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ABSTRACT

Background. According to data from large national registries, almost 20%–25% of patients with end-stage kidney disease
have an undetermined kidney disease (UKD). Recent data have shown that monogenic disease-causing variants are
under-diagnosed. We performed exome sequencing (ES) on UKD patients in our center to improve the diagnosis rate.
Methods. ES was proposed in routine practice for patients with UKD including kidney biopsy from January 2019 to
December 2021. Mutations were detected using a targeted bioinformatic customized kidney gene panel (675 genes).
The pathogenicity was assessed using American College of Medical Genetics guidelines.
Results. We included 230 adult patients, median age 47.5 years. Consanguinity was reported by 25 patients. A family
history of kidney disease was documented in 115 patients (50%). Kidney biopsies were either inconclusive in 69 patients
(30.1%) or impossible in 71 (30.9%). We detected 28 monogenic renal disorders in 75 (32.6%) patients. Collagenopathies
was the most common genetic kidney diagnosis (46.7%), with COL4A3 and COL4A4 accounting for 80% of these
diagnoses. Tubulopathies (16%) and ciliopathies (14.7%) yielded, respectively, the second and third genetic kidney
diagnosis category and UMOD-associated nephropathy as the main genetic findings for tubulopathies (7/11). Ten of the
22 patients having ES “first” eventually received a positive diagnosis, thereby avoiding 11 biopsies. Among the 44 patients
with glomerular, tubulo-interstitial or vascular nephropathy, 13 (29.5%) were phenocopies. The diagnostic yield of ES was
higher in female patients (P = .02) and in patients with a family history of kidney disease (P < .0001), reaching 56.8%
when the patient had both first- and second-degree family history of renal disease.
Conclusion. Genetic diagnosis has provided new clinical insights by clarifying or reclassifying kidney disease etiology in
over a third of UKD patients. Exome “first” may have a significant positive diagnostic yield, thus avoiding invasive kidney
biopsy; moreover, the diagnostic yield remains elevated even when biopsy is impossible or inconclusive. ES provides a
clinical benefit for routine nephrological healthcare in patients with UKD.
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GRAPHICAL ABSTRACT
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INTRODUCTION

Chronic kidney disease (CKD) is a public health problem that
is associated with high costs and morbidity. Despite kidney
biopsy, different national registries have established that 20%–
25% of patients with end-stage kidney disease (ESKD) have
an undetermined kidney disease (UKD) [1–3]. In this category,
several studies have already suggest an enrichment of mono-
genic/Mendelian kidney diseaseswith causative variants [4]. De-
spite rare Mendelian diseases beginning to appear more fre-
quently than expected in the CKD population, their molecular
diagnosis remains challenging, especially given the paucity of
the phenotype. In France, as in many developed countries, a na-
tional effort to facilitate whole-genome sequencing as part of
the routine healthcare process for different disease entities is
moving forward. Despite this, few institutions can currently pro-
vide exome sequencing (ES) as a first-line clinical diagnostic tool
in nephrology practice.

Patients with UKD represent a significant proportion of CKD
patients despite there being no clear definition of UKD at
present. Since 2012, the national Renal Epidemiology and In-
formation Network (REIN) registry in France has provided an
overview of incidental and prevalent patients with ESKD. REIN
data show that 20% of registry patients have a UKD, while 13%
are still labelled as “other.” A recent Kidney Disease: Improv-
ing Global Outcomes (KDIGO) conference suggested that UKD
could be an indication for genetic screening. This would be

especially beneficial if a kidney biopsy is neither informative nor
possible because the patient is at too advanced a stage and there
are no indications of an hereditary disease. This approach could
reduce costly diagnostic workups for those patients [4, 5]. Ge-
netic screening may even be the only available tool when newly
diagnosed ESKD is discovered in adult patients, sometimes re-
solving atypical cases. And last, but not least, the analysis of a
local registry of kidney biopsies (NéphroMIC², NCT03305211) re-
vealed that around 20% of patients still have inconclusive kid-
ney biopsies, thus remaining within the UKD category (data not
published).Since 2019, ES has been proposed for all UKDpatients
in our center.

A small number of studies support the implementation of
ES in the diagnostic workup of UKD, particularly if the patient
is waiting for kidney transplantation, or if early onset or famil-
ial nephropathy is observed. Whether those findings can be ex-
tended to the UKD population or, more especially, to sporadic
cases, is unclear. Our strategy is based on an in-silico panel anal-
ysis of known genes related to kidney diseases (Supplementary
data, Table S1). To address the usefulness of ES to resolve UKD
in routine care, we reported our experience.

MATERIALS AND METHODS

Patient cohort and phenotype characterization

ES was proposed as part of routine clinical care in patients with
UKD from January 2019 to December 2021. UKD is defined as
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Exclusion criteria:
• Biopsy-proven specific kidney disease (e.g., IgA nephropathy)
• Familial IgA nephropathy
• Patients with typical presentation (e.g., autosomal dominant polycystic
  kidney disease, Gitelman or Bartter syndrome, etc.)

Undetermined kidney disease criteria:
• Non-specific morphological renal diagnosis (e.g., renal hypoplasia, renal atrophy)
• Absence of a specific or plausible renal diagnosis (e.g., history of long-term
  insulin-dependent diabetes mellitus before the onset of CKD, cyclosporin-induced
  nephropathy, etc.) 
• Hypertensive nephropathy in the absence of a clear underlying disorder
• Non-specific histological (e.g., secondary focal segmental glomerulosclerosis,
  glomerulonephritis of unknown origin, interstitial nephritis)
• Treatment-resistant nephropathy (e.g., steroid-resistant nephrotic syndrome)

January 2019 to December 2021
N=230

Nephrogenomic consultation for phenotype
assessment and whole exome sequencing

Weekly co-interpretation meeting between
nephrologist and biologist-geneticist

Unsolved case
N=155

Solved case
N=75

La Conception University Hospital

Marseille Aix-en-Provence Avignon Toulon

19.3%

80.7%

Figure 1: Diagnostic workflow for undetermined kidney diseases selection.

the absence of any of the following criteria: biopsy-proven di-
agnosis [e.g. immunoglobulin A (IgA) nephropathy], absence of
a specific morphological renal diagnosis (e.g. polycystic kidney
disease suspected to be autosomal/recessive polycystic kidney
disease) or absence of a specific or plausible renal diagnosis
(such as, history of long-term insulin-dependent diabetes melli-
tus before the onset of CKD, ciclosporin-induced nephropathy).
Patients with kidney disease who underwent ES before kidney
biopsy were included in the analysis and considered as the ex-
ome “first” approach. Since hypertensive nephropathy is a non-
specific diagnosis, and hypertension is also a very common con-
sequence of CKD, patients with hypertensive nephropathy in
the absence of a clear underlying disorder, such as renal artery
stenosis, are considered to have unexplained CKD. Patients with

renal hypoplasia, renal atrophy andnonspecific histological con-
ditions (such as secondary focal segmental glomerulosclerosis,
glomerulonephritis of unknown origin or interstitial nephritis)
are also considered to have UKD. We excluded patients with
familial IgA nephropathy, patients with typical presentation of
Gitelman or Bartter syndrome, or an established kidney-related
genetic diagnosis in the family. None of the 230 index cases had
a genetic diagnosis and therefore all were considered as un-
solved (Fig. 1). If prior genetic analyses were performed, they
were at the discretion of the referring clinician. Patients with
UKD both from our center and other tertiary care centers were
referred for a nephrogenomic consultation with one of our
adult nephrologists. Phenotypes were acquired by using a stan-
dardized questionnaire and review of medical reports during
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Table 1: Demographic characteristics of the whole cohort.

Variablea Patients (n = 230)

Age at ES (years) 47.5 [36.8–62]
Age at kidney disease onset or discovery 35 [23–50]
Male 133 (57.8)
Geographic origin
Europe 173 (75.2)
North Africa 31 (13.5)
Sub-Saharan Africa 12 (5.2)
French Antilles 7 (3.1)
Asia 2 (0.01)
Others 5 (2.2)

Consanguinity 25 (10.9)
Kidney disease onset before 35 years old 126 (54.8)
With familial history 50 (21.7)

Familial history of kidney disease 115 (50)
First degree only 58 (25.2)
Second degree only 19 (8.3)
Both first and second degree 37 (16.2)

Prior negative genetic exploration with gene panel 34 (14.7)
ES first to avoid kidney biopsy 22 (9.5)
Prior inconclusive kidney biopsy 69 (30.1)
Kidney disease discovered at ESKD 43 (18.7)
Impossible kidney biopsy 71 (30.9)
Undetermined clinical nephropathy subgroup
Unclassified 88 (38.3)
Glomerular 64 (27.8)
Tubulointerstitial 30 (13)
Cyst 32 (13.9)
Vascular 16 (7)

Stage of kidney disease at ES
I 32 (13.9)
II 13 (5.7)
III 39 (17)
IV 32 (13.9)
V 22 (9.5)
V (D) 54 (23.5)
V (T) 38 (16.5)

Status of patient transplantation 80 (34.5)
Active in transplant waiting list 16 (6.9)

aFor quantitative variables, values are expressed as median [interquartile

ranges]. For qualitative variables, values are expressed as n (%).

consultation. Consanguinity was also established during con-
sultation either as reported by the patient or as suspected by
the clinician. Patients were assigned to four subgroups of un-
determined nephropathy: unclassified nephropathy; undeter-
mined glomerular nephropathy; undetermined tubulointersti-
tial nephropathy; and undetermined vascular nephropathy. We
defined a phenocopy as a patient having a phenotype that corre-
sponded to a specific clinical nephropathy (such as glomerular
nephropathy) without detection of the expected genotype (e.g. a
glomerular gene such as TRPC6) but with detection of a different
genotype (for example, a tubulointerstitial gene such as CLCN5).

Blood samples were collected after written informed consent
from the patients or their legal guardians during the consulta-
tion.All patients gave their written informed consent for genetic
testing.

Exome sequencing

DNA was extracted from peripheral blood using the
QIAsymphony® DSP DNA Mini Kit on a QIAsymphony in-
strument following the manufacturer’s (QIAGEN) guidelines.

From 50 ng of fragmented DNA, indexed libraries were prepared
and hybridized with a biotinylated probe from Twist Human
Core Exome (33 Mb) and, from April 2019, Twist Human Com-
prehensive Exome (37 Mb). ES was performed on the Illumina
NextSeq 500 in paired-end mode (2 × 75 bp reads) then, from
March 2021, NextSeq 2000 platform in paired-end mode (2 ×
150 bp reads) on FlowCell P3. Raw data (bcl format) were con-
verted to FASTQ format using the Dragen software sequencer
(Illumina). Reads were aligned to the human reference genome
(UCSC Genome Browser build hg19). Sequences were analyzed
according to GATK Broad Institute good practice with two
pipelines: Intern pipeline (BWA-MEM, GATK v3.6–44ge7d1cd2)
and SeqOne pipeline (v1.2, 2018). Copy number variants (CNVs)
calls were performed using the GATK4 CNV calling module
and were validated using Multiplex Ligation-dependent Probe
Amplification [6].

To identify diagnostic variants, we assessed the pathogenic-
ity of the variant using American College of Medical Genetics
(ACMG) guidelines [7]. Variants were filtered according to cov-
erage level (DP > 10), allelic frequency (>20%) and protein ef-
fect. Frequency of variants in GnomAd was also considered: for
the analysis of de novo, autosomal dominant, autosomal reces-
sive and X-linked variants, only variants with a minor allele fre-
quency (MAF) <1% in the GnomAd database were considered.
For the analysis of autosomal recessive and X-linked variants
(homozygous, hemizygous or putative compound heterozygous)
in unsolved cases, additional researchwith anMAF up to 3%was
considered. In addition, we assessed the APOL1 genotype [G1
(rs73885139 and rs60910145) and G2 (rs71785313)] as Mendelian
forms of nephropathy when two copies were present as fol-
lows: G1/G1, G1/G2 or G2/G2 [8]. Identified variants were com-
pared with available databases for pathogenic variants such
ClinVar, the Human Gene Mutation Database (HGMD) [9] and
the Leiden Open Variation Database (LOVD), and databases for
pathogenic CNVs such as DECIPHER. Only variants rated as
“likely pathogenic” or “pathogenic” according to the ACMG clas-
sification, and with a genotype in agreement with the mode
of inheritance and the phenotype, led to a positive ES result.
Patients with variants classified as benign, likely benign or of
unknown significance according to ACMG led to a negative ex-
ome result. ES results were communicated to the patients by
the same nephrologist with whom they had had the initial
nephrogenomic consultation.

Statistical analysis

Baseline characteristics were expressed as frequencies (n, %),
means [standard deviations (SDs)] and medians (range). Fisher’s
exact test was performed for categorical data. Diagnostic
yield was calculated based on counts of variants classified as
“pathogenic” or “likely pathogenic.” To compare two continuous
variables,we used normality tests and then an unpaired t-test or
unpaired Mann–Whitney nonparametric test if values were not
sampled from Gaussian distribution. P-values <.05 were con-
sidered statistically significant. Two-tailed P-values <.05 were
regarded as statistically significant. Statistical analyses were
performed using Prism 9 (GraphPad Software) software.

RESULTS

Characteristics of the population

Two hundred and thirty-two adult patients were included
(133 males) with a median age of 47.5 years, and 173 were
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Figure 2: Gene-associated kidney disease according to the category of genetic kidney disease. The inner circle represents the categories of genetic kidney disease and
in the outer circle, gene reported with a pathogenic variant in patients; numbers in brackets represent the number of patient’s carrier. Genes have been clustered
according to their associated categories of genetic kidney disease.

self-declared European. Of these, 54 patients were treated with
hemodialysis and 38 patients had a kidney transplantation.Con-
sanguinity was reported or suspected in 25 patients, and 126 had
kidney disease onset before the age of 35 years. A family history
of kidney disease was present in 115 patients and 37 patients
had both first and second degree with history of kidney disease.
Kidney biopsies were inconclusive in 69 patients and impossible
in 71 patients. An ES was performed first to avoid kidney biopsy
in 22 patients. A negative genetic testing with gene panel prior
to the ES was performed in 34 patients. Finally, 88 patients had
unclassified kidney disease (Table 1).

Diagnostic yield of the ES

We identified 28 monogenic renal disorders in 75 patients carry-
ing either pathogenic or likely pathogenic variants [single nu-
cleotide variants (SNV)/small indels; n = 70] or CNVs (n = 5)
among 230 patients (32.6%) (Supplementary data, Table S2). Col-
lagenopathies were the major genetic kidney disease category
with 46.7% (COL4A4 n = 15; COL4A3 n = 13; COL4A5 n = 7), fol-
lowed by tubulopathies with 16% (UMOD n = 7; CLCN5 n = 2;
HNF1B n = 1; KCNJ1 n = 1; SLC5A2 n = 1). Ciliopathies (TTC21B
n = 3; NPHP1 n = 2; DNAJB11 n = 2; NPHP3 n = 1; TULP3 n = 1) and
podocytopathies (INF2 n= 2; PAX2 n= 2;APOL1 n= 2; TRPC6 n= 1;
NPHS1 n = 1) represent, respectively, the third and fourth majors

genetic kidney disease category with 14.7% and 10.7% (Fig. 2A).
Finally, when ES was performed first to avoid renal biopsy, 11
of the 22 patients (50%) had a positive genetic finding [9 col-
lagenopathies, 1 APOL1 nephropathy and 1 ciliopathy-gene as-
sociated disease (TTC21B)] (Table 2).

Relationship between genotype and nephropathy
category in ES solved cases

Glomerular and unclassified nephropathy had the highest ES-
solved case rates in, respectively, 39.1% and 35.2%, whilst tubu-
lointerstitial and vascular nephropathy had the lowest ES-solved
case rates (respectively, 23.3% and 18.8%) (Fig. 3A). Among the
44 patients who had their nephropathy categorized, 13 (29.5%)
were phenocopies (Fig. 3B and Supplementary data, Fig. 1). Vas-
cular (2/3) and tubulointerstitial nephropathy (4/7) had the high-
est phenocopy rates, at 66.3% and 42.9%, respectively. Among
glomerular nephropathy, 16% (4/24) were phenocopies. Cystic
kidney disease and congenital anomalies of the kidneys and
urinary tract (CAKUT) had a phenocopy rate of 22.2% (2/9)
(Fig. 3B). Collagenopathies (COL4A3 and COl4A4), ciliopathy cate-
gory (TTC21B,TULP3) and tubulopathies (UMOD,CLCN5) show the
highest phenocopy rates (Supplementary data, Fig. S2). Of the
unclassified nephropathies, the largest proportions were due to
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Table 2: Comparison of characteristics between exome-solved and -unsolved cases.

Variablea Unsolved (n = 155) Solved (n = 75) P-value

Age at ES (years) 46 [36–62] 50 [40–63] .25
Age at kidney disease onset or discovery 37 [24–50] 32 [20–49] .26
Male 98 (63.2) 35 (46.7) .02
Geographic origin .2
Europe 116 (74.8) 57 (76)
North Africa 17 (11) 14 (18.6)
Sub-Saharan Africa 10 (6.5) 2 (2.7)
French Antilles 5 (3.2) 2 (2.7)
Asia 2 (1.3) 0
Others 5 (3.2) 0

Consanguinity 13 (8.5) 12 (16) .1
Kidney disease onset before 35 years old 81 (52.3) 45 (60) .3
With familial history 26 (16.8) 24 (32) .01

Familial history of kidney disease 63 (40.6) 52 (69.3) .0001
First degree only 33 (21.3) 25 (33.3) .05
Second degree only 13 (8.4) 6 (8) .9
Both first and second degree 16 (10.3) 21 (28) .001

Prior negative genetic exploration with gene panel 22 (14.2) 12 (16) .7
ES first to avoid kidney biopsy 11 (7.1) 11 (14.7) .09
Prior inconclusive kidney biopsy 45 (29.2) 24 (32) .7
Impossible kidney biopsy 48 (31) 23 (30.7) 1
Undetermined clinical nephropathy subgroup
Unclassified 57 (36.8) 31 (41.4)
Glomerular 39 (25.2) 25 (33.3)
Tubulointerstitial 23 (14.8) 7 (9.3) .3
Cyst 23 (14.8) 9 (12)
Vascular 13 (8.4) 3 (4)

Stage of kidney disease at ES
I 22 (14.2) 10 (13.3)
II 10 (6.5) 3 (4)
III 28 (18.1) 11 (14.7)
IV 20 (12.9) 12 (16) .3
V 16 (10.3) 6 (8)
V (D) 39 (25.2) 15 (20)
V (T) 20 (12.9) 18 (24)

collagenopathies (61.3%) and tubulopathies (22.6%) (Fig. 3B and
Supplementary data, Fig. 3).

In biopsy-associated UKD patients, the pathologist’s conclu-
sion about the main histological lesion was consistent with the
genetic findings for all glomerular and tubulo-interstitial dis-
eases. In patients whose pathologist concluded that nephroan-
giosclerosis was the primary histological lesion, ES revealed two
tubulopathies—one collagenopathy and one vasculopathy asso-
ciated with the TREX1 gene (Fig. 4). The most frequent causes
of global fibrosis in the kidneys were found to be either a col-
lagenopathy (33.3%) or a ciliopathy (33.3%) (Fig. 4).

Clinical predictors of positive exome diagnosis for
kidney disease

The ES diagnostic yield was higher in female patients (54.5% vs
47%, P = .01) and those with a familial history of kidney disease
(69.2% vs 40.4%, P < .0001) (Table 2 and Fig. 5A). Out of patients
with a family history of kidney disease in both first and second
degree, 56.8% had a positive ES (Fig. 5B). Younger age at onset of
the disease (<35 years) was not significantly associated with a
positive ES (P = .3) except for those with positive family history
of kidney disease (32% vs 16.8%, P = .01) (Table 2).

DISCUSSION

In the present UKD cohort, implementation of ES in routine
healthcare allowed us to resolve diagnosis in one-third of pa-
tients (32.6%). Previous studies provided a diagnostic yield of ge-
netic testing in patients with CKD, in the absence of a specific
suspicion ofmonogenic kidney disease, of between 10% and 30%
in adults [4, 5, 10] and between 30% and 50% for pediatric cohorts
[11–14]. Our study illustrates the underestimation of the preva-
lence of inherited case. CNV accounts for 6.7% of genetic find-
ings, suggesting that a combination of SNV and CNV detection is
suitable for genomic analysis prior to concluding that ES is neg-
ative and that whole-genome sequencing is necessary [6]. Inter-
estingly, the Groopman study was unable to detect CNVs, sug-
gesting that the proportion of inherited kidney disease among
its participants is likely greater than was reported [4]. CKD af-
fects 11%–13% of the world population [15], but UKD accounts
for approximately 20% of CKD patients in developed countries.
The application of ES to nephrology, and especially to UKD, has
the potential to revolutionize the way kidney diseases are clas-
sified, taking into account not only clinical features and kidney
biopsy, but also the underlying pathogenesis of the disease. This
could lead to a much more accurate and comprehensive reclas-
sification and ontology of kidney diseases.
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Figure 3: Genetic findings according to nephropathy category. (A) The diagnostic yielded according to the clinical nephropathy category. (B) The distribution of the

genetic kidney disease category according to the clinical nephropathy category.

In selecting a panel of genes for testing, geneticists tradi-
tionally take a phenotypically driven approach. This is referred
to as the “candidate gene genetics” method and is responsible
for most of the human gene–disease associations that have so
far been discovered with penetrant phenotypes. In recent years,
and with the ease of access to NGS, a gene-oriented approach
has emerged which consists of beginning with the variant in a
gene and looking back to the patient’s phenotype. This method
is called “reverse phenotyping” and seems particularly interest-
ing in the context of UKD patients. This approach is especially
valuable in genetically related kidney diseases that may remain
completely undiagnosed until ESKD [16].

Glomerular diseases, most particularly collagenopathies, are
the major genetic findings in our cohort, which differs from the
pediatric and young adult population where CAKUT constitutes
the major clinical diagnostic group (50% of cases) [17]. In our el-
derly population (most of whom were over 30 years old), nearly
half of the genetic findings were a collagen type IV nephropathy,
demonstrating wide variability in phenotype among patients
with mutations affecting type IV collagen. Interestingly, muta-
tions in the COL4A3 and COL4A4 genes accounted for 80% of
the collagenopathies, which is much higher than previously re-
ported [18]. This suggests that collagen IV nephropathy associ-
ated with these two genes is underdiagnosed. Of the patients

with a pathogenic variation in either COL4A3 or COL4A4, 78.6%
had a stage of chronic kidney disease below stage 3 chronic kid-
ney disease and may have been classified as having “thin base-
ment membrane disease,”which does not accurately reflect this
mild condition. This finding supports the recent consensus re-
port which proposed that all individuals with mutations in ei-
ther the COL4A3 or COL4A4 gene should be diagnosed as having
Alport Syndrome [19]. This suggests that the accurate clinical di-
agnosis of monogenic kidney diseases in elderly CKD patients is
challenging due to their high phenotypic overlap, extensive ge-
netic heterogeneity and the presence of comorbidities. This re-
sult also confirms that collagenopathies are the major causative
genes of monogenic CKD in a UKD population [4]. Tubulopathies
was the second genetic kidney disease category with UMOD as
the next main genetic finding in our study and ciliopathy ac-
counted for the third genetic kidney disease category. This con-
firms that this locus is one of those most strongly associated
with CKD [20], representing one of themost commonmonogenic
kidney diseases with an overall prevalence of ∼2% in patients
with renal failure [21, 22].

Among patients with unclassified nephropathy, col-
lagenopathies and tubulopathies are the major findings,
highlighting the clinical heterogeneity and variable expression
of gene-associated phenotype. Our result confirms Groopman’s
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Figure 4: Distribution of genetic kidney disease categories based on kidney biopsy findings.

findings, with 45% and 29.4% of glomerular and TI-gene asso-
ciated disease, respectively, in patients with nephropathy of
unknown origin. The former should be more accurately termed
unclassified nephropathy as Groopman et al. classified patients
by clinical diagnosis subgroup (glomerulopathy, congenital
or cystic kidney disease, hypertensive nephropathy, diabetic
nephropathy, tubulointerstitial disease and nephropathy of
unknown origin) [4]. As recommended by KDIGO, there is an
urgent need to clarify UKD definition, which is referred to
using different terms: unexplained kidney disease, undeter-
mined kidney disease, nephropathy of unknown origin. We
propose that UKD is a clinical diagnostic group that should
be based on clinical findings, renal morphology, biological
parameters and, if available, renal histology. Undetermined
kidney disease can thus be classified as being glomeru-
lar, tubulointerstitial, vascular, cystic or related to a renal
development abnormality. If there is not a strong enough
argument bundle, the undetermined kidney disease remains
unclassifiable.

Our study reveals that nearly one-quarter of the classifiable
UKDs are phenocopies with a wide range of clinical presenta-
tions. This suggests that whole-exome sequencing is more suit-
able than gene panels in UKD [23]. However, the pathologist’s
conclusion can be used to help select the most suitable gene
panel when kidney biopsy is possible. Ottlewski et al. observed a
12% genetic diagnostic yield using a 200-gene panel in a UKD co-
hort [5]. In comparison, Schrezenmeier and colleagues reported
a higher yield of 20% using a larger 600-gene panel [24]. All these
results suggest that, given the regular discovery of new genes as-
sociated with UKD and the need for rapid and cost-effective se-
quencing, whole-exome sequencing with a bioinformatic gene
panel is advantageous. In our center, we follow the ACMG guide-
lines in reanalyzing ES data for each newly discovered gene-

associated kidney disease. To this end,we conduct periodically a
literature review to identify newly published genes and incorpo-
rate them into our bioinformatics panel and we then reanalyze
all unsolved ES. As an example, index case 240 displaying TULP3
variants was initially classified as negative. Upon the discovery
of TULP3 as a ciliopathy-associated disease gene, we were able
to reanalyze all sample displaying rare variants in TULP3 with
their phenotype, leading to the reclassification of the original
case as positive for ciliopathy [25, 26]. The TULP3 gene was incor-
porated into our custom kidney gene panel. We have included
APOL1 in our gene panel but the current clinical use of APOL1
genotyping has been widely discussed, and there is still no clear
agreement among clinicians. Identifying the triggers of APOL1
kidney disease can be challenging. Possible triggers include in-
fection, interferon activation, environmental kidney damage, su-
perimposed lupus, diabetes and arterial hypertension. However,
determining the direction of causality between APOL1 kidney
disease and diabetes or arterial hypertension is particularly dif-
ficult. Given that many biotechnology and academic groups are
now looking into potential therapies for APOL1 kidney disease,
we have chosen to consider APOL1-related nephropathy as re-
solved in our study and as suggested by a recent review paper
[27].

In our experience, ES avoided renal biopsy in 12 of 23 se-
lected patients (52.2% diagnostic yield rate) at high suspicion
of hereditary kidney disease. Alport disease represented the
major finding. Renal biopsy is the traditional diagnostic ap-
proach, but it may either reveal nonspecific findings or be com-
pletely contraindicated. In addition, unlike in the USA or UK,
electron microscopy is not readily available in routine care in
France, and its use is highly restricted to a few indications.
ES represents a non-invasive new tool that should be included
in the diagnostic workup of nephropathy, either when biopsy
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Figure 5: ES yielded according family history of kidney disease. (A) Comparison of the prevalence of kidney disease in relatives of positive and negative ES patients;
panel (B) shows in positive ES patients the proportion of familial history of kidney disease by degree in the relatives.

features are nonspecific or when hereditary kidney disease is
suspected and renal biopsy has not been helpful [28]. ES could
replace renal biopsy as the gold standard in challenging sit-
uations such as pregnancy, in patients with atrophic kidney,
or in the case of a high suspicion of inherited kidney dis-
ease (glomerular presentation and familial history, for example).
With expanding indications of genetic tests, registries will be
essential for improving our understanding of genetic kidney
disease [29].

We observed that among patients with classified nephropa-
thy, almost one-third were phenocopies, with collagenopathies,
tubulopathies and ciliopathies being the most common con-
tributors among all nephropathy categories. This proportion is
slightly higher than that reported by Riedhammer et al. [30]. ES in
patient known as vascular or hypertensive nephropathy based
on histological finding could lead to recategorization of the kid-
ney disease and suggest that a diagnosis of unclassifiable UKD
would be more accurate before ES. Patients with suspected vas-
cular or hypertensive nephropathy, who are young and have
few comorbidities, a family history of kidney disease and/or
extrarenal features such as hearing impairment, should be

classified as vascular kidney-NOS, a condition similar to auto-
somal dominant tubulointerstitial kidney disease not otherwise
specified (ADTKD-NOS) [31].

The literature reports a positive family history of CKD in 25%–
44% of cases in patients with CKD, and familial clustering is a
common phenomenon in patients with ESKD, confirming that
inherited kidney disease is a common cause of CKD [3, 32–35]. In
our study, the segregation of kidney disease in a family was the
main predictive factor associated with a high rate of ES resolu-
tion in patients with UKD, demonstrating that inherited kidney
disease should not be overlooked in the adult population. In clin-
ical nephrology practice, the systematic investigation of family
history should be a standard element of the consultation, espe-
cially when the renal disease is of undetermined origin. History
of kidney disease in a relative can be defined as requiring renal
replacement therapy, either with dialysis or kidney transplant,
or kidney disease that warrants repeated outpatient follow-up
with a nephrology service. Depending on the patient, this may
require a thorough survey of both the patient’s history and that
of their relatives prior to the nephrology consultation. Consan-
guinity was also associated with a slightly higher likelihood of



10 T. Robert et al.

ES-resolved case rates, confirming what is already known in the
literature.

Female sex was also reportedly associated with a positive
family history of kidney disease. Being female has a protec-
tive effect on the progression of chronic renal disease [36].
Nowadays, X-linked kidney disorders, including Alport syn-
drome, Fabry disease, nephrogenic diabetes insipidus, X-linked
hypophosphatemic rickets, Dent disease, oral facial digital syn-
drome and Lowe syndrome, are widely recognized [37]. Males
have single X chromosome whereas females have two X chro-
mosomes, and thus 100 Mb more DNA than males (X: 155 Mb,
Y: 55 Mb), and this leads to a dosage imbalance between males
and females for the 1000 X-linked genes. Most of these diseases
predominantly affect males and have variable penetrance in fe-
male carriers. In our cohort, only two X-linked inherited kidney
diseases (COL4A5 and CLCN5) are present and do not explain this
difference. X inactivation may contribute to the difference by
cellular mosaicism because most of the kidney is formed after
the onset of X inactivation. The distribution of the two mosaic
populations is expected to be random, following a bell-shaped
curve around a mean of 50%. It is possible that women with in-
herited kidney diseasemay have very skewed patterns of X inac-
tivation, leading to major expression of the maternal autosomal
chromosome.

Early-onset CKD is frequently associated with inherited kid-
ney disease and may even be the leading cause of CKD in
children. Interestingly, in our older cohort, early-onset dis-
ease was not the characteristic criterion associated with cases
resolved by ES, as classically described. Our results indicate
that late-onset disease or late age of end-stage renal fail-
ure should not negate the value of a genetic test such as
ES.

Combining SNV and CNV using an exome-wide CNV detec-
tion pipeline raises the diagnostic yield of Mendelian kidney dis-
ease in our experience (5/75 patients, 6.7%) without adding any
direct laboratory cost. It confirmed the result of previous studies
[6]. This requires a bioinformatics team to set up CNV analysis
in exome sequencing data-analysis pipelines with method vali-
dation by control samples. A careful analysis with updated CNV
calling should be considered before performed a whole-genome
sequencing in patients with high suspicion of inherited kidney
disease.

An important limitation of our study is the analysis of
variable number tandem repeat of the MUC1 gene (GC-rich
sequence), which is not really feasible despite it being the dom-
inant gene associated with tubulointerstitial disease. In the fu-
ture, long-read single molecule technology could directly assess
many difficult or even previously unsequenceable regions of the
genome by ES, such as repetitive elements of the MUC1 gene,
non-targeted structural variant breakpoints at base-pair resolu-
tion or discrimination of pseudogenes, and this would increase
the diagnostic yield in patients with genetic CKD. However, vari-
ant interpretation remains a challenge with both short- and
long-read technologies.

Most studies of genetic testing in CKD are limited to a re-
search setting. Our study highlighted the importance of open-
ing up genetic testing in routine nephrological care to address
the problem of UKD, which accounts for nearly 20% of the CKD
population. In addition, the clinical impact is significant because
of 73 actionable genes proposed by the ACMG, many of which
are associated with phenotypes relevant to nephrology. Further-
more, themost recent KDIGO conference,which centered on the
controversies surrounding the topic of genetics in CKD, named
additional kidney-specific actionable genes, selected on the

basis of the availability of interventions, which could prevent
renal morbidity [29].

CONCLUSION

Genetic diagnosis has provided new clinical insights in UKD pa-
tients by clarifying or reclassifying kidney disease etiology or in-
forming prognosis, treatment or transplant decisions. The ex-
ome first approach can have a high diagnostic yield, avoiding
an invasive procedure such as renal biopsy or in cases where a
biopsy is not possible. ES appears to be a compelling tool in a
routine healthcare setting for patients with UKD.
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