displayed in Table 1. Two reviewers indepen-
dently selected articles based on predetermined inclusion criteria
using Rayyan (Ouzzani, Hammady, Fedorowicz, & Elmagarmid, 2016).
Disagreements were resolved by consensus or with the help of a third
reviewer.

All these inclusion criteria were mandatory: (a) original article
published in last 10 years, (b) human participants, (c) diagnostic yield
of genetic testing reported or deducible, (d) patients had some sort of
kidney disease, and (e) cohort of at least 30 unrelated patients. Arti-
cles focusing on renal cancer were excluded. Additional articles were

identified and included by snowballing.

2.2 | Data extraction

Data extraction was performed using predefined data fields. Studies
were grouped in the following kidney disease phenotype groups:
autosomal dominant tubulointerstitial kidney disease (ADTKD), con-
genital anomalies of the kidney and urinary tract (CAKUT), ciliopathies
(divided in autosomal dominant polycystic kidney disease [ADPKD]
and other/mixed ciliopathies), glomerulopathies (nephrotic syndrome
[NS] and other/mixed), nephrolithiasis/urolithiasis, tubulopathies,
ESKD, and mixed kidney disease phenotypes. For all studies, details
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were extracted on patient characteristics, cohort characteristics and
on the genetic test that was performed. Details of the cohort that
were extracted were the number of patients included, phenotype,
type of cohort (clinical cohort or research cohort). A cohort was con-
sidered a clinical cohort if the cohort was derived from a clearly
defined clinical setting (e.g., all consecutive patients that received a
kidney transplant) and/or reporting on genetic testing results from a
diagnostic setting (e.g., all patients referred for gene panel testing).
Patients' characteristics that were extracted included: the percentage
of familial cases, percentage of consanguinity, percentage of cases
presenting with extrarenal features, age of disease onset and percent-
age of people that had ESKD. For the genetic test, extracted details
included: number of genes screened and if single nucleotide variant
(SNV) and/or CNV analysis was performed. CNV analysis was consid-
ered to be performed, also if only one gene was assessed. CNVs were
defined here as deletions or duplications that are too large to be
picked up by traditional sequencing. Type of genetic test (e.g., MPS-
based multigene panel, single nucleotide polymorphism [SNP] array,
whole exome sequencing [WES], whole genome sequencing [WGS],
etc.), including type of CNV analysis were extracted. The diagnostic
yield was either adopted from the paper or calculated from the data.
Likely pathogenic variants and pathogenic variants were included in
diagnostic yield, unless details on variant classification were not speci-
fied by the authors. In that case, the yield reported by the authors
was extracted. If authors used an aberrant term to describe variants
(i.e., other term than [likely] pathogenic, e.g., “probably disease caus-
ing” or “potentially pathogenic™) this term and the associated yield
was extracted. Criteria used to assess variants in each article were
also noted. Candidate genes were not included in the diagnostic yield,
but highlighted under “noteworthy.” The diagnostic yield was calcu-
lated and noted per phenotype in cohorts with mixed phenotypes.
When details were available with regard to the cohort from which the
tested population was derived, a diagnostic yield extrapolated to the
larger cohort was also calculated (e.g., when a specific subgroup of
transplant patients was genetically tested, the diagnostic yield was
extrapolated to the entire cohort of transplanted patients). If reported,
percentage of cases with a variant of unknown significance was
extracted. We also calculated the yield based solely on CNVs and
determined what percentage of the reported diagnostic yield can be
explained by CNVs. When the study reported a patient characteristic
that positively impacted the diagnostic yield, this was noted. Any
additional relevant details were also extracted. Finally, we established
the number of genes that was responsible for the top 50% of the diag-
nostic yield. The genes responsible were noted, unless genes were
responsible for only one positive case and/or multiple genes made up

for the final percentages.

2.3 | Data visualization
Data were summarized by combining the cohort, patient, and test
characteristics and results on diagnostic yield per phenotype group in

a summary table. More in detail overviews of all studies were

summarized in separate tables per disease group. We first looked at
patient characteristics positively impacting diagnostic yield within a
single study and described this in the summary table. Next, we
assessed the impact of patient, cohort, and test characteristics
between the different studies. To visualize the influence of these
characteristics scatter plots, box plots, and pie charts were made using
SPSS (version 26, IBM, New York, NY) to look at the relation between
two quantitative variables within a single study, across all studies. To
avoid overinterpretation of the data derived from the highly variable
studies, we decided to only portray visual representation of the data
and to not perform statistical tests.

3 | RESULTS

The PubMed search yielded 5,361 papers. After screening the title,
abstract and full-text, 98 papers remained, that met the inclusion cri-
teria. Seventeen articles were additionally identified and included
through snowballing.

Table 2 gives an overview of reported yields per disease group.
Per disease group, 4 to 25 articles were included with varying patient,
test, and cohort characteristics per study. The diagnostic yields dif-
fered widely within each disease group and between the different dis-
ease groups (Table 2; Figure 1a). We find the lowest diagnostic yield
in the CAKUT disease group and the highest diagnostic yield in the
ciliopathy group, and within this group an even higher yield for the
ADPKD group. However, in the CAKUT disease group, we did find
the highest diagnostic yield based solely on CNVs (Figure 1b). When
we look at the yield extrapolated to the larger cohort, we often find a
lower yield than initially reported, as we would expect (Table 2). These
values represent a minimum diagnostic yield for the originating
population.

In Supplementary Table 1, the disease groups are presented in
more detail. Patient, cohort, and test characteristics, including note-
worthy details, are described per individual study. When available
diagnostic yield per phenotype (especially in Supplementary Table 1h
covering mixed kidney disease phenotypes) and diagnostic yield
extrapolated to a larger originating population are included.

Five studies reported on an ESKD population that was waitlisted
for transplant surgery or had received a kidney transplant
(Supplementary Table 1g). The diagnostic yield in these studies ranged
from 0.5% (only full gene deletions in 20 genes assessed) to 50.9% in
the genetically tested patients at time of study. When extrapolating
this to the individual extrapolated cohorts of kidney transplant (wait-
listed) patients the yield ranged from 12.5 to 24.6%.

Ten studies from varying disease groups reported on kidney dis-
ease of unknown origin (patients in whom the clinical phenotype does
not point toward a specific diagnosis). The phenotype groups com-
prise ADTKD (1), ESKD (3), and mixed kidney disease phenotypes (6).
The diagnostic yield in a population of patients with familial nephropa-
thy of unknown cause, investigated for ADTKD, was 29.5%. In studies
investigating ESKD of unsolved etiology, the diagnostic yield ranged
from 11.6 to 44.4%. In the six studies with mixed kidney disease
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FIGURE 1

Diagnostic yield across disease categories. (a) Diagnostic yield per disease category. Subdivision of the specific phenotypes within

the “mixed kidney disease phenotypes” group is not added up to the corresponding separate disease groups since patient/test/cohort
characteristics are not available per phenotype within the studies in this group. Between brackets the number of included studies. (b) Diagnostic
yield based only on copy number variation (CNV) detection. Between brackets the number of studies that performed CNV analysis. (c) Percentage
of overall diagnostic yield (a) explained by CNVs (b). Between brackets the total number of studies. This is a ratio between subpanels (b) and (a),
showing how much CNV testing contributed to the diagnostic yield per study.

phenotypes the yield in patients with nephropathy of unknown origin
ranged from 17.1 to 56.3% across five studies and one study reported
a yield of 0% (only five patients had nephropathy of unknown origin
in a cohort of 204 patients). Table 3 gives an overview of the clinical
impact of genetic diagnoses highlighted by the different studies,
divided over diagnostic impact, therapeutic impact, and prognostic

impact.
3.1 | Characteristics influencing diagnostic yield
3.1.1 | Patient characteristics

Looking at patient characteristics influencing diagnostic yield within a
certain study we find that multiple studies reported a positive impact
on the diagnostic yield based on positive family history (n = 18 stud-
ies), consanguinity (n = 12), extrarenal features (n = 16), early onset
of disease (n = 14), and ESKD (n = 8) as described in Table 2 and Sup-
plementary Table 1. Some additional features are mentioned as well,
such as specific phenotypes, lower posttransplant recurrence and lack
of response to immunosuppressives for the steroid resistant NS
(SRNS) phenotype (Table 2).

When we assess these same variables (family history, extrarenal
features, early onset of disease, and ESKD) between studies, we
clearly see that in cohorts with a high percentage of familial cases and
in cohorts with a high percentage of extrarenal cases, the diagnostic
yield is higher (Figure 2a,b). However, we do not see this same clear
pattern in cohorts with a high percentage of consanguinity or high
percentage of ESKD (Figure 2c¢,d). When we look at cohorts with a
high percentage of adult-onset cases, we find both low and high per-
centages of diagnostic yield (Figure 2e). In the cohorts that have no
(0%) adult-onset cases we see the same, with a large proportion of
the low yield studies being explained by the CAKUT group. The
importance of CNV analysis is highlighted in Figure 2f where a high
diagnostic yield is noticed in childhood onset disease as compared to

adult-onset disease.

3.1.2 | Cohort characteristics

In Figure 3a, we show the number of tested patients in a cohort in
relation to the diagnostic yield. We find that the diagnostic yield
decreases in larger cohorts. When we compare the boxplots repre-

senting the diagnostic yield in clinical cohorts versus research cohorts
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TABLE 3

Posttransplant disease recurrence in patients with genetic diagnosis vs. patient without genetic diagnosis

Phenotype
SRNS

Total cohort size

Prognostic impact

0 vs. 43%

n=111

Landini et al. (2020)

Abbreviations: CKD, chronic kidney disease; ESKD, end-stage kidney disease; FSGS, focal segmental glomerulosclerosis; KTx, kidney transplantation; MKD, monogenic kidney disease; n, number; SRNS, steroid-

resistant nephrotic syndrome.

Seminars in Medical Genetics

no clear difference seems to be present (Figure 3b). We used the diag-
nostic yield in the tested clinical cohort and not the extrapolated
cohort, since data were not always available for the extrapolated

cohort.

3.1.3 | Test characteristics

Figure 4 represents the test characteristics between the studies. It
appears that the higher the number of analyzed genes the lower the diag-
nostic yield (Figure 4a). When relating sequencing approaches to diagnos-
tic yield, we found that single gene testing had a lower diagnostic yield
than when several genes (2-10) were tested, and we found the same
with small gene panels (<100) versus large gene panels (Supplementary
Figure 1). However, the categories WES/WGS and SNP-array had a
lower yield than the previously mentioned categories. 47/115 studies
assessed SNVs, 12/115 assessed only CNVs and 55/115 assessed both
(Figure 4b). As shown in Figure 4c, we found that the diagnostic yield
was highest in cohorts where both SNVs and CNVs were assessed, and
lowest in cohorts that only assessed CNVs. We saw that over the years
there has been a shift from focusing either on SNVs or CNVs to including
both in genetic testing (Supplementary Figure 2). There has also been a
shift from enrichment-based panels to an exome-based approach.
Noticeably in CNV testing, there is a shift toward the use of MPS-based
CNV-calling.

3.14 | CNV analysis

CNVs were most often assessed in the disease groups CAKUT, cilio-
pathy, tubulopathies, ESKD, and mixed kidney disease phenotypes. In
nephrolithiasis/urolithiasis, CNVs were never assessed. The diagnostic
yield based solely on CNV testing was highest in CAKUT patients, fol-
lowed by the disease group with mixed phenotypes and ciliopathies.
Contribution of CNVs to the diagnostic yield was also highest in the
CAKUT and ciliopathy group. When studies assessed both CNVs and
SNVs, we found the highest percentage of CNVs in CAKUT and tubu-
lopathies (Figure 1c). HNF1B deletions causing Gitelman(—like) tubulo-
pathy explained the high percentage of CNVs in the latter one.
Various CNV testing approaches were used, with the highest yield
obtained by single gene testing and array-based CNV testing
(Supplementary Figure 3).

3.2 | Core genes

In all the included studies, a limited number of genes were responsible
for a large percentage of explained cases as shown in Figure 5. We
found that a maximum of 10 genes was responsible for at least 50%
of solved cases with often only one to four genes responsible. In phe-
notype groups ADTKD and APDKD, only one gene (UMOD or MUC1
and PKD1, respectively) was responsible for 50% of reported yield in a
single study. But also in the phenotype groups with diverse kidney
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Scatterplots showing relationship between diagnostic yield and patient characteristics. Legend describes number of studies for

which data on this specific patient characteristic was available. Colors indicate disease group from which study was derived. Each dot represents
for one study what the percentage of a specific feature was in that cohort and what diagnostic yield was obtained from that same study.

(a) Percentage of cases with a positive family history in relation to diagnostic yield. (b) Percentage of cases with extrarenal features in relation to
diagnostic yield. (c) Percentage of cases from a consanguineous family in relation to diagnostic yield. (d) Percentage of cases with end-stage
kidney disease (ESKD) in relation to diagnostic yield. (e) Percentage of cases with adult onset of disease in relation to diagnostic yield. (f)
Percentage of cases with adult onset of disease in relation to diagnostic yield only based on copy number variations (CNVs).

disease phenotypes, we found that variants in a maximum of 10 genes
attributed to 50% of the diagnostic yield. The genes that are responsi-
ble for the top yield of ~50% are displayed in panel (b). Details per
study can be found in Supplementary Table 3.

4 | DISCUSSION

Determining true diagnostic yield from the papers studied is difficult

because of the variability in patient, cohort, and test characteristics.

The diagnostic yield for the different phenotype groups should there-
fore be thought of in terms of ranges, and recommendations should
not be based on single studies. Given the enormous variation in key-
parameters, we wanted to avoid overinterpretation and therefore did
not perform statistical analyses. However, the comprehensive over-
view presented, will help weigh the possible relevant factors with
potential useful information for clinical practice. This overview allows
clinicians to judge which studies are most relevant for their specific
patients/patient groups and estimate an a priori probability of finding

a genetic cause for their patients.



AMERICAN JOURNAL OF
CLAUS ET AL : . 367
medical genetics WILEY.
Seminars in Medical Genetics.
100 disease group 00
P OADTKD (n = 4)
é OCAKUT (n = 25)
S Ociliopathy - ADPKD (n = 13)
80 ) Oociliopathy - other/mixed (n = 15)
glomerulopathy - NS (n = 15) 80
& o O glomerulopathy - other/mixed (n = 11)
= nephrolithiasis/urolithiasis (n = 4) =
< ?. -4 Otubulopathy (n = 5) 2
3 | e 8 OESKD (n=5) T g
_; ° O mixed phenotypes (n = 18) 2
=
Q ® o
2 k]
o o
5 |© €° ° g w
8 a ° 8
© 2 T
] o
o @) 20
o
go ° ° °
N o ° (a) ° (b)
0 1001 2000 3000 4000 5000 6000 clinical (n = 56) research (n = 59)
N of cases sequencet type of cohort
100 disease group 100 disease group
ADTKD (n = 4) EADTKD (n=31In=1)
o ® OCAKUT (n = 24) B CAKUT (n=121n=13)
o ° Oociliopathy - ADPKD (n = 13) Wciliopathy - ADPKD (n=61n =7)
o 0 ciliopathy - other/mixed (n = 15) 5 M ciliopathy - other/mixed (n = 12 n = 13)
glomerulopathy - NS (n = 13) D glomerulopathy - NS (n=5 | n = 10)
8° o o glomerulopathy - other/mixed (n = 11) * E glomerulopathy - other/mixed (n = 5 | n = 6)
= nephrolithiasis/urolithiasis (n = 4) 3 Dnephrolithiasis/urolithiasis (n = 311 = 1)
&) S @ o © Otubulopathy (n = 5) < Mtubulopathy (n=21n=3)
3 e S OESKD (n =5) 3 w0 MESKD (n=4In=1)
2 ° Omixed phenotypes (n = 17) 2 _ Bl mixed phenotypes (n = 14 I n = 4)
o 0% o *
= o =4
g > © R 3
£ . S 4w
g Lo o g
k-] ¢ S =
£l - |8
o © °
2 5 ° 20
® ’3 o © o ! * o
o ° °
° oo o °
0 ° 0 -
o 200 400 600 800 1000 clinical (n = 56) research (n = 59)
N of cases sequenced type of cohort
FIGURE 3 Scatterplots and box plots showing relation between diagnostic yield and cohort characteristics. (a) Scatterplots showing

relationship between diagnostic yield and number of cases sequenced within a specific study. Legend describes number of studies for which data
on this cohort characteristic was available. Colors indicate disease group from which studies were derived. Each dot represents for one study
what the number of sequenced cases was in that cohort and what diagnostic yield was obtained from that same study. (b) Boxplots representing
the diagnostic yield in clinical cohorts versus research cohorts. Lower half shows clinical versus research cohorts across the different disease
groups. Legend describes number of studies for which data on this cohort characteristic was available.

Not surprisingly, we found that diagnostic yield was higher based
on expected patient characteristics (e.g., family history, consanguinity,
extrarenal features, and young age of onset) within studies. When we
assessed these same characteristics plotted against the diagnostic
yield between the different studies (instead of within one study), this
pattern was not seen for consanguinity and young age of onset. This
might be explained by a combination of other characteristics having a
larger impact on the diagnostic yield. Also, within the adult-onset
group there is a large variation in disease severity (e.g., ESKD at age
20 has a higher diagnostic yield than ESKD at age 70) and the likeli-
hood of finding a monogenic cause (i.e., in a typical ADPKD cohort a
high diagnostic yield is expected (Figure 2e)). We did find an indication
that young age of onset is related to a higher diagnostic yield based
only on CNVs (Figure 2f). This is likely explained by genome-wide
CNV analysis in this group
(Supplementary Table 3).

being performed more often

This review includes an overview of CNV vyield per phenotype.
CNVs that are not picked up by regular sequencing can be assessed
using a separate test (e.g., SNP-array) or by a CNV calling tool based
on sequencing data (Knoers et al., 2022). The different types of tests
that were used in the included studies varied greatly, as did the num-
ber of genes that were analyzed (i.e., covering one gene, the

requested multigene panel or exome/genome wide and the impact

this has on the diagnostic yield [Supplementary Table 3, Supplemen-
tary Figure 3]). We found the highest contribution of CNVs to diag-
nostic yield in CAKUT, ciliopathies, and tubulopathies. However,
across all phenotype groups where CNV testing was performed, CNVs
did contribute to the diagnostic yield and CNV analysis should be con-
sidered when genetic testing is performed. The high contribution of
CNVs to diagnostic yield in CAKUT patients confirms previous reports
(Knoers et al., 2022). CNVs were extensively investigated in CAKUT
patients as SNV vyield is relatively low in this group. It is yet to be
established for some other phenotypes whether the diagnostic yield
based on CNVs is underestimated hitherto as we found that in many
phenotype groups CNVs were not investigated (Figure 1c).
Surprisingly, a higher number of genes tested did not always cor-
relate with higher yield. In theory, this would always be the case in
comparable cohorts. However, the cohorts we studied vary distinctly.
On the one hand we describe cohorts with a highly likely monogenic
cause (such as ADPKD suspected patients) requiring only a small num-
ber of tested genes to result in a high diagnostic yield. On the other
hand, we find a lower diagnostic yield and an increase in number of
tested genes in less highly suspected cohorts. Cohort size did not
appear to correlate with number of tested genes (data not shown).
Another explanation for this finding is an increase in number of tested

genes in patients where testing of common known disease genes did
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FIGURE 4 Scatterplots and box plots showing relation between diagnostic yield and test characteristics. (a) Scatterplots showing relationship

between diagnostic yield and number of genes sequenced within a specific study. Legend describes number of studies for which data on this
specific test characteristic was available. Not all studies were included since in some studies the number of genes sequenced differed within the
study. Colors indicate disease group from which study was derived. Each dot represents for one study what the number of sequenced cases was
in that cohort and what diagnostic yield was obtained from that same study. (b) Pie charts visualizing number of studies that performed either
single nucleotide variant (SNV) or copy number variation (CNV) testing or both. (c) Boxplots representing the diagnostic yield in relation to type of
variants that were tested. In the right panel, this is split in the different disease groups.

not result in a genetic diagnosis. Since it is possible that a proportion
of these unsolved cases have either a genetic diagnosis in a not yet
discovered gene, or a non-monogenic cause explaining their disease, a
lower yield in this group can be hypothesized. Also, in some cohorts
patients with known mutations were excluded, but the total number
of these patients with a mutation were not reported (Bekheirnia
et al,, 2017; Braun et al., 2016; Faure et al., 2016; Heidet et al., 2017;
Kohl et al., 2014; Schueler et al., 2016; Vivante et al., 2017; Ziyadov
et al.,, 2021). Finally, in some studies, genetic testing in specific known
genes was not performed (e.g., known CAKUT genes (Caruana
et al., 2015; Sanna-Cherchi et al, 2012)). For translation of the
reported diagnostic yield to clinical practice, it is important to know
these details. It was beyond the scope of this review to analyze
whether for all cohorts the panel composition included all known
causal genes, including appropriate phenocopy genes, for each pheno-
type at the time that that specific study was performed.

We found that the diagnostic yield decreased in larger cohorts.
This might be explained by smaller cohorts being more clearly defined
and therefore having a higher suspicion of a monogenic cause. In addi-
tion to selection bias within a study, publication bias might also
explain this finding. The larger cohorts probably give a more reliable
estimation of the true diagnostic yield in a relatively unselected kidney
disease population. We would like to point out that a published

cohort with a high diagnostic yield is not necessarily the “better”

cohort to use for clinical decision-making. When applying tightly
restricted criteria genetic diagnoses are likely missed. When interpret-
ing published cohorts for clinical practice, one should also take into
account that there are many local differences in clinical phenotyping
and diagnosing, especially when seen form an international perspec-
tive. For example, a patient with unknown CKD in one center might
differ distinctly from a patient with unknown CKD in another center.
We were curious to find out if we would find a higher yield in
research cohorts or diagnostic cohorts, although the distinction
between these two was not always clearly described. One could
assume that selection bias is higher in research cohorts resulting
therefore in a higher yield. However, research cohorts are often gath-
ered over the course of multiple years and phenotyping is not always
on point. When interpreting publications on research cohorts, one
should take into account that access to clinical information and variant
interpretation, including opportunities for variant segregation, might
differ from a clinical diagnostic setting and are likely less individual-
ized. Clinical cohorts might be more reliable for obtaining a diagnostic
yield that is generalizable to a diagnostic setting. However, clinicians
might also miss cases that should be offered genetic testing. Further-
more, information on the originating population from which a cohort
was derived from can be lacking in clinical cohorts, especially when
the clinical cohort describes the diagnostic yield in a genetic center.

We found that the diagnostic yield between the two types of cohorts
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explaining top — @ ADTKD (n=4 | 1 gene)
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1 gene (n = 38) !@ CAKUT (n = 25 | 1-10 genes)
[J2 genes (n=18)
[J3 genes (n=15) _
4 genes (n = 15) ADPKD (n=13 | 1 gene) -
M5 genes (n=7) ciliopathy
M6 genes (n= 4) @ other/mixed (n =15 | 1-9 genes)
M7 genes (n=2)
M8 genes (n=1) B
Mo genes (n=4) NS (n =15 | 1-4 genes)
M 10genes(n=1) glomerulopathy
@ other/mixed (n =10 | 1-4 genes)
@ nephrolithiasis/urolithiasis (n =4 | 1-3 genes)
@ tubulopathy (n=5 | 1-4 genes)
@ ESKD (n =5 | 1-8 genes)
(a) T @ mixed phenotypes (n =17 | 1-10 genes)
ADTKD MUC1*; UMOD
CAKUT CEP290; CHD1L; CTU2; EYA1; FRAS1; FREM2; GREB1L; HNF1B; HPSE2; JAG1; PAX2; RYR1; SALL1; SGRAP1; TBX18; TMEM67; TUBB3; 1921
deletion; 4p16.1-16.3 deletion; 7q11.2 duplication; 16p11.2; 16p13.11; 17q12; 22q11; Xp22 deletion; aneuploidy; trisomy 13; trisomy
18; triple X
ciliopathy - ADPKD PKD1
ciliopathy - other/mixed AHI1; ANKS6; ARL6/BBS3; BBS1; BBS4,; C50rf42; CC2D2A; CEP290; CLDN16; IQCB1/NPHP5; IQCB1; JBTS3; JBTS6; MKS1; MKS3/IBTS6;
MKS4/JBTS5; NPHP1; NPHP3; NPHP4; PKD1; PKHD1; TMEMG67
glomerulopathy - NS ADCKD4; CLCN5; COL4A3; COL4AS5; INF2; NPHS1; NPHS2; TRPC6; WT1
glomerulopathy - other/mixed  C3; CHF; COL4A3; COL4A4; COL4A5; NPHS1; NPHS2; WT1
nephrolithiasis / urolithiasis AGXT; HOGA1; SLC3A1; SLC6A20; SLC12A1; SLC13A1; SLC26A1; SLC34A1
tubulopathy ATP6VO0A4; ATP6V1B1; CASR; CLCNKB; HNF1B; SLC12A1; SLC12A3
ESKD AGXT; CEP83; EYA1; HNF1B; JAG1; NPHS2; BBS10; COL4A3; COL4A4; COL4A5; INF2; NPHP1; NPHS1; TSC1; TSC2
(b) mixed kidney disease phenotypes AGXT2; CFH; CFHR3; CLCN5; CLCNKB; COL4A3; COL4A4; COL4AS5; COQ8B; EYA1; HNF1B; INF2; MUC1*; NPHP1; NPHS1; NPHS2; PARN;
PAX2; PBX1; PKD1; PKD2; PKHD1; SALL1; SLC12A3; UMOD; WT1; 1p36 deletion; 17q12 deletion

FIGURE 5

Top 50% of diagnostic yield explained by limited number of genes and/or copy number variations (CNVs). (a) Pie charts visualizing

number of genes responsible for top 50% of yield. The legend on the left describes for each category in the pie chart, the number of studies
identified with this number of genes. In between brackets on the right are the number of studies that reported on top 50% causal genes and
separated by “|” the number of genes responsible for the top 50% for that specific phenotype. (b) The genes that made up this ~50% in each
study per phenotype group are displayed here, unless genes were responsible for only one positive case and/or multiple genes made up for the
final percentages. * Variants in the large variable number tandem repeats region of MUC1 are usually missed by massively parallel sequencing.

did not differ distinctly. For studies from either cohort type, it remains
unknown whether there is an overrepresentation or an underrepre-
sentation of genetic cases. Performing a study that actually tests all
kidney disease patients in a clinical setting would answer this
question.

To derive a minimum diagnostic yield for a specific diagnostic set-
ting, we extrapolated the diagnostic yield to the larger cohort from
which the tested (clinical) cohort was derived from. An interesting
example of this is presented by the studies of Snoek et al. and Schre-
zenmeier et al., that both report a diagnostic yield of 21% in a kidney
transplant (waitlisted) cohort (Schrezenmeier et al, 2021; Snoek
etal, 2022).

5 | IMPACT OF GENETIC DIAGNOSIS

A genetic diagnosis can have a diagnostic, prognostic and treatment
impact. The studies we selected for the review highlight this (Table 3).

Multiple studies reported on the molecular genetic diagnosis resulting
in correction of the clinical diagnosis. While percentages vary
between these different studies, all highlight the potential importance
of establishing the correct diagnosis through genetic testing. Thera-
peutic impact varies from referral and evaluation for previously unrec-
ognized extrarenal features to changing treatment plan. A clear
example of therapeutic consequences of genetic testing is SRNS;
most genetic forms of SRNS do not respond to immunosuppressive
drugs and can therefore be spared the potential toxicity of these inef-
fective medications. A clear example of prognostic impact is an
extremely low disease recurrence in many genetic kidney diseases fol-
lowing kidney transplantation as opposed to kidney diseases with a
nongenetic cause.

Importantly, identifying a genetic cause can be crucial for the
patient and/or parents of a patient with regard to genetic counseling;
it informs recurrence risks, and can support patients and parents'
decision-making regarding reproductive options such as prenatal and

pre-implantation genetic diagnosis. In addition, family members can
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Ask yourself these questions:
What patient characteristics do my patients have?
How do my patients compare to the published cohort?
How does my genetic test compare to the published test?
Do | need to order an additional test?
Should | use a genetics first approach?

Keep in mind:
There is enormous variation in key-parameters:
* Many local differences in:
clinical phenotyping / diagnosing
+ Don’t overinterpret single studies
* Think of the yield in terms of ranges

Look into the background of a cohort (who are the non-
tested / non-included / already diagnosed?)

Achieving a high diagnostic yield is not a goal in itself =

when applying tightly restricted criteria genetic

Reproductive options diagnoses are likely missed

Consider what genetic testing approach fits best;
Living-related do not forget CNV analyses

transplantation

Call for:
Use standard variant classification protocols (ACMG)

Inform family members

—/ (eg-MUC) -/ M‘i‘m about risk for disease & Explicit reporting on patient, test and cohort
screening options characteristics for future studies
FIGURE 6 Summary of key findings from literature review (n = 115 articles). Left side of figure summarizes the characteristics influencing

diagnostic yield and the impact of a genetic diagnosis. The right side of this figure summarizes the additional key take home messages. *Estimated
by authors of this review that this is due to tightly restricted phenotype criteria.

be counseled about disease risk, presymptomatic testing and screen-
ing options for secondary signs in first degree family members whilst
not performing genetic testing. A genetic diagnosis can also be of
importance for living kidney donation by family members. What
impact a genetic diagnosis has, including therapeutic impact, will
depend on the phenotype, but also on the individual circumstances of
a patient and family, and the local/regional availability of treatment

and family planning options.

6 | CONSIDERATIONS FOR GENETIC
TESTING

It is important to note that the type of test that is chosen for genetic
testing in a patient can have a big impact on the chance of finding a
genetic cause. The technological advancements in genetic testing
approaches have made (MPS-based) CNV testing and exome-based
sequencing possible and the advantages are being recognized over
the years (Supplementary Figure 2). Gene panel composition, number
of tested genes and CNV analysis, can influence the likelihood of find-
ing a genetic cause. In addition, in ADTKD suspected cases, it is
important to consider MUC1 testing or additional PKD1 testing in
ADPKD suspected cases after MPS-based multigene panel or exome
testing. In only 6 studies (including 3/4 ADTKD cohorts) additional
testing was performed to detect a cytosine insertion in the variable
number tandem repeats region of MUC1 that is usually missed by
MPS (Supplementary Table 3) (Kirby et al., 2013). Nineteen studies
reported additional tests to reach sufficient coverage of all PKD1
exons, which is challenging because of the existence of six pseudo-
genes (PKD1P1-6) with 97.7% sequence identity. Fifteen of these
studies focused on ciliopathy phenotypes and four included mixed

kidney disease phenotypes. One study reported exclusion of ADPKD

because PKD1 (Lata
et al., 2018). Clinicians that request genetic testing need to be aware

patients is not well-captured by WES
of what disease-causing variants in what genes can be detected by
what genetic test and when additional genetic tests should be
requested (Knoers et al., 2022; Kottgen et al., 2022).

Sometimes clinicians who do not yet have expertise in (nephro)
genetics seem to assume that “performing WES” will cover any
disease-causing variant. One aspect of this false assumption is CNV
detection. While WES-based CNV analysis is upcoming, this is not
yet always included. It is therefore good to consider whether for a
specific patient additional CNV testing is needed. In the studies
included in this review, many different tools were used, with differ-
ences in yield per tool being reported (Moreno-Cabrera et al., 2020;
Yao et al, 2017). Some studies covered CNVs in all genes, while
others focused only on genes within a gene panel (Supplementary
Figure 3). Also, separate tests (e.g., MLPA covering one gene or
genome-wide SNP-array) were performed for CNV detection. Other
aspects of this false assumption are variations in gene coverage, diffi-
cult to sequence regions (e.g., repeat regions, pseudogenes), and non-
coding variants.

In the past, gene panels were always enrichment-based, meaning
that only the set of genes which were selected prior sequencing
would be sequenced and analyzed. Today, diagnostic labs are often
using exome-based gene panels (Supplementary Figure 2b). With this
approach, the complete exome is sequenced, but only the genes of
interested from a specific gene panel are analyzed. An advantage of
WES and usage of exome-based gene panels is the efficient method
in which data is derived including the possibility to analyze additional
genes without having to resequence the patient's DNA (Knoers
et al,, 2022). WES also makes it possible to reanalyze or identify phe-
nocopies. The studies included in this review highlight this. Warejko
et al. identified phenocopies in 4% of patients in a SRNS cohort
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(Warejko et al., 2018). Also in the NS cohort of Landini et al., reverse
phenotyping of patients let to the diagnosis of phenocopies in 28% of
cases (Landini et al., 2020). Szabd et al. found phenocopies in 22% of
patients with ARPKD (Szabd et al., 2018). In a cohort with various
phenotypes, Riedhammer et al. discovered that 19% of diagnosed
cases was a phenocopy (Riedhammer et al., 2020). Phenocopies and
local differences in clinical phenotyping are arguments for a broader
gene panel composition. Broad genetic testing also has significant
challenges, including a higher chance of incidental findings, and the
difficulties in interpretation of variants of unknown significance (VUS)
(Bertier, Hétu, & Joly, 2016). This should be taken into account when
choosing an initial smaller gene panel or a broad multigene panel or
exome wide analysis. Also, counselors should be comfortable with,
and skilled in counseling these findings and when to refer to a clinical
geneticist. Availability of different genetic tests, genetic care and
agreement on what test can be requested by nongeneticists will differ
per country.

In all the phenotypes described in this review, only a limited num-
ber of genes are responsible for the top 50% of established diagnoses,
highlighting the relevance of core genes for phenotypes (Martin
et al., 2019). Even though only a limited number of genes are respon-
sible for the top 50% of genetic diagnoses, the study of Groopman
et al. found that 39/66 detected monogenic disorders were detected
in only a single patient (Groopman et al., 2019). In this same study,
four genes were responsible for 54% of confirmed diagnoses. Rao
et al. reported that 15 genes accounted for 61% of genetic diagnosis,
but in total, 106 distinct monogenic disorders were detected in a
cohort of 1,001 pediatric patients with clinical suspicion of genetic
kidney disease (Rao et al., 2019). Therefore, we recommend consider-
ing analysis of a complete set of known kidney disease genes after a
first negative focused exome-based panel result, also in light of the
possibility of phenocopies. We recommend not starting with this large
set of genes to avoid unnecessary variants of unknown significance
and incidental findings. This recommendation is again dependent on
availability and costs of reanalysis per country. While this review
focuses primarily on diagnostic yield across and within kidney pheno-
type groups, additional genetic testing considerations for kidney dis-
ease patients can be found in recently published recommendations
(Knoers et al., 2022; Kéttgen et al., 2022).

7 | STRENGTHS AND LIMITATIONS

Our systematic approach for selection and data-extraction resulted in
the most extensive overview of diagnostic yield in nephrogenetics
yet. Given the challenges in comparing the different studies, we only
summarized and visualized the data but did not perform a statistical
meta-analysis. One important variable was variant classification that
was not identical in all studies. In 59/115 articles only the American
College of Medical Genetics and Genomics (ACMG) criteria were used
and in 4/115 ACMG criteria were used together with other filtering
steps (Supplementary Table 3). Some studies that used other variant

classifications than the ACMG criteria did use the same variant

Seminars in Medical Genetics

descriptions (i.e., pathogenic and likely pathogenic variants) as shown
in the pivot table in Supplementary Table 3. We did find that most
recently published papers used ACMG criteria (Supplementary
Figure 2d). Benson et al. highlight the impact that different classifica-
tion criteria can have on the reported yield by reporting a diagnostic
yield of 68% using ACMG criteria and a yield of 81% using Mayo clinic
pathogenicity guidelines. Furthermore, it was not always reported
whether both likely pathogenic and pathogenic variants were
included. In some cases, VUS were included in the reported diagnostic
yield and it was not possible to subtract these, which might give an
unjustly high yield. With WES-based panels and ACMG criteria being
used more often, comparing future studies might be easier. We chose
to include studies published in the last 10 years, but even with this
limitation, we expect that the diagnostic yield was likely higher in the
more recent articles because of an increase in number of known kid-
ney disease genes and novel techniques. Although our data do not
clearly support this notion (data not shown), this is likely explained by
other factors masking this effect. Future reporting on diagnostic yield
would also benefit from reporting of the population of which study
population was derived from. This was not always reported in the
included articles in this review, rendering interpretation of the mini-

mum diagnostic yield in these (clinical) cohorts challenging.

8 | WHATIS NEXT?

Although this review gives an extensive overview of reported diag-
nostic yield, there are still gaps in knowledge regarding the true preva-
lence of hereditary kidney disease in the general CKD population. To
get an estimate of this, a study would need to be set-up in which all
kidney disease patients seen in different clinical settings would
receive genetic testing. Since this might not be feasible, we would like
this to be at least a call for action to report in detail on the population
reported in diagnostic yield studies, to report on the patient, cohort,
and test characteristics mentioned in this review and to use standard
variant classification protocols. Also, opportunities for segregation of
variants (of unknown significance) and CNV analysis should not be
missed. Another opportunity for diagnosing additional patients is
WGS, which makes it possible to sequence the entire genome. For
ultimately determining the true diagnostic yield there is still a long
road ahead since there are likely still many coding and noncoding
genetic causes involved in kidney disease that need to be discovered.

9 | CONCLUSION

This review gives an overview of the diagnostic yield of genetic test-
ing across and within kidney disease phenotypes. The most important
findings and key take home messages are summarized in Figure 6. We
confirm that patient characteristics (e.g., family history, consanguinity,
extrarenal features, and young age of onset) can positively impact the
diagnostic yield. Furthermore, we emphasize the impact of the spe-

cific genetic test requested, including its ability to reveal CNVs. We
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also show the importance of considering the kind of cohort in
which a study was performed, for interpreting the reported yield.
We show that a genetic diagnosis can have a diagnostic, therapeu-
tic and prognostic impact. Considering reclassifications based on
genetic findings and the possibility to obviate the need for a diag-
nostic renal biopsy in many cases, a genetics first approach can be
considered in clinical practice for establishing the patient's diagno-
sis. The number of genes to examine, whether and how to perform
CNV analysis and, in ADTKD/ADPKD additional tests to cover for
MUC1 and PKD1 need to be weighed when requesting a genetic
test. Of course, it is important to note that patient and family spe-
cific situations can also influence the decision to do a genetic test,
and also what genetic test is chosen. In addition, the availability of
genetic testing in different countries can have in impact on accessi-
bility of genetic testing. This review gives clinicians guidance on
estimating an a priori probability of finding a genetic cause for the
kidney disease in their patients.
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SUPPORTING INFORMATION
Additional supporting information can be found online in the Support-
ing Information section at the end of this article.
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