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Navigating Genetic Testing in Nephrology:
Options and Decision-Making Strategies
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Technological advances such as next-generation sequencing (NGS) have enabled high-throughput
assessment of the human genome, supporting the usage of genetic testing as a first-line tool across
clinical medicine. Although individually rare, genetic causes account for end-stage renal disease in 10% to
15% of adults and 70% of children, and in many of these individuals, genetic testing can identify a specific
etiology and meaningfully impact management. However, with numerous options for genetic testing
available, nephrologists may feel uncomfortable integrating genetics into their clinical practice. Here, we
aim to demystify the process of genetic test selection and highlight the opportunities for interdisciplinary
collaboration between nephrologists and genetics professionals, thereby supporting precision medicine
for patients with kidney disease. We first detail the various clinical genetic testing modalities, highlighting
their technical advantages and limitations, and then discuss indications for their usage. Next, we provide a
generalized workflow for genetic test selection among individuals with kidney disease and illustrate how
this workflow can be applied to genetic test selection across diverse clinical contexts. We then discuss key
areas related to the usage of genetic testing in clinical nephrology that merit further research and ap-
proaches to investigate them.
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Ithough individually rare, genetic etiologies of
kidney disease collectively account for end-stage
kidney disease in 10% to 15% of adults and 70% of
children."”” Genetic and acquired forms of kidney dis-
ease can differ substantially in their prognosis, course,
and management, but are often challenging to distin-
guish from each other using traditional diagnostics
alone.”" Moreover, because early-stage kidney disease
is frequently clinically silent, individuals may present
only when they reach end-stage kidney disease, at
which point traditional diagnostics such as renal imag-
ing and renal biopsy may be uninformative or disfa-
vored.” Genetic testing can also enable early detection
of kidney disease in family members, supporting tar-
geted management and improved outcomes.”
Traditionally, geneticists meet with individuals sus-
pected to have a genetic condition and conducted a
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detailed clinical evaluation, including personal and
family history, physical examination, and relevant
biochemical, imaging, and/or histopathological testing.
Based on the results of this evaluation, focused genetic
testing involving 1 or several candidate gene(s) is or-
dered to confirm the clinically suspected disease. In
nephrology, clinicians learn to recognize individuals
with features of some monogenic forms of kidney dis-
ease, such as Alport syndrome,7 and refer them for ge-
netic evaluation. Studies now support that genetic
testing has the potential to help achieve early and spe-
cific diagnosis and personalized management for many
more individuals with kidney disease, including those
with unknown etiology of disease.”*'” In addition to
resolving the diagnostic odyssey, a process that carries
significant time, financial, and psychosocial costs for
patients with rare diseases and their families,'""'* genetic
diagnosis can also prevent individuals from having to
undergo further, potentially invasive tests. Moreover,
knowledge of the specific etiology of chronic kidney
disease (CKD) can inform clinical management,””"” and
help evaluate living kidney donors."

Massively parallel sequencing, also known as NGS
has revolutionized medical genetics by enabling
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high-throughput assessment of variations across the
human genome.'”'® Such technological advance-
ments are shifting practice paradigms in clinical ge-
71 NGS-based tests, such as targeted panels
or exome sequencing (ES), are deployed as part of the
initial diagnostic workup of individuals with sus-
pected genetic disease,'””’ with clinical evaluation
following up on the genetic test results.”’ Review of
NGS-based studies shows that a monogenic cause of a
disease can be found in approximately 5% to 30% of
adults and 30% of children with CKD, albeit with
variable diagnostic yield: higher yields are seen
among individuals with a positive family history of
CKD, earlier age of CKD onset, and presence of
extrarenal features.””"’

In this shifting landscape, nephrologists are faced
with a bevy of different options for genetic testing
and may feel insufficiently prepared to choose be-
tween them.”” In this review, we focus on genetic
test selection for rare Mendelian forms of kidney
disease and refer those interested in other uses of
genetic testing to other relevant reviews.”””” We
also refer readers interested in approaches for ge-
netic testing for unaffected individuals (e.g., unre-
lated candidate living kidney donors) to relevant
reviews on this topic.'”*® We first provide a
detailed overview of the different genetic testing
modalities available, focusing on their analytical
advantages, drawbacks and indications for their
usage. We then build on previous work on applying
genomics for kidney disease””’’ to outline frame-
works for genetic test selection among individuals
with kidney disease and discuss how they can be
applied across different clinical contexts. Finally,
we present key areas for further study in clinical
genetic testing in nephrology.

netics.

TYPES OF GENETIC VARIANTS

Genetic variants are alterations in the DNA sequence
relative to the standard (reference) sequence
(Figure 1). They can be categorized based on their size
(e.g., single-nucleotide variant [SNV] vs. structural
variants [SVs]), location (e.g., intronic vs. exonic),
impact on the encoded protein (e.g., synonymous vs.
nonsynonymous), or clinical significance (e.g., patho-
genic vs. benign). These 4 categorizations can be
simultaneously applied to any given genetic variant
(e.g., a variant can be a single nucleotide change
located in an exon, encoding for a synonymous
change, and classified as benign). Although the term
“mutation” has been used to describe DNA sequence
alterations, it has been advised to avoid using this
terminology because the term “mutation” implies that
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a change is disease-causing and has negative conno-
tations (i.e., being popularly associated with the
grotesque and disturbing).**

Here, we group genetic variants into 4 broad cate-
gories based on their size spectrum: SNVs, which alter
a single DNA base; insertions and deletions (indels),
which can be small (< 50 base pairs) or large (= 50 base
pairs); variable tandem number repeats, which consist
of a variable number of DNA sequence repeats in tan-
dem; and SVs, which are alterations of = 1 kilobases of
DNA. SNVs encompass single-nucleotide poly-
morphisms, which are present at frequencies in = 1%
of individuals in a population, and rarer single DNA
base alterations (present in < 1% of individuals in a
population).”® In addition, we discuss epigenetic vari-
ants, which are modifications to the DNA molecule or
associate proteins that do not alter the DNA sequence
but can impact gene expression.

GENETIC TESTING METHODOLOGIES:
STRENGTHS AND LIMITATIONS

Genetic technologies vary in their ability to detect
different categories of variants (Figure 1, Table 1, and
Table 2). The methodologies have evolved, with older
methods often having high technical accuracy but be-
ing increasingly time- and cost-inefficient as more
genes are associated with diseases.

Genetic Testing for SNVs and Small Indels
Sanger Sequencing

For decades, Sanger sequencing was the main meth-
odology to identify SNVs and small indels (< 50 base
pairs), which comprise the majority of known causal
variants for monogenic forms of kidney diseases
(Figure 1). Although Sanger sequencing still has the
highest technical sensitivity and specificity for
detecting SNVs and indels,”” its limited scope and
low throughput have led to a reduction of its utili-
zation in clinical genetic testing. Currently, Sanger
sequencing is typically used for the analysis of 1 or
several specific variant(s), such as the detection of
founder variants (e.g., the APOLI Gl and G2 risk
variants) or of a known variant in the setting of fa-
milial testing (Table 1 and Table 2). Analysis of 1 or
several specific variants can also be performed using
targeted genotyping approaches, such as the Tagman
assay.’’ Because it is a relatively inexpensive and
high-throughput approach, the Taqman assay has
been applied to detect known kidney disease risk
variants (e.g., the APOLI G1 and G2 risk alleles). It is
also a potential testing strategy for screening for
founder variants, particularly in resource-limited
settings.”’
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Figure 1. Genetic technologies for variant detection. Different clinical genetic testing modalities are illustrated with the type/s of genetic
variants they can detect. ES, exome sequencing; FISH, fluorescent in situ hybridization; GS, genome sequencing; MLPA, multiplex ligation
probe—dependent amplification; NGS, next-generation sequencing.

Short-Read NGS of the human genome. NGS has therefore superseded
NGS enables simultaneous sequencing of multiple seg- Sanger sequencing in clinical genetics. NGS can detect
ments of DNA, facilitating high-throughput assessment SNVs with very high sensitivity and specificity, and
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Table 1. Characteristics of different clinical genetic testing modalities

Test Indications for use

Validation of NGS findings
Regions poorly assessed by NGS,
such as GC-rich and/or highly
repefitive regions
Individuals with feafures specific fo
a form of kidney disease with a
single gene etiology
Screening for previously identified
disease-causal variant in familial
cascade festing
Identifying known recurrent
disease-associated variants

Sanger sequencing

Multiplex ligation Identifying infragenic CNVs for a

probe—dependent single gene or several genes
amplification Validation of intragenic CNVs
(MLPA) identified by NGS-based CNV
calling
Karyotype Detection of chromosomal

aneuploidies and balanced
chromosomal rearrangements > 5
Mb
Investigation of infertility, recurrent
miscarriages, and/or multiple
congenital anomalies (because
these can be due to balanced
chromosomal rearrangements)

Advantages

High fechnical specificity
and sensitivity
Relatively simple
sequence inferpretation

High technical accuracy
Easy and fast
interpretation

Can be modified fo
include methylation
testing (MS-MLPA)

Detects both balanced
(e.g., balanced
franslocations,
inversions) and

unbalanced (e.g.,
delefions, duplications)
sfructural variants

Turn-around
Limitations time

Inefficient and costly if used to 2-5d
fest long genes or multiple

genes

Not commercially available for 7-14d
all genes

Cannot identify CNVs outside

of the genetic regions fargeted

Cannot defect balanced
rearrangements
Limited detection of genetic

mosaicism

Cannot defect uniparental =14d
disomy
Requires mitotically active

(dividing) cells and cell culture

Price

S (assuming single
variant tesfing)

$-$$

Examples of usage

Confirm frameshiff variant detected by
NGS
Detect a glycine substitution variant
in the first exon of COL4A3, which
has high GC confent, in an individual
with familial early-onset hematuria
and sensorineural hearing loss for
whom NGS testing identified no
candidate COL4A3/4/6 variants
Identifying WTT variant in an
individual presenting with steroid-
resistant nephrotic syndrome with
diffuse mesangial sclerosis on renal
biopsy, Wilm’s tumor, and
ambiguous genitalia
APOLT G1/G2 risk allele testing

Detection of a COL4A5 delefion as
part of genetic testing for X-linked
Alport syndrome (case S3)
Detection of NPHP1 deletion in a
child presenting with polydipsia,
polyuria, and increased echogenicity
with reduced corticomedullary
differentiation on ulfrasound

Confirm diagnosis of Turner
syndrome in an individual with short
stature, primary amenorrhea, and
horseshoe kidney
Defect balanced Roberfsonian
franslocation involving chromosome
21 in an individual with a history of
multiple miscarriages and a child
with frisomy 21 (Down syndrome)
with posterior urethral valves®®=°
Detected de novo balanced
franslocation in a fetus with bilaferal
renal agenesis®'

Examples of incidental or
secondary findings

None, as the test solely involves a
particular gene/genetic region
related to the patient’s phenotype

If used for validation of NGS-
called CNV, CNV within a gene
associated with a disorder
unrelated to the patient’s clinical
presentation

Sex chromosome aneuploidy
Balanced rearrangements (e.g.,
inversions or franslocations)

(Continued on following page)
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Table 1. (Continued) Characteristics of different clinical genetic testing modalities

Test Indications for use

Fluorescent in sifu
hybridization
(FISH)

Investigation for structural variants
in known disease-associafed
genomic regions (fargeted by the
probe), including microdeletions
and microduplications,
chromosomal aneuploidies, and
balanced rearrangements
Identify mosaic structural variants
Follow up after chromosomal
microarray fo give positional
information, which can help
defermine recurrence risk

Individuals with CAKUT with or
without extrarenal anomalies (case
S2)

Individuals with multiple congenital
anomalies and/or
neurodevelopmental delay

Chromosomal
microarray (CMA)

Targeted NGS panels Individuals whose presentation is
consistent with a specific clinical
subtype of kidney disease
Clinical subtypes of kidney disease
that have relatively low genetic

and/or phenotypic heterogeneity

Advantages

Detects both balanced
(e.g., balanced
franslocations,
inversions) and

unbalanced (e.g.,
delefions, duplications)
structural variants in the
genomic regions fargeted

Can defect mosaic

structural variants

Genome-wide CNV
detection

Can be engineered to
provide high coverage of
variants in fargeted
regions, increasing
fechnical sensifivity
Assessment of a selected
sef of genes (i.e., genes
associated with a
particular clinical subtype
of kidney disease)
facilitates variant
inferpretation and reduces
risk of secondary genetic
findings

Limitations

Cannot detect uniparental
disomy

Can only detect variants in the

genomic regions fargeted

Limifed technical sensitivity for
low-grade genetic mosaicism,
and CNVs in regions that are
more difficult to capture using
array fechnology (e.g.,
repefitive elements,
pseudogenes)

Cannot provide positional
information (e.g., whether a
duplication is located in
fandem [next to] the original
copy of the gene or af another
site in the genome; position
can be defermined by
karyotyping or FISH)
Limitations inherent to panel
design, including sensitivity-
specificity tradeoff for gene
selection, inter-laboratory
variafion in which genes are
chosen, and needing fo
frequently review and update
panel (e.g., fo add newly
identified genes and/or remove
genes found to have
insufficient evidence of disease
association)

Low capacity for reanalysis of
the genetic data generated
Increased potential for VUS fo
be refurned>

Turn-around

time

=14d

2-3 wks

10-21d

Price

$$-$$$ (depending
on number of regions
fargefed)

$S

$-§$

Examples of usage

Prenatal screening for common
aneuploidies, such as those
involving gains or losses of

chromosomes 13, 18, 21, X, and Y
Identify 17q12 delefion in a patient
with cystic dysplastic kidneys,
hypomagnesemia, and infellectual
disability
Detection of mosaic 22q11.2
delefion (DiGeorge syndrome) in an
individual with cleft palate, failure fo
thrive, and fefralogy of Fallot®?
Identification of a maternally inherited
balanced translocation involving
chromosomes 19 and 21 on
prenatal screening of a family with a
history of mulfiple miscarriages

Identify 22q11.2 deletion (DiGeorge
syndrome) in an individual with
unilateral renal agenesis, cleft palate,
and immunodeficiency
Identify 16p11.2 duplication in an
individual with aufism,
developmental delays, and posterior
urethral valves

Testing complement pathway—
associated genes in a patient with
atypical hemolytic uremic
syndrome®*

Testing for genes associated with
ADPKD in an individual presenting
with bilateral enlarged kidneys with
multiple cysts and a negative family
history (case S1)

Examples of incidental or
secondary findings

None

CNV within a gene associated
with a disorder unrelated to the
pafient’s clinical presentation.

None, because the panel is
fargefed fo the patient's specific
subtype clinical disease

(Continued on following page)
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Table 1. (Continued) Characteristics of different clinical genetic testing modalities

Test

Broad NGS panels

Exome sequencing
(short-read)® (ES)

Indications for use

Clinical presentation associated
with a wide range of genetic
causes

Individuals with clinical subtypes
of kidney disease that have high
genetic heterogeneity
Individuals with nonspecific
clinical features, including kidney
disease of unknown efiology
Individuals left undiagnosed by
more targetfed testing

Advantages

Can be engineered to
provide high coverage of
variants in fargeted
regions, increasing
technical sensitivity
Assessment of most genes
known fo be associated
with kidney diseases

Genome-wide festing
provides higher diagnostic
sensifivity than targeted
approaches (e.g., single-
gene or multigene panel
festing)
Assessment of the coding
regions, which harbor the
majority of known
disease-causal variants,
increases the efficiency of
genome-wide analysis
than genome sequencing
Interrogation of all profein-
coding regions supports
sequence reanalysis in the
case of novel gene
discovery
Option to receive
medically actionable
secondary genetic
findings

Limitations

Limitations inherent to panel
design, including sensitivity-
specificity tradeoff for gene
selection, interlaboratory
variation in which genes are
chosen, and needing fo
frequently review and update
panel (e.g., to add newly
identified genes and/or remove
genes found to have
insufficient evidence of disease
association)

Low capacity for reanalysis of
the genetic dafa generated
Very high potential for VUS to
be refurned, than targeted NGS
panel or ES/GS.**

Limited coverage of cerfain
regions and lower defection
accuracy for certain types of
variants (e.g., indels) than
genome sequencing
Misses intronic regions unless
specifically fargeted by the
exome capture kit
Genome-wide festing can yield
multiple candidate variants,
increasing the time needed for
analysis and follow-up
evaluations

Turn-around
time

10-21d

2-3 mo

Price
$-$$

$S

Examples of usage

Patient with a category of kidney
disease that has high genetic
heterogeneity
Patient with kidney disease of
unknown efiology (case S4)

Genefic diagnostic evaluation of
individuals with steroid-resistant
nephrotic syndrome.*®
Identifying a pathogenic TMEM67
variant [conveying the genetic
diagnosis of NPHP-RC] in an
individual with presumed ARPKD.>¢

Identifying a cause of disease among

individuals with kidney disease of
"unknown efiology" (Table 4).%°

Examples of incidental or
secondary findings

For broad NGS panels that farget a
general clinical disease category
(e.g., monogenic kidney
diseases), there can be incidental
findings in genes associated with
diseases that are associated with
the general clinical disease
category but are unrelated fo the
patient’s clinical disease subtype

Medically actionable secondary
findings, e.g., pathogenic or likely
pathogenic variants in the ACMG

medically actionable genes.®’

(Continued on following page)
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Table 2. Detection capacities of different genetic testing methodologies
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Number of genes Balanced

or genetic regions Noncoding structural Unbalanced Possibility of secondary or Genetic
Genetic testing methodology analyzed Methylation  variants SNV Small Indels  variants  structural variants incidental finding/s mosaicism detection
Sanger sequencing 1 gene No Yes Yes < 10 bp No No None Limifed
MLPA < b0 genefic regions No Yes No No No 1 kb-15 Mb Low No
Karyotype Al No Yes No No Yes > 5 Mb 1-3% No
FISH 1 No Yes No No Yes > 100 kb None Yes
Chromosomal microarray genome-wide No Yes No No No > 50 kb 1-3% No
Methylation array Range of 1 fo Yes Yes No No No No Low Limited

genome-wide

Targeted NGS panels 5-250 No No Yes < 100 bp No Variable® Low Yes
Broad NGS panels 350-500 No No Yes < 100 bp No Variable® Variable® Yes
Exome sequencing” genome-wide No No Yes < 100 bp No Variable® ~3% Yes
Genome sequencing® genome-wide No Yes Yes Yes No Variable® ~3% Yes

FISH, Fluorescent in situ hybridization; MLPA, Multiplex ligation probe—dependent amplification; NGS, next-generation sequencing; SNV, Single nucleotide variants.
2Depending on laboratories and often require confirmation with FISH, chromosomal microarray or MLPA.

bShort-read sequencing.

regionsss’%; thus, it is expected to have greater

diagnostic sensitivity than ES. This is especially
advantageous for the investigation of genes that are
more difficult to accurately assess via ES, such as
PKDI; and GS has been recommended as an effec-
tive strategy for the molecular diagnosis of auto-
somal dominant polycystic kidney disease.’™*’ In
addition, GS can include analysis of the mito-
chondrial genome, enabling unbiased detection of
individuals with kidney disease because of mito-
chondrial DNA variants,88 further increasing its
diagnostic sensitivity.*’

Genetic Testing for SVs

Karyotyping

Karyotyping was the first technology developed to
visualize SVs, and remains a first-line method for
the detection of large SVs, including chromosomal
aneuploidies, translocations, inversions, and com-
plex rearrangements.”””' Examples of usage of
karyotyping in mnephrology include identifying
balanced translocations among individuals with
syndromic and isolated congenital anomalies of the
kidney and urinary tract and detecting complex
rearrangements among individuals with Wilms
tumor-aniridia-genital anomalies-retardation
drome (Table 1).”

syn-

Fluorescent In Situ Hybridization

In the 1990s, to better identify microdeletions and
certain recurrent translocations, fluorescent in situ
hybridization (FISH) was developed and remains
commonly used in molecular diagnostics. Examples of
usage of FISH in nephrology include identifying
known disease-causal SVs, such as the 22q11.2 deletion
associated with DiGeorge syndrome, the NPHPI dele-
tion in nephronophthisis,” and SVs involving the
TFE3 and TFEB genes in renal cell carcinoma.”

680

Multiplex Ligation-Dependent Probe Amplification
In the early 2000s, to increase the number of copy
number variants (CNVs) analyzed simultaneously and
reduce the cost of CNV detection, multiplex ligation-
dependent probe amplification (MLPA) was devel-
oped and introduced in clinical care.”” The sequences
targeted by MLPA are 50 to 70 nucleotides long,
allowing MLPA to identify single exon CNVs that are
too small to be detected by FISH. In addition, MLPA
allows the detection of CNVs for up to 50 genetic re-
gions. However, MLPA is not available for all genes
and does not provide information on the size of the
deletion. Examples of clinical utilization of MLPA in
nephrology include detection of pathogenic deletions
involving COL4A5 among individuals with X-linked
Alport syndrorne96 and SVs involving the CFH-CFHR
genomic region among individuals with atypical he-
molytic uremic syndrome.97

Chromosomal Microarray

Karyotyping, FISH, and MLPA have been largely
replaced by chromosomal microarray (CMA) as the first-
tier test for individuals with phenotypes that can result
from pathogenic CNVs, such as multiple congenital
anomalies or neurodevelopmental disorders.” Here, we
use the term CMA to include 2 different technologies:
comparative genomic hybridization arrays and single-
nucleotide polymorphism arrays, which can be used
to identify unbalanced SVs (Figure 1, Table 1, and
Table 2).99 Unlike FISH or MLPA, which require a priori
selection of genomic regions to target, CMA offers
genome-wide CNV assessment, increasing diagnostic
sensitivity, particularly for individuals who present
with features that are not specific to a single genomic
disorder. In nephrology, CMA detected pathogenic
CNVs in approximately 10% of individuals with iso-
lated and syndromic congenital anomalies of the kidney
and urinary tract.'”’ Moreover, CMA has been reported

Kidney International Reports (2025) 10, 673-695



E Groopman and H Milo Rasouly: Genetic Test Selection in Nephrology REVIEW

Table 3. Emerging genetic technologies

Although the clinical adoption of chromosomal microarray (CMA) and next-generation sequencing (NGS) has revolutionized the diagnosis of rare genefic conditions, approximately 50% fo
60% of individuals with suspected Mendelian disease remain unresolved after evaluation with such technologies.'’*>**” For such individuals left unresolved by standard clinical genefic
testing, emerging technologies such as optical genome mapping (OGM), long-read sequencing (LRS), DNA methylation analysis, and RNA sequencing may help achieve a genetic
diagnosis, supporting personalized care.

OGM uses imaging of fluorescently labeled mega base-long DNA molecules fo identify structural variants (SVs) genome-wide.“®“° OGM can detect copy number variants (CNVs)
less than 25kb in size and balanced rearrangements (e.g., inversions or translocations), which are missed by CMA or NGS, as well as somatic mosaicism. Given its ability to
detect a variety of SVs, it has the potential to become a first-line approach for prenatal cyfogenetic testing.°® OGM has been applied fo detect such CNVs across individuals with a
variety of rare genetic diseases. It identified a mosaic de novo deletion and inversion of the CDKL5 gene in an infant with epilepsy who had previously undergone CMA, targeted
panel, exome sequencing (ES), and genome sequencing (GS) testing.®' OGM also identified a 2.8kb insertion within the SMARCBT gene in 2 siblings with atypical teratoid
rhabdoid tumor left unresolved by ES with CNV analysis.®? Currently, there is a clinically approved OGM-based assay for identifying the 3.3kb D474 repeat array causal for
facioscapulohumeral muscular dystrophy (FSHD), which has the potential to replace the traditional fime- and labor-intensive Southern blot for FSHD diognosis.53 Although OGM
offers the ability to detect both balanced and unbalanced SVs of varying sizes in a single fest, it has important limitations: it requires high molecular-weight DNA, which is more
difficult to exiract, does not provide information about the sequence of the SV(s) defected, and its resolution is limited by the spacing of the fluorescent labels along the DNA
molecule and the resolution of the imaging photocell. %54

LRS refers to sequencing that yields continuous DNA or RNA reads of befween 1kb and 4 megabases.®® LRS can be targefed to a specific genomic region (i.e., T-LRS) or done across the
genome (IrGS). Current commercial LRS fechnologies include PacBio HiFi sequencing, which uses DNA polymerase-mediated incorporation of fluorescently labeled nucleofides info a
circular DNA template to identify the DNA bases present in a particular genomic region; and Oxford Nanopore Technologies (ONT) sequencing, which analyzes changes in electrical current
as a single-stranded DNA or RNA molecular fravels through a protein nanopore.®® Although ONT and PacBio sequencing vary in their read lengths and per-base error rates, both offer
substantially longer sequence reads than the reads from standard (short-read) NGS. These longer reads enable more accurate detection of variants that can be missed by short-read NGS,
such as variants occurring in highly repetitive regions of the genome and repeat expansion variants. LRS also allows for phasing of variants without the need for parental samples, which
can help ascertain the variants” pathogenicity. In addition, both technologies can detect alterations in DNA methylation, enabling simultaneous evaluation of the sequence and methylation
pattern at a particular genomic region.®’-°® Recent research-level sequencing studies highlight the pofential of T-LRS and IrGS for cases left undiagnosed by short-read NGS. As a fargefed
approach, T-LRS can be used fo identify disease-causal variants among genetically unresolved individuals with specific features for a monogenic form of disease. In nephrology, T-LRS led
to the identification of the “missing” second variant in WDR79in an individual with nephronophthisis, retinal dystrophy, skelefal dysplasia, and hepatic fibrosis in whom an NGS ciliopathy
gene panel had identified a single heterozygous pathogenic WDRT9 variant, thus genetically confirming the diagnosis of Senior-Loken syndrome.®® T-LRS also allowed the idenfification of
infronic variants in individuals with genefically unresolved Gitelman syndrome.®° T-LRS has also been successfully applied for the genetic diagnosis of autosomal dominant polycystic
kidney disease, reflecting ifs superior detection sensitivity than short-read NGS and multiplex ligation probe—dependent amplification to defect variants in genes such as PKD] that have
high sequence homology.®' As a genome-wide approach, IrGS has been shown to provide a molecular diagnosis among pediatric patients with a variety of rare disease phenotypes who
had been left undiagnosed by previous genefic fesfing, reflecting its superior ability o defect SVs and variants in regions poorly captured by short-read NGS.®? Although LRS has increased
technical sensitivity than short-read NGS, as a novel fechnology, there is a need for standardized analyfic pipelines and larger population reference datasefs, which can make variant
filtering and prioritization challenging. Ongoing initiatives using LRS, such as the All of Us project®® and the 1000 Genomes project®* will help address these challenges. In addition,
though recent investigations support the diagnostic ufility of LRS fo resolve cases left undiagnosed by short-read NGS, systematic large-scale comparisons of the diagnostic yield of LRS
versus existing genetic festing modalities are needed fo inform clinical usage of LRS.

DNA methylation analysis can be performed using methylation arrays or LRS. Certain genefic diseases, including some syndromes involving neurodevelopmental delay and mulfiple
congenifal anomalies, result from altered DNA methylation (DNAm).®° These include syndromic disorders that can present with congenital anomalies of the kidney and urinary tract, such
as Kabuki syndrome® and CHARGE syndrome.®” Because these conditions have unique DNAm patterns, known as “episignatures,"DNAm analysis can help achieve a molecular
diagnosis for affected individuals.®® Traditionally, targeted DNAm analysis was performed for individuals with feafures of a specific imprinting disorder fo confirm the clinically suspected
diagnosis.®® Now, genome-wide DNAm analysis emerging as a follow-up fest fo resolve individuals with variants of uncertain significance (VUS) in genes associated with epigenetic
disorders: here, identification of an episignature for a specific disorder supports that the individual has the condition, and can help characterize the functional impact of the VUS (case
$2).7° However, there are important limitations. Although DNAm analysis is fypically performed using peripheral blood samples, there is considerable tissue-specific variation in DNAmM
patterns, limiting the generalizability of the results observed from blood samples.”" In addition, there is the need to develop consensus technical sfandards for DNAm testing, because
analysis must include correction for factors that can affect DNAm patterns, such as age, sex, and environment.’® Moreover, existing methylation arrays have a limited ability fo defect low-
grade genetic mosaicism and can only identify disorders that have known episignatures, lowering the diagnostic sensitivity of DNAm festing.®® Nonetheless, DNAm analysis has been
recently reporfed fo resolve as many as 30% of individuals with features suggestive of a rare neurodevelopmental disorder,”a diagnostic yield comparable to those reporfed for CMA
(156%-20%) and ES (30%-40%).”® These findings support further investigation of the diagnostic utility of DNAm analysis, particularly for individuals with features suggestive of
epigenetic disorders and/or with a VUS in a gene associafed with a disease that has an episignature.

RNA sequencing (RNA-seq) applies massively parallel sequencing methods fo sequence and quantify the different RNA molecules (i.e., the franscripfome) within a cell. RNAseqcan
therefore be used to evaluate whether a DNA sequence variant in a given gene impacts RNA splicing and expression of that gene, which can help determine the variant’s
pathogenicity.”* For example, in an analysis of nearly 700,000 individuals who underwent clinical NGS for different genetic diseases, incorporating RNA-seq helped resolve
31% of the VUS identified by clarifying their splicing impact.’® Similarly, RNA-seq of individuals with aufosomal dominant polycystic kidney disease with deep intronic VUS
detected on GS validated that these variants altered splicing and led fo reduced PKDT gene expression, supporting their pathogenicity.”® In addition fo resolving VUS, RNA-seq
can identify candidate disease-causal genes by identifying genes with altered expression in affected individuals relative to controls.”” However, there are important caveats. Both
individual and experimental factors (e.g., age, sequencing platform) can impact franscripfome profiles, requiring the use of in-house control sefs to help ensure accurate
analysis. Moreover, because the transcriptome varies substantially between different tissues, it is crucial that samples be taken from the tissue(s) relevant to the disease of
inferest. Recent studies in mouse models demonstrate that genes associated with monogenic forms of kidney disease showed cell-specific expression patterns, supporting
further investigation of the clinical utility of single-cell-based RNA-sequencing nephrology.’®

to identify disease-causal CNVs in 5% of children with
CKD because of causes other than congenital anomalies
of the kidney and urinary tract and in 1.1% of adults
with all-cause CKD, suggesting that CNVs may
contribute more broadly to CKD than traditionally
thought.'”!

NGS-Based SVs Identification

Although CMA and MLPA remain the gold standards
for identifying CNVs, recent studies suggest that
CNVs can be detected with high sensitivity using
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bioinformatic tools from targeted panels’ data; how-
ever, their overall performance varies, with lower
accuracy reported for single-exon CNVs and CNVs in
regions that are more poorly captured by short-read
NGS.'">'”> CNVs can be called using bioinformatic
methods from ES data. However, GS has superior SV
detection ability, and it can identify balanced SVs as
well as CNVs.” Considering that laboratories vary in
whether they perform these analyses, it is important
to check the types of variants analyzed when ordering
a test.
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PRACTICAL CONSIDERATIONS FOR
CHOOSING BETWEEN DIFFERENT TESTING

MODALITIES

When choosing between different genetic testing mo-
dalities, in addition to diagnostic sensitivity, other key
considerations include cost, turn-around time, and
incidental and secondary findings (Table 1).

Short-Read NGS Limitations

Short-read NGS has limited capacity to identify vari-
ants in certain parts of the genome, such as highly
repetitive regions (e.g., the complement factor H gene
cluster)'” and regions with high sequence homology
(e.g., the PKDI gene and its pseudogenes).'”” Short-
read sequencing can have limited coverage of certain
regions and lower detection sensitivity for certain
variants (e.g., indels). To help address these issues,
targeted or broad panels are frequently supplemented
with other technologies.'”

The detection of certain variants can be difficult
across technologies. For example, in MUCI-associated
autosomal dominant tubulointerstitial disease, the most
commonly known disease-causal variant is an insertion
inside a variable tandem number repeat unit of 60
nucleotides (60-mer), which leads to a frameshift and
premature truncation of the encoded protein. Consid-
ering that Sanger sequencing and standard short-read
NGS analyses are unable to detect this variant, identi-
fying it requires long-range polymerase chain reaction
and molecular cloning.'”” The variant’s initial identi-
fication and alternate approaches, including computa-
tional pipelines using short-read NGS'**'”” and long-
read sequencing''’ have been developed to identify
this variant and may be implemented in the future
among individuals with suspected MUCI-associated
autosomal dominant tubulointerstitial disease. Owing
to such technical limitations, laboratories often sup-
plement targeted panels with other methodologies to
increase their detection sensitivity.'”® Recently, new
bioinformatics tools to identify variable tandem num-
ber repeats from ES and GS have been reported, which
have variable detection accuracy.''''"?

Variants of Uncertain Significance

A common concern about genetic testing is the possi-
bility of variants of uncertain significance (VUS). Given
that most genetic diseases are rare, current guidelines
for clinical variant interpretation assess a variant’s
frequency in the general population versus the dis-
ease’s known prevalence to help determine its patho-
genicity.''~ However, because of multiple factors,
including disparities in access to infrastructure and
funding, non-European populations have been under-
represented in clinical settings and genomic research
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such that current population genetic databases do not
reflect the diversity of the global population.''* This
underrepresentation complicates variant interpretation,
because it can be difficult to gauge the true population
prevalence of variants, and leads to higher rates of VUS
among non-European individuals undergoing clinical
genetic tes'cing.“s'117 Importantly, there are ongoing
initiatives to bring genomics to historically underrep-
resented regions, such as the Human Heredity and
Health in Africa Kidney Disease Research Network,118
Deciphering Diversities - Renal Asian Genetics
Network,llg and Brazilian Network of Pediatric
Nephrotic Syndrome.'”’ These efforts will help
improve our understanding of the genetics of kidney
disease across different populations, reducing the cur-
rent ancestry-based disparities in VUS rates and sup-
porting individuals of diverse backgrounds benefiting
equitably from genetic testing.

Per current guidelines, VUS should not inform
clinical decision-making.''’ As genome-wide tests, ES
and GS may be expected to return more VUS than
targeted panels. However, a recent analysis of over 1.5
million genetic tests from 19 clinical laboratories found
a higher VUS rate from targeted panels than from ES or
GS.” This is because of the differences in VUS
reporting protocols; currently, panels generally report
all VUS, whereas, for ES or GS, laboratories report only
highly compelling VUS (e.g., those associated with
genetic conditions that have high clinical overlap with
the patient’s listed phenotype and/or segregate appro-
priately with the disease in a family). Thus, the higher
VUS rates reflect the lower specificity for a particular
clinical subcategory of disease.’’ Given that resources
needed to allow potential VUS reclassification are often
limited, the VUS included on a genetic test report
should be carefully reviewed (e.g., by a genetics pro-
fessional) to help determine which ones merit further
investigation.

Secondary Findings

ES and GS can also prompt concern about secondary
findings. Although unrelated to the primary testing
indication (i.e., kidney disease), secondary findings can
enable presymptomatic diagnosis and prevention of
medically actionable conditions,121 and may have
meaningful implications for kidney care as well.'*
Given that individuals vary in their preference to
receive pretest counseling, it is important to discuss the
pros and cons of analysis for these secondary findings
and note that individuals can choose to opt out of
receiving secondary findings. When choosing between
different NGS tests, financial status and insurance
coverage should be considered, because insurance
coverage for ES or GS is highly variable.'*”'**
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The American College of Medical Genetics and
Genomics currently recommends that individuals
undergoing genomic sequencing (i.e., ES or GS) be
assessed for medically actionable secondary genetic
findings, even if unrelated to the primary indication
for genetic testing.'*”'*° The current set of American
College of Medical Genetics and Genomics medically
actionable genes includes multiple genes associated
with adult-onset conditions, such as hereditary can-
cer predisposition syndromes and cardiomyopa-
thies.”’” Conversely, the Buropean Society of Human
Genetics recommends a cautious approach to such
“opportunistic” screening, especially among mi-
nors.'”” In addition to the ethically complex question
of whether to disclose such secondary findings for
adult-onset conditions to a pediatric patient, analysis
of trio (parents and child) ES or GS data for secondary
genetic findings may also identify a parentally
inherited variant, leading to parents receiving un-
precedented information about their own risk for
cancer, cardiovascular disease, or other disorders.'**
Current guidelines by the American College of
Medical Genetics and Genomics, the European Soci-
ety of Human Genetics, and the American Academy
of Pediatrics pretest  counseling
regarding the pros and cons of receiving such sec-
ondary genetic findings and providing parents with
the option to “opt out” of the investigation and
reporting of secondary findings.'*”"' "

recommend

Laboratory Practices

Considering that each laboratory chooses which
genes to include in their targeted or broad panels,
panels vary in their gene content and thus, their
diagnostic sensitivity and specificity for the associ-
ated phenotype. Developing a consensus list of genes
associated with monogenic forms of kidney disease
can help address this interlaboratory variability®*’;
and global initiatives, such as the Gene Curation
Coalition,’' are contributing to this goal by assessing
the clinical validity of gene-disease associations. In
addition, to increasing the test’s sensitivity, some
laboratories supplement their tests with additional
testing methodologies.

Although the advent of consensus guidelines for
clinical variant interpretation led to more consistent
interpretation across different clinical laboratories,
there remains notable interlaboratory variations,
affecting the tests’ sensitivity.'''’*'”’  When
choosing a test, it is thus critical to consider the
laboratory’s expertise in classifying variants in the
genes of interest. Laboratories also vary in follow-up
testing provided. For example, some laboratories
offer testing of family members to help with the
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potential reclassification of VUS, which is especially
relevant if the patient has affected family members.
Some laboratories also offer free testing of family
members in case of positive genetic findings (i.e.,
cascade screening). In addition, some laboratories
offer virtual panels where analysis of a selected set of
genes is performed on ES or GS data, enabling a
broader analysis without requiring additional patient
DNA samples if the virtual panel testing yields
negative results.

Cost

The price of a genetic test reflects not only the costs of
sequencing but also those related to processing, stor-
ing, and analyzing the resulting genetic data. Broader
tests generate larger amounts of data, which often
results in a need for more sophisticated bioinformatic
tools and greater data storage capacities. This larger
amount of genetic data also increases the time and
labor needed for variant interpretation. GS generates
the largest amount of data that can confer substantial
financial and interpretative costs, including for non-
coding variants, which can be difficult to interpret
and require further clinical and/or experimental
follow-up to help ascertain their significance.'™
Nevertheless, investigations of children with sus-
pected genetic diseases suggest that GS might be a
more cost-effective tool than ES because of its higher
diagnostic sensitivity.'”"*®  Accordingly, GS is
anticipated to become a first-line tool for clinical ge-
netic testing in nephrology in the future.'’” Practi-
cally, the out-of-pocket cost (i.e., the amount paid by
the patient) of genetic testing depends on several
factors, including the test modality and insurance
coverage.'”® Some laboratories promise a maximum
out-of-pocket price for their tests to alleviate the fear
of “surprise bills.” Importantly, coverage for genetic
testing substantially between
reflecting international differences in healthcare pol-
icy."”” Access and costs depend on the test and
country requirements, like preauthorization or pretest
genetic counseling.'"’ Given this variability, we only
provide the relative costs of the genetic tests discussed
here to each other (Table 1). In the United States, in-
surance coverage is usually lower for genome-wide
testing than more targeted approaches.'*'*""'** For
example, insurance coverage for CMA and ES remains
variable, with a recent study of 801 pediatric patients
with suspected genetic disease reporting that CMA
and ES were covered by insurance in 89.6% and
83.4% of patients, respectively.'”" Although single-
payer healthcare systems can help address such un-
even coverage of genetic testing, they require
deciding how to equitably allocate genetic testing in

varies countries,
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the setting of finite budgets.143 To support this goal,
frameworks for the prioritization of genetic testing
have been proposed in Europe.lM’145 Additional
studies are needed to assess the most cost-effective
approach for genetic testing of individuals with kid-
ney diseases.

Turn-Around Time

In general, turn-around time is faster for more tar-
geted forms of genetic testing such as Sanger
sequencing and targeted panels than ES or GS (Table 1
and Table 2), reflecting that because they analyze a
smaller proportion of the genome, fewer candidate
variants need to be reviewed by the geneticists.
Similarly, because these more targeted genetic mo-
dalities assess gene(s) related to the primary indication
for testing (i.e., the suspected genetic subtype of
kidney disease), there is a lower possibility of inci-
dental and secondary findings.

GENETIC TEST SELECTION FOR INDIVIDUALS
WITH KIDNEY DISEASE

In this section, we present a general framework for
genetic test selection among individuals with kidney
disease (Figure 2). In the featured case study (Table 4,
Figure 3), we illustrate how this workflow can be
applied to test selection in clinical practice. For readers
interested in seeing additional examples across diverse
clinical contexts, we provide 4 additional case vi-
gnettes in the Supplementary Material (cases S1-S4).

Informed and Shared Choice

Clinicians and patients should engage in shared
decision-making throughout the process of genetic test
selection, particularly when the evidence for choosing
one type of test versus another is equivocal. In addi-
tion, we recommend that clinicians consult with a ge-
netics professional (e.g., a genetic counselor and/or
clinical geneticist) when faced with complex situations;
for example, deciding on next steps for a patient with
features consistent with a genetic cause of kidney
disease who has nondiagnostic results on initial genetic
testing.”

Patient With a Known Familial Genetic
Diagnosis

Genetic test selection starts by ascertaining whether
the individuals’ biological relatives have a known ge-
netic diagnosis (i.e., a pathogenic or likely pathogenic
variant in a gene associated with the relevant clinical
subtype of kidney disease, Figure 2). If so, we recom-
mend that clinicians pursue targeted testing based on
the type of variant that has been identified (Table 2);
Sanger sequencing would be best for SNVs and small
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indels, whereas for SVs, MLPA, FISH, or CMA could be
used depending on the size of the SV and the avail-
ability of MLPA or FISH tests for the familial SV.

Patient With a Disease Associated With One
Gene

If the individual does not have a known familial
genetic diagnosis, the options depend on the patient’s
clinical presentation. If the patient’s clinical presen-
tation is consistent with a clinical category of genetic
kidney disease associated with a single genetic cause
(e.g., Fabry disease or cystinosis), then Sanger
sequencing, MLPA, or FISH are generally most
appropriate (Tables 1 and 2).

Patient With a Disease Associated With Few or
Multiple Genes

If the patient’s condition may have multiple genetic
causes, it can be further divided into those asso-
ciated with several genes (e.g., Alport syndrome,
autosomal dominant polycystic kidney disease) or
many genes (e.g., steroid-resistant nephrotic syn-
drome, renal ciliopathies). For conditions that result
from several genes, we suggest a targeted panel
with CNV analysis, which offers a specific and
sensitive way to detect variants in these genes. We
recommend the test chosen include CNV analysis,
which can be done on NGS data using bio-
informatic methods or through supplementation
with MLPA or CMA.

Patient With a Nonspecific Disease

If an individual does not have features consistent with
a specific clinical category of genetic kidney disease
(e.g., end-stage kidney disease of unknown etiology
and no known familial genetic diagnosis), a broad tar-
geted panel, ES, or GS are all reasonable first-line ap-
proaches, with clinicians and patients engaging in
shared decision-making to determine which test best
fits the patient’s unique needs (Tables 1-3).

GENETIC RESULTS INTERPRETATION

Results of genetic testing can be diagnostic (positive) or
nondiagnostic (negative or inconclusive results).

Diagnostic Results

If a pathogenic or likely pathogenic variant for a ge-
netic disease that explains the patient’s clinical pre-
sentation is identified, it is a diagnostic result.
Diagnostic genetic findings can inform clinical prog-
nosis and management, including evaluation and sur-
veillance for the disease’s different manifestations and
initiation of targeted therapy. In addition, family
members should be offered genetic counseling and
cascade testing to determine their disease risk status,
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Individual with kidney disease
known genetic diagnosis in the family?

Individual with a phenotype associated with a
specific clinical category of genetic KD?

Single Several

Genetically
known known
> ; heterogene
genetic genetic o
cause causes

Sanger Targeted NGS Broad ':'i? gene
sequencing or gene panel + Eg s
MLPA CNV analysis )
+ CNV analysis

Reassess for an
alternate genetic
cause.

Genetic testing Review the test's ] Periodic data

based on detection sensitivity to reanalysis and
alternative genetic see if further genetic consider research

cause testing is indicated study referral

Figure 2. Framework for genetic test selection among individuals with kidney disease. The workflow illustrated here is described in the main
text in the section: “Genetic test selection among individuals with kidney disease.” ES, exome sequencing; GS, genome sequencing; MLPA,
multiplex ligation probe—dependent amplification; Neg, negative; NGS, next-generation sequencing; Pos, positive; VUS, variant of uncertain
significance.

inform their subsequent clinical management, and their Nondiagnostic Results
eligibility to be related living donors for future renal Nondiagnostic results include negative results and
transplantation.® inconclusive results. Negative results are when no
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Table 4. Case study

Case Presenfation

GF is a 42-yr-old male with a history of diabetes and hypertension who presents with end-stage kidney disease (ESKD). He reports that his grandmother, mother, and maternal
aunt, all of whom are deceased, reached ESKD before the age of 50 yrs, which was presumed fo be secondary to diabetes and hypertension. Serum electrolytes and complement
studies are unremarkable, and urinalysis shows bland sediment and low-grade proteinuria. Renal imaging reveals shrunken, hyperechogenic kidneys; given these findings and
his advanced kidney disease, renal biopsy is not performed. His 51-yr-old sister, KF, wants to donate her kidney fo him. KF reports being in good health. She is normotensive
and has no anomalies on renal imaging. KF’s laboratory values show serum creatinine 0.8 (estimated glomerular filtration rate of 84 mi/min per 1.73 m?) and fasting glucose of
75 mg/dl; urinalysis is within normal limits. KF notes their family identifies as African American, and she has read that individuals of Western African ancestry may be at higher
risk of developing kidney disease. GF and KF ask if any additional tests could help them understand why GF and other members of their family have kidney disease and whether
KF can safely donate a kidney to GF.

Genetfic Differential Diagnosis

Although diabetic and hypertensive nephropathy are on the differential, GF’s personal and family history of ESKD before the age of 50 yrs supports considering monogenic
etiologies for his kidney disease. Although his clinical presentation is not specific for a particular category of genetic kidney disease, the absence of certain features can
help narrow the differential, for example, the negative complement studies disfavoring a typical hemolytic uremic syndrome or other complement-mediated renal diseases.
Given the cooccurrence of diabetes and renal disease in his family, HNFI1B nephropathy is a possibility: though classically associated with cystic renal disease and
diabetes, there is variable expressivity, with some individuals displaying only isolated renal hypoplasia or no structural renal anomalies on imaging.'“® "%’ In addition,
given that GF is an African American of Western African ancestry, APOLI nephropathy should also be considered, because approximately 13% of African Americans
harbor 2 APOL 1 risk alleles.'*® Although the APOLT risk genotype substantially increases kidney disease risk, a minority of individuals with APOL T risk genotypes develop
kidney disease, suggesting that a “second hit,” such as other genefic variant(s) and/or systemic or environmental factors, may be needed to produce disease. A study of
over 15,000 individuals with kidney disease found that nearly 10% of individuals with APOLT risk genotypes harbored a diagnostic variant for a monogenic form of
kidney disease, supporfing genetic festing in individuals with suggestive features for monogenic forms of kidney disease even if they are known to have an APOL]T risk
genotype.'*°

Clinical Ufility of Genefic Testing

For GF, genefic testing has the potential to pinpoint a specific cause of disease and thereby inform living-related donor selection and posttransplant prognosis and
management.”® Next-generation sequencing —based genetic testing has been reported fo identify a monogenic cause in approximately 10% of adults with ESKD of unknown
etiology.'°° %2 Knowledge of the transplant recipient’s primary kidney disease can help defermine recurrence risk in the allograft and also identify individuals at increased risk
of other common posttransplant complications (e.g., malignancy for WT7-associated focal segmental glomerulosclerosis, diabetes among individuals with HNFI1B
nephropathy), helping guide surveillance and choice of postiransplant therapy. In addition, by ascerfaining whether family members harbor the disease-causal varianf, genetic
testing can help determine eligible living-related donors. If genetic testing includes investigation for the APOL] risk genotypes and/or other medically actionable disorders,®’
these findings may have clinical utility. For example, knowledge of the APOLT risk genotype status can inform about the recurrence risk in the allograft'®® and the donor’s risk
of developing CKD postdonation.'*

Although not causal for an individual’s renal disease, secondary findings in genes deemed medically actionable can inform management, for example, detection of a
hereditary cancer predisposition syndrome informing immunosuppression regimen or identification of a pathogenic variant in KCNQ1, associated with long QT syndrome,
prompting avoidance of QT-prolonging medications such as macrolide and quinolone antibiotics and azole antifungals.'#? Therefore, individuals should be counseled
about the possible ufility of receiving medically actionable secondary findings should they choose fo pursue genome-wide festing.

Options for Genetic Testing

ESKD of unclear efiology and no specific familial form of kidney disease support a broad approach to genetic testing (Figure 2). GF’s options include a broad targefed panel of genes
associated with monogenic forms of CKD, virtual panel tesfing, or genome-wide festing (i.e., exome sequencing [ES] or genome sequencing). Becauseeach of these fests is a reasonable
first-line approach,*® GF and his nephrologist engage in shared decision-making. His nephrologist writes a lefter of medical necessity describing how GF has kidney disease of unknown
efiology with a family history of kidney disease and the clinical utility of genefic tesfing in his case and obtains insurance coverage for ES for him.

Results and Next Steps

ES reveals that GF has a pathogenic variant in the HNF1B gene. GF is given a genetic diagnosis of HNFIB nephropathy, which has meaningful implications for his clinical
management. Identification of HNF1B nephropathy warrants targefed evaluation and surveillance for exirarenal manifestations, which include liver dysfunction,
neuropsychiatric disease, and exocrine pancreatic insufficiency.'*’'®* Moreover, because affected individuals have an increased risk of diabefes postransplant,
avoidance of facrolimus and reduced cortficosteroid usage in immunosuppression regimens is advised, and, for those with ESKD and diabetes, combined kidney-pancreas
fransplant can be considered.

In addition to the pathogenic HNF1B variant, GF's ES report notes that he harbors the APOLT G1/G1 risk genotype and has a heterozygous pathogenic variant in the LDLR gene, associated
with autosomal dominant familial hypercholesterolemia. His sister, KF, is found fo be negative for the HNF1B variant, but does harbor the APOLT G1/G1 risk genotype and LDLR pathogenic
variant. She is counseled that, per population-based studies, individuals with APOLT risk genotypes have an ~2-fold increased risk of ESKD post donation, with the caveat that her risk
may be lower because the lifefime risk of ESKD decreases as donors age.'°® Despite harboring the APOL I risk genotype, she still meets institutional cutoffs for acceptable lifefime risk and
decides to proceed with donating her kidney.

As individuals with heferozygous familial hypercholesterolemia, GF and KF are referred fo a cardiologist specialized in hereditary dyslipidemias for recommended
management, including stringent lipid profile moniforing with a low threshold for initiating pharmacotherapy (e.g., with stafins, ezetimibe, or PCSK9 inhibitors).'*® In
addition, their familial hypercholesterolemia also informs immunosuppression regimen via supporting minimizing corticosteroid use, given corticosteroids’ negative impact
on lipid profile.

variants for genetic diseases relevant to the individual’s
clinical presentation are reported. Inconclusive results
are when there are VUS (i.e., variants that are not
currently clearly disease-causal or benign) for genetic
diseases that could be relevant to the individual’s
clinical presentation.

Negative Results

For a patient initially suspected to have a specific
clinical category of genetic kidney disease, clinicians
can reassess the patient to determine if other clinical
categories of genetic kidney disease are possible; if so,
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further genetic testing for these other possible kidney
diseases would be indicated. If the clinical impression
remains consistent with the originally suspected cate-
gory of genetic kidney disease, we suggest additional
targeted genetic testing to identify variants that may
have been missed because of the technical limitations of
the initial genetic test used. For patients with nonspe-
cific phenotypes, we suggest routine reanalysis of their
genetic data, which may identify disease-causal vari-
ants missed in the initial analysis, such as variants
identified by newer bioinformatic pipelines or variants

. . . . 157
in newly discovered disease-associated genes. ’' In
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dominant inheritance
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Clinical utility: Inform living-related donor selection and

post-transplant prognosis and management

¥

ts options Broad panel or Exome

Exome sequencing in proband
Reason: interested in secondary findings

HNF1B Pathogenic variant
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Donor results:

Targeted evaluation and surveillance for extra-renal
manifestations of HNF1B nephropathy
Personalized post-transplant management
Cardiology referral for familial dyslipidemia

Figure 3. Clinical genetic testing and outcomes for case study. The workflow for clinical genetic testing and associated outcomes for the case
described in Table 4 (“Case Study”) is shown here. APOLT G1/G1, Apolipoprotein L1 gene G1 risk variant homozygote; HNF1B, hepatocyte
nuclear factor 1 beta gene; LDLR, low density lipoprotein receptor gene.

addition, clinicians can consider referring such patients

. . 2 45,6
to research studies for further evaluation.

Inconclusive Results and Follow-Up for Candidate
Variants

For patients with inconclusive results, we suggest
consulting with a genetics professional to help inform
the next steps regarding the VUS identified.””” If the
VUS is deemed compelling, follow-up testing can help
resolve its clinical significance. For example, if the VUS
is in a gene associated with a genetic disease that has
pathognomonic findings (e.g., on physical examination
or biochemical testing), identification of these features
can provide evidence for the variant’s pathogenicity.
Familial genetic testing can also help resolve VUS; for
example, by identifying de novo variants or deter-
mining whether the variant segregates appropriately
with the disease (i.e., is present in affected family
members and absent in unaffected family members). In
this case, because family members are being assessed
for a single, known variant, we recommend using
targeted approaches based on the specific type of
variant, for example, Sanger sequencing for a SNV or
MLPA/FISH/CMA for a deletion. Other molecular ana-
lyses can help inform variant classification, such as
RNA analysis to determine the splicing impact of deep
intronic variants’ and DNA methylation testing to
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assess for a disease’s episignature’” (Table 3). In addi-
tion, with time, additional data may emerge that helps
resolve a VUS, including observations of the variant in
other affected individuals and/or in population data-
bases and experimental assays demonstrating whether
the variant has a functional impact. Data-sharing ini-
tiatives such as GenomeConnect, where patients can
securely share their genetic and clinical data, can
support patients and clinicians in learning about such
additional data and lead to the resolution of VUS.' "'’

THE NEED FOR MULTIDISCIPLINARY CARE

Nephrologists are not expected to become expert ge-
neticists. However, to ensure equitable access to ge-
netic testing, all nephrologists should be able to
identify patients who may benefit from genetic testing
and provide the appropriate referrals. As illustrated by
recent reports on the association between genetic ed-
ucation and referral to genetic testing, including ge-
netics education across different stages of medical
training will help support this goal.””'*”'*" In addi-
tion, there is a growing community of nephrogenetics
specialists available to assist clinicians; these include
genetic counselors, nephrologists, and geneticists with
expertise in the genetics of kidney diseases.'*"**'*1*”
In the United States, the National Society of Genetic
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Counselors has developed a website to help locate ge-
netic  counselors  with  nephrology  expertise
(findageneticcounselor.org). Similarly, the European
Rare Kidney Disease Center Network has created a
of nephrogenetics reference centers.'*
Collaboration involving nephrologists and genetics
professionals can increase the diagnostic yield of ge-
netic testing, °“'®” supporting its implementation in
multiple clinical sites.

resource

FUTURE DIRECTIONS

As genetic technologies continue to advance, there is a
need to create evidence-based guidelines for imple-
menting equitable genetic testing in nephrology.””’'®’
Although expert panels have issued recommendations
for genetic testing for certain disorders, such as Fabry
disease'® and steroid-resistant nephrotic syndrome,'*’
comparative studies on tests’ sensitivity, specificity,
turn-around time, cost, and impact of secondary find-
ings are needed to create data-driven frameworks for
genetic test selection across different clinical subtypes
of kidney disease. There is a need to identify the best
implementation strategies to ensure equitable access to
genetic testing in nephrology, particularly in resource-
limited settings.'”’ In addition, research is needed to
guide the deployment of other types of genetic types,
such as ph.eurmacogenetics,171 polygenic  risk
scores,”” "' and relevant comorbidities and medi-
cally secondary ﬁndings.l22 As the scope and usage of
genetic testing in nephrology broaden, tests that pro-
vide multiple types of information may become first-
line modalities. For example, because GS can simulta-
neously provide information about SVs, SNVs, and
indels in both the coding and noncoding regions and
can provide pharmacogenetic information, polygenic
risk scores, and information on other comorbidities, it
may supersede targeted panels, ES, and CMA.

Because novel gene-disease associations are regularly
reported, there is a need to assess the extent to which a
given gene is associated with a particular form of
kidney disease. Global initiatives such as the Gene
Curation Coalition, which includes organizations such
as the Clinical Genome Resource Kidney Domain
Working Group, Genomics England Panel App, and
PanelApp Australia are collaborating to lead efforts to
identify genes reported causal for different forms of
kidney disease and systematically review and classify
their clinical Validity.m'176 For example, the Clinical
Genome Resource Kidney Domain Working Group
uses a standardized semiquantitative framework to
assess the clinical validity of genes associated with
a variety of kidney disease subtypes, including
congenital anomalies of the kidney and urinary tract,
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complement-mediated kidney diseases, cystic disease
and renal ciliopathies, glomerulopathies, and tubulo-
pathies. Large-scale sequencing studies involving
ethnically and clinically diverse patient cohorts should
also help to assess gene-disease associations.

Establishing systematic guidelines for variant inter-
pretation is likewise crucial to achieving genomic
medicine in nephrology. In addition to determining the
clinical validity of different gene-disease associations,
there is a growing understanding that accurate variant
interpretation requires tailoring variant classification
guidelines to specific genes. For example, expert
working groups have published recommendations for
variant interpretation for Alport syndrome'’’ and
cystinuria.'® Analyses of large datasets of patients
with well-characterized monogenic forms of kidney
diseases will help create sufficiently sensitive and
specific gene-specific guidelines and thereby support
increased diagnostic yield and reduced rates of VUS on
clinical genetic testing.

As variant classification continues to evolve, clini-
cians and patients must be appropriately counseled
regarding the need to periodically reevaluate genetic
results, because variant reclassification can meaning-
fully inform clinical management.'”” Incorporation of
artificial intelligence may help by increasing the effi-
ciency of these efforts; however, further study is
needed to assess the accuracy of artificial intelligence—
based methods in these domains.'®""®!
studies in undiagnosed rare disease cohorts highlight
that resequencing can identify causal variants that
were initially missed because of technical limitations of
the original method of genetic testing.'””'** As genetic
technologies advance and sequencing costs continue to
decrease, there is a need for further studies to compare
the diagnostic yield and cost efficacy of resequencing
patient samples versus reanalyzing previously gener-
ated sequence data.'®’

Of note, recent

CONCLUSION

Genetic testing is emerging as a first-line diagnostic tool
in nephrology, with the potential to enable diagnosis
and targeted management in a variety of clinical con-
texts (Table 4, Figure 3, cases S1-S4). New modalities,
such as optical genome mapping, long-read
sequencing, DNA methylation analysis, and RNA
sequencing optical genome mapping, are now being
piloted for rare disease diagnosis, including kidney
disease (Table 3). In this review, we aimed to provide
nephrologists with a practical framework for genetic
test selection and support them in integrating genetics
into their clinical practices. As the usage of genetic
testing in nephrology continues to grow, we anticipate
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that multidisciplinary partnerships in clinical practice,
scientific research, and medical education will support
the development and implementation of evidence-
based guidelines that support genetic testing and
personalized care for individuals with kidney disease.
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