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Up to 20% of people with clinically suspected Alport syndrome do

not have a disease-causing variant identified with genetic testing.
Disease-causing changes are ‘missing’ because the identified variant
is of uncertain significance or no suspicious change has been found.
Avariant of uncertain significance might be resolved after a clinician-
laboratory consultation, family segregation studies, functional
assays, evidence from large case—control cohorts or review after
further genetic and experimental information becomes available.
Other explanations for alack of disease-causing variants include the
presence of phenocopies such as IgA nephropathy, technical issues
associated with whole-exome sequencing and difficulties in identifying
and computationally assessing non-canonical splicing variants,
including deep intronic and synonymous changes. Candidate splicing
variants might be identified using whole-exome, whole-genome or
long-read sequencing, prioritized bioinformatically, and validated with
targeted RNA sequencing or splicing assays. People with suspected
Alportsyndrome but noidentified disease-causing variant should be
managed as for Alport syndrome while awaiting confirmation of their
diagnosis. Missing disease-causing variants are alsocommonin other
genetic kidney diseases, and the methods used for their resolution are
the same. Our current inability to detect all disease-causing variants
means that the contribution of genetic disease is underestimated for
kidney phenotypes.
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Key points

o Up to 20% of people with suspected Alport syndrome have no
disease-causing variant identified with genetic testing; missing variants
occur when the identified variant is of uncertain significance or when
no disease-causing variant is found.

¢ In patients with missing variants, a diagnosis of Alport syndrome
might be based on kidney biopsy findings, but identification of
the variant provides additional information such as the mode of
inheritance.

o Missing variants mean that patients and their clinicians cannot be
certain of the diagnosis or disease inheritance; treatment might be
delayed and, if variant-specific treatment becomes available, it might
not be implemented; patients are less able to make informed decisions
about family planning; and at-risk family members might not be
identified, treated and discouraged from kidney donation.

o People in whom Alport syndrome is strongly suspected but no
pathogenic variant has been identified should be managed as if
they have Alport syndrome while further confirmatory studies are
undertaken.

e Confirmatory studies include: a kidney biopsy or testing a broader
range of kidney genes to detect a phenocopy; a repeat literature
search and segregation studies to confirm that a variant of uncertain
significance is disease-causing; and long-read sequencing, variant
prioritization and RNA studies to confirm an intronic splicing change.

e As missing variants also occur in other genetic kidney diseases,
such as autosomal-dominant polycystic kidney disease and focal
and segmental glomerulosclerosis, genetic kidney disease is more
common than current estimates suggest.

Introduction
Genetic testing is the ‘gold standard’ method for the diagnosis of
Alport syndrome’. This approach makes the diagnosis with certainty
andreducesthe time and number of tests required even when clinical
features are atypical (e.g. proteinuria, cystic kidneys or familial IgA
nephropathy). Diagnosing Alport syndromeis important because of the
long-termrisk of kidney failure and the availability of effective, inexpen-
sive treatments such as renin-angiotensin-aldosterone system (RAAS)
antagonists and sodium glucose cotransporter 2 (SGLT2) inhibitors>>.
Genetictesting alsoindicates the mode of inheritance, whichis other-
wise difficult to ascertain, especially in women and children®*. Knowl-
edge of theinheritance pattern enables affected family members to be
identified, treated and discouraged from kidney donation. The nature of
the genetic variants (null or missense) also helpsto predict the clinical
course of the disease and the likelihood of early-onset kidney failure.
However, up to 20% of people with clinically suspected Alport syn-
drome have no disease-causing variant identified on genetic testing®’.
In these patients, a diagnosis of Alport syndrome may be based on
electron microscopy findings or collagen IV a chain staining'® ™" of
akidney biopsy sample. However, these features are less helpful in
late-stage disease, clinicians may be reluctant to biopsy children, and
kidney immunohistochemistry is not widely available.

Missing disease-causing variants occur because the identi-
fied genetic change is of uncertain significance or no suspicious
variant is found on sequencing. Variants of uncertain significance
(VUS) are changes for which insufficient evidence that the change is
disease-causing exists. Identification of these variants cannot be used
for clinical decision making, such as identifying affected family mem-
bers, excluding family members as kidney donors, using preimplan-
tation genetic diagnosis or commencing variant-specific treatment
(ashappensin Fabry disease'*). VUS are expected to be reclassified after
new information becomes available. However, up to 33% of the COL4A4
variants in Alport genes assessed in the ClinVar database are listed as
aVUSor ‘conflicting’ (thatis, the variant has been reported more than
once with different classifications, including a VUS) (Table 1). Expla-
nations for failure to identify suspected disease-causing variants on
sequencinginclude phenocopiesinwhichthe disease resembles Alport
syndrome but is not caused by a variant in an Alport gene, technical
sequencingissues that overlook some types of changes and difficulties
inrecognizing non-canonical splicing variants, including deep intronic
changes and variants that result in synonymous amino acids.

Missing disease-causing variants are more common with sus-
pected autosomal-dominant (AD) than with X-linked (XL) Alport
syndrome, possibly because the phenotype in XL disease is more
distinctive, phenocopies are less common and larger families have
been available for confirmatory segregation studies. Missing variants
also occur in suspected autosomal-recessive (AR) Alport syndrome
and in cases of suspected digenic Alport syndrome in which only one
disease-causing change is identified”. A second variant is suspected
when the disease is clinically more severe than expected with a single
change, or when both parents’ families have a history of haematuria,
proteinuria or kidney failure.

Missing disease-causing variants mean that patients, their fami-
lies and clinicians are less certain of the diagnosis, inheritance type
and disease course, and patients cannot commence specific thera-
pies as they become available. Missing variants might mean that
the diagnosis is delayed for years, patients are not treated and are
lost to follow-up, and their family members are not diagnosed and
treated. Missing variants are also problematic for laboratories that
undertake genetic testing for Alport syndrome because they require
extratime for assessment and re-evaluation. Overall, expenditure on
genetic testing might seem to be wasted when no diagnosis is made’,
but the effort is worthwhile because of the benefits for patients and
cost-savings achieved when patients are diagnosed and treated, ena-
bling kidney failure to be delayed and avoiding years of dialysis. Thus,
missing variants add toindecision regarding management, worry over
outcomes for patients and their families, and the health care costs of
genetic testing.

Inthis Review, we discuss explanations for missing disease-causing
variants in Alport syndrome, how clinicians and laboratories might
manage missing variants, and how to care for patients when a strong
clinical suspicion of Alport syndrome exists but no disease-causing
variant has been identified™. Although we focus on Alport syndrome,
missing disease-causing variants are common in other genetic kid-
ney diseases, including steroid-resistant nephrotic syndrome (focal
and segmental glomerulosclerosis (FSGS)) and autosomal-dominant
polycystic kidney disease (ADPKD)'**, Missing disease-causing vari-
antsmean that theimportance of Alport syndrome is underestimated
in people with genetic forms of haematuria, proteinuria and kidney
failure, and that the risk of genetic kidney disease, in general, is also
underestimated.
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Diagnosis of Alport syndrome

Alport syndrome is the most common genetic kidney disease and
the second most common genetic cause of kidney failure’?2. XL and
AD inheritance occur most often, being foundin1in 2,320 and 1in
106 people, respectively”. Although the prevalence of AD Alport syn-
dromeinthe general populationis about 20 times higher than that of
XL Alport syndrome?, agreater proportion of patients with XL Alport
syndrome are seenin nephrology clinics because their disease is more
severe. Overall, Alport syndrome, especially AD Alport syndrome, is so
common and its manifestations so diverse that this diagnosis should
be at the forefront of clinicians’ minds when they suspect a genetic
kidney disease at any stage of life.

Alport syndrome results from disease-causing variants in the
COL4A3,COL4A4 or COL4AS genes, whichencode the collagenlV a3, a4
ora5chains, respectively. These chains formthe collagen IV a3a4a5 tri-
ple helix, and the corresponding collagen IV network, which is the major
component of the basement membranes of the kidney, ear and eye. XL
Alport syndrome results from pathogenic COL4A5 variants and is char-
acterized by persistent glomerular haematuria®, kidney failure, hearing
loss and ocular abnormalities in affected boys and men®* (Table 2).

AR Alport syndrome is much less common than both AD and
XL disease, and occurs as a result of biallelic pathogenic variants
in trans in COL4A3 or COL4A4 (ref. 21). Clinical features in male and
female patients with AR Alport syndrome are identical to those in male
patients with XL disease. By contrast, the clinical features in digenic
Alportsyndrome depend onthe affected genes (COL4AS plus COL4A3
or COL4A4; or COL4A3 plus COL4A4)". Digenic disease in which COL4AS
is affected has similar manifestations to those seen with a pathogenic
COL4A5variantalone. The clinical features of digenic disease in which
both COL4A3 and COL4A4 are affected are less severe than those of
COL4AS-associated digenic disease.

AD Alport syndrome results from heterozygous pathogenic
COL4A3 or COL4A4 variants and is characterized by haematuria,
proteinuria and sometimes kidney failure, without another obvious
cause®. The term “AD Alport syndrome” has largely replaced “thin
basement membrane nephropathy”?® because most patients who
were previously diagnosed with thin basement membrane nephropa-
thy did not undergo a kidney biopsy so GBM thinning had not been
demonstrated. In addition, some patients with biopsy-diagnosed thin
basement membrane nephropathy have a disease-causing variant in
anon-Alport gene”. The name “Alport syndrome” is currently under
review, but we use the term in this article because even an affected
individual without clinical features may pass ona pathogenic COL4A3
or COL4A4 variant to their offspring, who subsequently develop hae-
maturiaor kidney failure, and the offspring of two affected parents are
still at risk of recessive Alport disease.

Overall, haematuria is the most common and most distinguish-
ing feature of Alport syndrome. This haematuria is glomerular with
dysmorphic red blood cells and is present on at least two occasions
over a period of 6 months. However, haematuria isincompletely pen-
etrantin XL disease in female patients (95%) and in AD Alport syndrome
(70%)**. Importantly, a family history of glomerular haematuria,
proteinuria or kidney failure is common in Alport syndrome but not
always present™°.

High-tone sensorineural hearing lossis alsocommoninXLand AR
Alportsyndrome in male and female patients'™. Lenticonusis pathogno-
monicfor XL disease in male patients and for AR disease. Fleck retinopa-
thyis presentin male and female patients with XL or AR inheritance™. In
addition, temporalretinal thinning on optical coherence tomography

Table 1| Classification of COL4A5, COL4A3 and COL4A4
variants recorded in the ClinVar database in January 2026

Gene Total Pathogenic or VUS or Benign or
likely pathogenic conflicting® likely benign
COL4A5 3,452 1,679 (49%) 681(20%) 1,092 (32%)
COL4A3 3,395 903 (27%) 1,028 (30%) 1,464 (43%)
COL4A4 3,743 928 (25%) 1,218 (33%) 1,597 (43%)

VUS, variants of uncertain significance. *Conflicting variants have at least two assessments in
ClinVar, typically VUS plus likely pathogenic or pathogenic, or VUS plus benign or likely benign.
The percentages of VUS excluding conflicting assessments were 16% for COL4A5, 23% for
COL4A3 and 25% for COL4A4. ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/).

occursinmale patients with XL Alport syndrome and in male and female
patients with AR disease**>. Hearing loss and ocular abnormalities are
uncommon in AD disease.

Adiagnosis of Alport syndromeis confirmed when the glomerular
basement membrane (GBM) is thinned, lamellated, or thinned with
short stretches of lamellation (Table 2). Immunohistochemistry of
collagenlV achainsinakidney or skin biopsy sample may be useful'>".
Male patients with XL Alport syndrome have a GBM that is missing the
collagen IV a3, a4 and a5 chains and female patients have patchy loss
of these chains. In some male patients with XL disease, the collagen
a5 chain is absent from the epidermis in skin biopsy samples™. In AR
Alport syndrome the a3, a4 and a5 chains are also missing from the
GBMbut the a5 chain persists inBowman'’s capsule, the kidney tubular
membrane and the epidermis. Thus, the collagen IV a chain staining
pattern identifies XL and AR Alport syndrome and can distinguish
between XL and AR inheritance'® ">,

Genetic testing in Alport syndrome

When Alport syndrome is suspected, genetic testing laboratories
examine all three Alport genes (COL4A3, COL4A4 and COL4AS), often
using whole-exome sequencing (WES). Previously, genetic testing
for Alport syndrome depended on Sanger sequencing or Southern
blotting but these techniques have largely been replaced by WES,
whole genomic sequencing (WGS) and assessment of variants from
atargeted haematuria panel or a larger panel of up to 600 kidney
disease genes.

Currently, identified variants are assessed according to the
ACMG/AMP criteria®®, with further specific refinements for the Alport
genes’*. Criteria for disease-causing genetic variants are based on the
type (structural, copy number, null or loss of function, splicing) and rare
missense changes that affect a conserved, structurally or functionally
important amino acid.

Disease-causing variants in Alport syndrome typically differ in
each family, withmore than 5000 unique COL4A3, COL4A4 and COL4AS
variants reported in the ClinVar and LOVD databases. Pathogenic and
likely pathogenic variantsin the Alport genesinclude missense changes
(~50%), copy number variants (CNVs; 10%), frameshift variants and
terminating codons (15%), and splicing changes (15%)*.

Alport syndrome is so common that many variants have been
reported previously in apparently unrelated families in ClinVar and
LOVD. These databases record variant assessments submitted by
accredited testing laboratories and the medical literature. However,
some of these variants were reported before the ACMG/AMP criteria for
assessing variants were established™ and before large normal datasets
thatestablishrarity were available. Both of these factors may contribute
toinaccuracies in variant classification®®.
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Table 2 | Features that suggest Alport syndrome and its mode of inheritance

Mode of inheritance

Clinical features

Special tests

X-linked Male Haematuria®, proteinuria, kidney failure, hearing loss (all also Bilateral high tone sensorineural hearing loss on audiometry from

present in other genetic kidney diseases), lenticonus, fleck childhood

retinopathy (pathognomonic for Alport syndrome)®*"'? Temporal retinal thinning (>10%) on OCT in adults®

Clinical features often in the patient’s mother, her male relatives,  GBM thinning or lamellation on electron microscopy of the kidney

and the patient’s sisters and daughters biopsy sample
Absent collagen IV a3a4a5 staining in the GBM (~70%) or skin
epidermis (~80%)"*"

Female Haematuria®, proteinuria, late-onset kidney failure, hearing loss, Hearing loss on audiometry in middle age

fleck retinopathy
Clinical features in father or mother, some siblings and offspring

Normal retinal thickness on OCT in most cases™

GBM thinning with regions of lamellation on electron microscopy
of the kidney biopsy sample

Patchy loss of collagen IV a3a4a5 staining from the GBM in most
cases™

Discontinuous collagen IV a5 staining in the skin epidermis™

Autosomal-recessive

Kidney failure, hearing loss, lenticonus and fleck retinopathy®*?

Equal frequency and severity in male and female patients

Possibly similar clinical features in siblings, but milder features
(haematuria, proteinuria, late kidney failure if any) in parents and

Hearing loss on audiometry from childhood
Temporal retinal thinning on OCT*

GBM lamellation on electron microscopy of the kidney biopsy
sample

offspring

No staining of collagen IV a3a4a5 in GBM but a5 chain is present
in Bowman'’s capsule and tubular membranes™

Autosomal-dominant
hearing loss and ocular features are uncommon

Similar clinical features in one parent and some offspring

Haematuria, proteinuria, possibly 10% risk of kidney failure;

Audiometry typically normal

Normal retinal thickness on OCT*

GBM thinning on electron microscopy of the kidney biopsy sample
Less staining of collagen IV a3a4da5 in thinner GBM

Digenic

patients

If COL4A5 as well as COL4A3 or COL4A4 are affected, clinical
features resemble those of X-linked Alport syndrome in

If COL4A3 and COL4A4 are both affected, the clinical features
are intermediate between those seen in autosomal-dominant
and autosomal-recessive Alport syndrome for male and female

Test results resemble those for autosomal-recessive or
autosomal-dominant Alport syndrome, where COL4A3 and
COL4A4 are both affected; clinical severity depends on variant
type

Test results may resemble those for X-linked Alport syndrome in
male or female patients if COL4A5 is affected

affected male patients but are more severe than usually seen in

female patients

GBM, glomerular basement membrane; OCT, optical coherence tomography.

Disease-causing variants in Alport genes

Each collagen IV a chain comprises a short non-collagenous amino
terminus, a1,400-residue-long intermediate triple helical collagen-
ous sequence with multiple non-collagenous interruptions and a
230-residue non-collagenous carboxy terminus (Fig. 1). The inter-
mediate collagenous domain has a Gly residue as each third residue,
which, because Gly is the smallest amino acid, fits within the centre
of the helix. Gly can be substituted in eight different ways, with any
replacement amino acid disrupting the chain. Gly substitutions are
the most common disease-causing missense change in Alport syn-
drome. Most Gly residues in the intermediate collagenous domain
are thus considered critical residues, with increased weighting for
pathogenicity'®, although some substitutions have aless pronounced
effect on clinical features®.

Loss-of-function variants are generally categorized as patho-
genic in the ACMG/AMP criteria, except if they occur in the last exon
or the final 50 nucleotides of the penultimate exon, which do not
undergo nonsense-mediated decay®®. Canonical splicing variants in
positions +1, +2 or -1, -2 at the beginning or end of each intron (which
are normally involved in removing the intron to produce the mRNA
transcript) are also typically disease-causing. Non-canonical splicing
variants together with non-Gly missense substitutions are the most
difficult to identify and assess for pathogenicity, and usually require

the use of further strategies. Few, if any, reports exist of variants that
affect regulatory or promoter sites in the Alport genes.

Causes of missing disease-causing variants in the
Alport genes

Missing disease-causing variants occur because a VUS has beenidenti-
fied or because no suspected pathogenic or likely pathogenic change
has been found (Table 3). The most common explanations for miss-
ing variants are phenocopies (accounting for ~30%)*, VUS (20%) and
difficult-to-detect non-canonical splicing changes (20%)*. However,
aVUSisoften only reported if the laboratory considers thatitis likely
to be pathogenic but unproven. If no VUS is identified, the clinician
must consider whether the patient has clinical features that suggest
a phenocopy. If the clinician is confident that the patient has Alport
syndrome and no VUS has been identified, the laboratory may look
for a technical explanation for why no variant has been found or test
for a deep intronic splicing change.

Variants of uncertain significance

VUS arecommoninthe Alportgenes. ClinVarincludes more variants clas-
sified as VUS or ‘conflicting’, where one assessmentis a VUS for COL4A3
(30%) and COL4A4(33%), than for COL4AS (20%) (Table 1). Most Gly substi-
tutionsinthe collagenIV collagenous domain are classified as pathogenic
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or likely pathogenic, whereas variants affecting non-Gly residues are
more difficult to interpret and often categorized as VUS. Laboratories
might choose to report only probably disease-causing (or ‘hot’) VUS.

A VUS may be resolved after a clinician-laboratory consultation
oramultidisciplinary meeting in which the clinical likelihood of Alport
syndrome and the likely pathogenicity of the variant are discussed,
reverse phenotyping (where the index case is re-examined to confirm
the features of Alport syndrome and exclude phenocopies), segregation
studies of the variant with affected members of the family, demonstra-
tion of de novo occurrence of the variant in the index case, functional
assays of the variant, evidence from case-control cohortsinlarge data-
setsor biobanks, or further review after more genetic and experimental
information becomes available (Table 4). Some laboratories undertake
regular automated reviews of their VUS, for example, after 18 months.

One functional assay that is used to confirm pathogenicity
depends on the trimerization of transfected mutant collagen IV o
chainsand detection of theintracellular and secreted heterotrimers by
luminescence***. Some disease-causing variants impair the formation
ofintracellular heterotrimers and others affect secretion, and adirect
genotype-phenotype correlation with disease severity exists. Variants
that are associated with nearly normal trimer formation and secretion
areassociated with clinically mild disease and later onset proteinuria,
whereas those thatimpair intracellular trimer formation or secretion
are associated with more severe features. Trimerization assays have
been established for all three Alport genes*. These assays seem to be
sensitive and specific, but are not widely available and results have
been published for relatively few variants.

Anotherapproachwithgreat promiseisto correlatea VUS with hae-
maturiain large case-control datasets or biobanks thatinclude sequenc-
ing data and clinical information. Biobank data also demonstrate new
‘milder’ variants associated with haematuria and proteinuria in Alport
syndrome-associated genes*. Although reported clinical data may be
incomplete and complicated by incidental haematuria, this approach
canstill prove useful, and more analyses are emerging**. These studies
helptoupgrade VUSto the pathogenic or likely pathogenic classification
with datathat demonstrate thatavariantis more commonin casesthan
incontrols; or with specific phenotypic data, forexample, anassociation
withhaematuria, proteinuriaor hearingloss; or with co-segregation of
the variant with disease in multiple affected family members**. Biobank
datacanalsodowngradeaVUS tobenignor likely benign by demonstrat-
ingthattheallele frequency in controlsis more commonthanexpected;
or that no segregation occurs in family members with the variant*.

Phenocopies

The clinical features of Alport syndrome differ even for family members
with the same variant® and many overlap with those of other geneticand
non-genetic kidney diseases*. Features thatincrease the likelihood of
Alportsyndrome are persistent glomerular haematuria as well as hear-
ingloss, lenticonus, fleck retinopathy or temporal retinal thinning**,
alamellated or thinned GBM and an abnormal collagen IV & network
inthe kidney or skin' (Table 2). However, phenocopies for Alport syn-
drome are common. IgA nephropathy is seen most often, and mightbe
clinically indistinguishable from Alport syndrome, with an increased
frequency in male patients (for XL disease), as well as glomerular hae-
maturia, proteinuriaand sometimesimpaired kidney function. About
15% of people with IgA nephropathy have a family history of kidney
disease*®, whichis often due to coincidental AD or XL Alport syndrome®.
A kidney biopsy is required to make the diagnosis of IgA disease.
C3 glomerulopathy represents another less common phenocopy.

Astudy of 60 children with haematuriareported agenetic diagno-
sis of Alport syndrome in only 50%. Other children in this study had
disease-causing variants in COL4A1, MYH9 or CLCNS, corresponding
toHereditary Angiopathy with Nephropathy, Aneurysms, and Muscle
Cramps (HANAC), Fechtner syndrome or Dent disease, respectively.
The likelihood of identifying a disease-causing Alport variant was
increased with higher urinary red blood cell (RBC) counts (>500,000
RBC per ml) and proteinuria (UPC > 20 mg/mmol). Another study
of'13 adults with a thinned GBM also found a disease-causing vari-
ant in COL4A3 or COL4A4 and AD Alport syndrome in only ~-50% of
participants”. Other disease-causing variants in this cohort affected
genes associated with FSGS.

Phenocopies of Alport syndrome include other genetic causes
of glomerular haematuria (such as variants in LMX1B-, CFHR5- and
other complement pathway-associated genes), which are much less
common than AD Alport syndrome, as well as some non-genetic causes
of haematuria. Of note, urinary RBCs that are associated with famil-
ial hypercalciuria, which is often cited as a possible cause of genetic
haematuria, do not originate from the glomerulus** and donot have a
‘elomerular’ morphology. Other causes of incidental non-glomerular
haematuriainclude kidney stones, infections and contamination with
menstrual blood*’. Phenocopies of Alport syndrome also occur in peo-
ple with genetic variants associated with steroid-resistant proteinuria
or FSGS (LAMB2, Dent disease, mitochondrial disease), or with kidney
failure, especially XL causes of kidney failure (Dent disease, Fabry
disease).

Kidney diseases with hearing loss represent phenocopies for
Alportsyndrome too®’. Hearing loss is associated with 30% of the genes
implicated in congenital anomalies of the kidney and urinary tract, as
wellas with ciliopathies, genetic proteinuria, tubulopathies and cystic
kidney disease™. Some of these conditions may be diagnosed with renal
imaging. Lenticonus and fleck retinopathy are pathognomonic for
Alportsyndrome® and diffuse GBM lamellationis rarein other diseases
but sometimes occurs with local GBM damage and repair’.

Pathogenic COL4A3, COL4A4 or COL4AS variants are often
reported in cohorts of patients with proteinuria or FSGS, cystic kid-
ney disease, tubulointerstitial kidney disease or kidney failure™ >,
as well as with haematuria or suspected Alport syndrome. Although
proteinuria, kidney cysts, tubulointerstitial disease and kidney failure
are all manifestations of Alport syndrome, they are also common in
other kidney diseases. An increased number of Alport phenocopies
might be reported in renal case series because genetic analysis has

SXNNINININED

Non-collagenous
carboxy terminus

[ Il

1 1
Short Long intermediate collagenous
non-collagenous domain with Gly-Xaa-Yaa repeats
amino terminus  and interruptions that confer flexibility

on the triple helix

Fig.1| The collagen IV heterotrimer. The collagen IV heterotrimer comprises
three collagen IV a chains. Each chain has a short non-collagenous amino terminus,
a1400-residue-long intermediate collagenous domain with Gly-Xaa-Yaa repeats
and multiple non-collagenous interruptions, and a 230-residue non-collagenous
carboxy terminus. Substitutions of the Gly residues in the collagenous domain are
the most common disease-causing missense change in Alport syndrome.

Nature Reviews Nephrology


http://www.nature.com/nrneph

Review article

Table 3 | Causes of missing disease-causing variants in Alport syndrome

Cause Explanation

Strategies to resolve the missing variant®

Identified variant is of uncertain significance

vus® Insufficient evidence that the change

is disease causing

Consultation between clinicians and the genetic testing laboratory to confirm the clinical diagnosis
of Alport syndrome, examination of other family members to identify segregation of the variant with

clinical disease, functional studies that demonstrate that the variant is pathogenic, demonstration
that clinical features are associated with the variant in case-control series from large datasets, review
after at least 18 months when more genetic and experimental evidence of pathogenicity has become

available

No disease-causing variant has been identified

A phenocopy with clinical features
that resemble Alport syndrome

Phenocopies

Confirm Alport syndrome with audiometry, retinal imaging or optical coherence tomography, or with
a kidney or skin biopsy; consider other genetic and non-genetic causes of haematuria, proteinuria

and kidney failure, including IgA nephropathy, C3 glomerulopathy and CAKUT; and perform a kidney
biopsy or imaging for confirmation

Technicalissues Incomplete coverage of some

COL4A3-COL4A5 exons

Although no longer a major problem with most current WES techniques, incomplete coverage might
account for a missing variant in older sequencing; the sequence should be re-examined for a deletion

or variant and WGS performed

Structural and copy number variants

Analyse the sequence with a computational algorithm that detects deletions and duplications; copy

number variants may be confirmed with long-read sequencing

Non-Gly substitutions

Perform family segregation studies and functional assays, examine clinical features associated with

a variant in case-control series from large datasets; review once more genetic and experimental
information is available

Somatic mosaicism

Deep sequencing, sequencing of multiple tissues

Non-canonical, deep intronic or
synonymous splicing variants

Splicing variants

Perform long-read sequencing or WGS, prioritize putative splicing variants with computational tools
and confirm splicing aberrations with targeted RNA sequencing, a minigene assay or previous report

2VUS often comprise non-Gly and some Gly substitutions, non-canonical splicing changes and synonymous variants that affect splicing. "Consider examination of a kidney biopsy for GBM
appearance on electron microscopy and collagen IV a chain composition to diagnose XL, AR and AD Alport syndrome. A kidney biopsy or imaging might also identify phenocopies. CAKUT,
congenital anomalies of the kidney and urinary tract; CNV, copy number variant; MLPA, multiplex ligation-dependent probe amplification; VUS, variant of uncertain significance; WES,

whole-exome sequencing; WGS, whole-genome sequencing.

reduced the need for detailed phenotyping and invasive tests such as
kidney biopsies.

Clinical testing (audiometry, retinal photography, optical coher-
encetomography) of the patient or an older family member, typically
the mother of a possibly affected boy, might confirm the diagnosis of
Alportsyndrome. A thorough clinical examination, imaging studies or
kidney biopsy samples might suggest an alternative diagnosis.

Importantly, WES should be reviewed for variants in a broader
panel of kidney disease-associated genes.

Technical explanations for missing variants

Other explanations for failure to identify disease-causing variants in
patients withsuspected Alport syndromeinclude technical difficulties that
sometimes occur with WES, such as poor exon coverage and difficulties
inidentifying complex structural rearrangements, CNVs (large deletions,
insertions, duplications) and non-canonical splicing variants, which are
oftenlocated deep within the introns or resultin synonymous aminoacids.

Incomplete coverage of some COL4A3, COL4A4 and COL4AS
exons. In the past, some genes were less well covered by commercial
sequencing assays than others because of their repetitive nature or
high guanine-cytosine content™. In particular, COL4A3sequencing was
problematic. However, issues with coverage have become less impor-
tant as a cause of missing variants in Alport syndrome as sequencing
assays haveimproved.

Copy number variants, including deletions and duplications.
WES has low sensitivity for the identification of structural variants

and CNVs that affect a large number of nucleotides. However, com-
putational methods are now available to identify these variants on
re-examination of the sequencing data®. CNVs can also be detected
with Multiplex Ligation-dependent Probe Amplification (MLPA), which
uses custom-designed probes to detect small chromosomal abnor-
malities in specific genes. However, long-read sequencingis replacing
MLPA in difficult-to-map locations and where deletions are too large
tobe detected by WES.

Complex structural variants, intronic and splicing variants. WES
may overlook complex structural, intronic and splicing variants but
these are detected with WGS and long-read sequencing. Long-read
sequencing examines between 5000 and 30,000 base pairs, eliminates
the amplification bias seen with WES and results in better sequence
assembly. Thisapproachis particularly helpful inidentifying complex
structural variants, such asinsertions, deletions and inversions, as well
as for intronic and splicing changes. The accuracy and availability of
long-read sequencing are improving, and the cost is falling.

Non-Gly substitutions. Relatively few pathogenic non-Gly substitu-
tions have been reported in Alport genes. The pathogenicity of these
substitutions canbe confirmed by segregation studies within a family,
and case-control studies in large biobanks. Functional assays have
been used almost exclusively to test Gly substitutions*, suggesting that
studying non-Gly substitutions might be more problematic.

Mosaicism. Mosaicism is present when a tissue has two sets of
cells, one with and one without the disease-causing Alport variant.
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Mosaicism is a rare cause of missing disease-causing variants in
XL Alportsyndrome’®®~’. Its apparentrarity is due in part to difficulty in
identification as well as theinaccessibility of affected tissues. WES and
deep sequencing can be used to identify mosaicism but germline vari-
ant pipelines typically only detect allele fractions of somatic mosaicism
greater than 15-20%. Mosaicism in people with Alport syndrome has
beenidentified using urinary podocytes, cultured renal epithelial cells,
peripheralbloodleucocytes, hair roots and oral mucosa, and with MLPA
and droplet digital PCR in X-linked disease®.

Splicing variantsin Alport genes

In one study of 422 Japanese boys and men with XL Alport syndrome,
splicing changes accounted for 17% of all identified pathogenic
variants®. However, the contribution of splicing variants to Alport
syndromeis likely to be underestimated because WES does not provide
comprehensive coverage of intronic regions, and variants outside the
canonical splice sites are often not reported.

RNA splicing requires the recognition of distinct sequence motif's
atexon-intronboundaries.In COL4A3, COL4A4 and COL4AS, the donor
splice site comprises the last three nucleotides of the exon, followed by
the highly conserved GT dinucleotide atintronic positions +1and +2, as
wellasthe firstsix nucleotides of theintron (Fig.2). The acceptor splice
siteincludesthe highly conserved AG dinucleotide at positions—2and -1
and a polypyrimidine tract immediately upstream. In addition, a
branch point site, characterized by a conserved A, is most commonly
at positions —18 to —44.

During pre-mRNA splicing, non-coding introns are removed, and
the coding exonsare ligated to form mature mRNA. Splice region vari-
ants that disrupt this process lead to aberrant mRNA transcripts that
canresultinaframeshift, triggering nonsense-mediated mRNA decay,
or an in-frame product that encodes a truncated type IV collagen o
chain. Variants affecting the canonical splice sites (the GT and AG
dinucleotides at the +1and +2 positions of theintron-exonboundaries)
almostinvariably disrupt splicing. However, even whenidentified with

Table 4 | Techniques that can help to identify disease-causing variants

103

Technique

Strengths

Limitations

Diagnostic methods

WES

Detects most variants in exons and nearby splice regions; widely
available, fast and inexpensive; CNVs can be detected using
additional bioinformatic tools

Does not typically detect complex variants, intronic changes (including
promoter and deep intronic splicing) or mitochondrial changes; poorly
covers some exons, GC-rich regions and highly repetitive regions

Sanger sequencing

Highly accurate for sequencing short regions of DNA (up to
800bp), suitable for targeted sequencing, widely available and
cost-effective

GC-rich regions can be difficult to sequence, sequencing may include
errors; low throughput and cannot be scaled up; relatively expensive

Multiplex
ligation-dependent
probe amplification

Detects CNVs, single exon deletions and duplications, detects
even changes of a few nucleotides, can detect mosaicism, highly
sensitive and specific, high throughput, relatively low cost for a
gene or region of interest

Does not detect single-nucleotide variants, is gene- or region-specific

WGS Examines all coding and non-coding regions, detects all variant Identifies more potentially disease-causing variants (that must be
types including mitochondrial variants, very high diagnostic rate, assessed) than other methods, non-coding variants often depend on
avoids the bias seen in short-read sequencing RNA testing for interpretation, difficult to analyse longer fragments such
as a large structural changes, relatively high cost compared with WES
Long-read Useful for detecting CNVs and complex repeats, especially in Lower accuracy per read than with WES, may have a higher cost than WES
sequencing regions that are too long for short-read sequencing
Bulk RNA Diagnostic analysis of the transcriptome, can detect novel Does not measure gene expression within different cell populations,
sequencing transcripts and gene fusions short reads provide limited transcript information, may be difficult to

accurately map to the genome

Targeted RNA
sequencing

Focuses on transcripts of interest with a high sequencing depth
and coverage, can detect novel splicing variants accurately and
cost-effectively

Analysis limited to target sequences, capture method may bias
transcript detection and quantification, more computationally difficult
and may be more expensive than bulk RNA sequencing

Methods that can confirm the pathogenicity of a candidate variant

Reverse
transcription PCR

Highly sensitive even for genes with low expression, simple and
cost-effective

Sensitivity is limited by prior knowledge of splicing outcomes,

primer design and amplification conditions; quantification of
transcripts skewed by PCR amplification bias; may fail because of
nonsense-mediated decay and low gene expression; may be difficult to
interpret when multiple splicing events and transcripts exist

Minigene assays

Confirms splicing variants, identifies different splicing patterns;
relatively simple to perform, does not require patient tissue

Does not necessarily reflect the splicing that occurs in vivo, may not be
suitable for deep intronic variants or regions with complex alternative
splicing

Functional
trimerization
assays

Distinguishes between pathogenic and non-pathogenic variants,
may predict disease severity

Not widely available, relatively few results have been published

Case-control
comparisons in
large datasets

Enrichment of a variant in patients with a phenotype of interest
compared with healthy individuals suggests pathogenicity

Few studies have been published, many variants are found too
infrequently in datasets for analysis

CNV, copy number variant; GC, guanine-cytosine content; WES, whole-exome sequencing; WGS, whole-genome sequencing.
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Fig. 2| Splice site motifs in Alport genes. This schematicillustrates the key
features of the splice site sequences for COL4A3, COL4A4 and COL4AS. The
canonical splice sites are the highly conserved GT and AG dinucleotides at the
intron-exon boundaries (+1and +2 and -1and -2, respectively). Beyond these
sites, several other positions are critical for accurate splicing of pre-mRNA. In

the donor splice region (-3 to +6), the conserved G at the -1and +5 positions are
crucial for recognition of the splicing machinery. Gto A, C, or T substitutions that
affect the -1and +5 positions are more likely to disrupt splicing. The acceptor
splice region (-20 to +1) includes the polypyrimidine tract, a pyrimidine-rich
sequence immediately upstream of the canonical acceptor site. The branch point
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site A, commonly positioned between nucleotides -18 and —44, is essential for
splice site recognition. Pyrimidine (C or T) to purine (G or A) substitutions at

the -3 position are likely to impact splicing, as are purine (G or A) to pyrimidine
(CorT) substitutions at the first nucleotide of the exon. Variants that create an
AGdinucleotide in the polypyrimidine tract between the branch point and the
canonical acceptor site (the AG exclusion zone) are the most common pathogenic
acceptor splice region variants after canonical acceptor splice site variants

(46). Thelarger nucleotides in this schematicindicate a higher frequency of the
nucleotide occurring normally at any given position. Substitutions from the most
frequently found nucleotides at these sites are more likely to alter splicing.

WES, the precise nature of aberrant transcripts and theirimpact on the
encoded protein are difficult to predict.

Non-canonical, synonymous and deep intronic splicing variants. Up
to half of all splice-altering variants occur outside the canonical splice
sites®, and because their effect is unpredictable®, they are frequently
classified as VUS. Non-canonical splice region variants occur in con-
served sequences near the exon-intronjunctions (Fig.2).Inthe splice
donorregion, substitutions at the highly conserved + 5 G might cause
aberrant splicing. Substitutions, deletions and insertions at the +3, +4
and +5 positions also resultin aberrant splicing®.

In the acceptor splice region, the most common non-canonical
pathogenic variants are those that create an AG dinucleotide between
thebranch pointand the canonical acceptor site, aregionknownasthe
AG exclusion zone (-20 to -5)** (Fig. 2). Substitutions at-3C/T>A>G
are also likely to be splice-altering, and G > C/T substitutions at the
first nucleotide of the exon may impact splicing. In addition, splicing
variants deeper in the polypyrimidine tract (-3 to —20) and branch
point site (typically -18 to —44) can cause exon skipping or activate a
crypticsplice site®.

Deep intronic variants beyond the donor and acceptor splice
regions are not detected by WES and require WGS. They may disrupt
splicing by creating de novo cryptic splice sites, resultingin the inclu-
sionofa‘cryptic exon’ or ‘pseudoexon’ into the mature mRNA, thereby
altering the reading frame.

Splicing variants often produce a loss of function (truncating
variants) but exon skipping or cryptic splice site activation can also
result fromin-frameindels thatdisrupt the heterotrimerization of the
collagen IV triple helix. Half of all splice-altering variants result in two
or more aberrant transcripts that potentially affect disease severity
differently®. Male patients with XL Alport syndrome due to splicing
variants that result in a truncating change in the transcript develop
kidney failure at a median age of 20 years, whereas those with splic-
ing changes that do not resultin a truncating change in the transcript
develop kidney failure at a median age of 29 years®.

About aquarter of nucleotide substitutions code for synonymous
aminoacids. Thesesubstitutionsarenotnecessarilybenignand havebeen
implicated in the pathogenesis of more than 50 diseases, including XL
and AD Alport syndrome®®*’, Synonymous variants can resultin disease
by disrupting splicing (Table 5). Such disruption commonly occurs
when the substitution affects the conserved G at the last nucleotide of
anexon, acritical position for splice-site recognition’ (Fig. 2). Overall,
about 4% of synonymous variants have a deleterious effect on splic-
ing, through their effects on mRNA splicing, stability or translational
efficiency”. In one study, 85% (17 of 20) of synonymous changes that
resulted from last nucleotide substitutions of COL4A5 exons caused
aberrantsplicing’’. Most G > A/C/T substitutions at the last nucleotide
of the COL4A5 exons result in aberrant splicing variants and a pheno-
typethatisless severe than that of nonsense COL4AS variants but more
severe than that of missense COL4AS changes™. The average age atkid-
ney failure for male patients withasynonymous COL4AS5 splicing variant
was 18 years compared with 27 years for those with a missense change’.

Single-nucleotide substitutions at the second and third from last
nucleotide in the exon may also resultin aberrant splicingbut are less
likely to be synonymous and also less likely to beidentified as putative
splicing variants or prioritized for RNA analysis than those in the last
nucleotide of the exon’. However, they may convert the variant type
from, for example, a non-truncating to a truncating change’ (Table 6).
These variants might be interpreted as VUS, but their pathogenicity can
be assessed using prediction software and confirmed with RNA studies.

In silico prediction tools for splicing variants. Several machine-
learningtools, such as SpliceAl, can predict whether avariant disrupts
splicing with good accuracy” 7 and are valuable for prioritizing can-
didate variants for experimental validation®. However, these tools
cannotreliably determine how splicing will be altered or the proportion
of aberrant transcripts produced.

SpliceAl accurately predicts aberrant splicing for non-canonical
substitutions, especially those within 10 nucleotides of the intron-exon
boundary in Alport genes. However, similar to another splicing tool,
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MaxEntScan, SpliceAlis less effective at predicting the effect of splicing
variants located deep within the intron® or at branch points.

SpliceAl is based on a deep-learning model that predicts splice
sites using 10 kb of sequence context to outputadeltascore (A score),
defined as the difference in predicted splice site probability between
the wild type and the variant sequence. This score ranges fromOto1
and represents the loss of the native splice acceptor and donor sites
or creation (gain) of cryptic acceptor and donor splice sites”. The
SpliceAl designers recommend a delta score threshold of >0.5 for
splicing predictions, whereas >0.2 and >0.8 are suggested for high
recall and high precision, respectively. However, a lower threshold
of >0.1has also been suggested as a high sensitivity threshold for rare
variants that segregate with disease®’. On the other hand, one study
of Alportsyndrome that used a SpliceAl A score cut-off of >0.5 identi-
fied only 6 of 15 proven deep intronic splicing changes®. The sensitiv-
ity was higher (71%) for variants near exons. Calibrated thresholds
based on experimentally verified COL4A3-COL4AS splicing variants
will improve accuracy, but current datasets are too small for robust
calibration.

Thus, SpliceAl performs well® for variants that create or modify
the essential splice site motif of a cryptic splice site®®, but is less effec-
tive at identifying deep intronic splicing and branchpoint variants.
Another tool, the compendium of alternative splicing events (Splice
Vault) has higher positive predictive values than SpliceAl for predict-
ingthe nature of aberrant transcripts and whether mis-splicingisin or

outof frame, but have alow predictive value overall®®. Fortunately, the
accuracy of insilico splicing prediction tools continues to improve.

Experimental validation of splicing variants. In silico predictions
aloneareinsufficient to confirm the pathogenicity of splicing variants
outside canonical splice sites. WES, WGS or long-read sequencing might
suggest multiple putative splicing variants that must be ranked to deter-
mine which is most likely to be causative. Consulting the literature is
important because disease-causing splicing variants are oftenrecurrent
and may have been reported previously (Supplementary Table 1). For
splicing variants outside the canonical splice sites, experimental evi-
denceisrequired todemonstrate pathogenicity. This step ofteninvolves
testing RNA from a patient-derived tissue sample orin aminigene assay.

Bulk RNA sequencing (sequencing all RNA in a biological sample)
canidentify aberrant splicing eventsinacandidate gene, but obtaininga
tissue sample with sufficient gene expression may be difficult (Table 4).
Theamount of mRNA for analysis is limited by the clinical inaccessibility
oftissue and by nonsense-mediated decay of aberrant transcripts. Kid-
ney biopsy samples are typically formalin-fixed, which resultsin low RNA
quality and quantity, making them difficult to use for RNA sequencing®.

Targeted RNA sequencing overcomes these challenges and is
highly sensitive for detecting alternative splicing changes because it
enables investigation of multiple variants even without a candidate®.
This approach also enables examination of even low-abundance tran-
scripts correspondingtothe gene of interest. Laboratories might source

Table 5 | Examples of disease-causing synonymous missense variants in Alport genes that result in splicing changes

Variant Clinical features of the patient Confirmation of splicing Refs.
COL4A5 (NM_000495.5)
c.876 A>T (p.Gly292=) Man aged 19 years with haematuria and proteinuria from the age of 3 years, lamellated GBM 17bp deland 35bp delin 89,104
and no collagen IV a3, a4 or a5 chain expression, kidney failure at age 18 years a minigene assay
Affected family members (brother with eGFR 32ml/min/1.73 m? at age 23 years; mother with
eGFR 60 ml/min/1.73 m? haematuria and proteinuria)
No hearing loss or ocular abnormalities
¢.2358A>G (p.Pro786=) Man aged 43 years with haematuria and proteinuria from the age of 33 years, kidney failure at Exon 29 skippingina 89
43 years, GBM thinning, collagen IV a5 chain expressed minigene assay
Affected family members (younger brother with haematuria from childhood, proteinuria from
20 years, eGFR 32ml/min/1.73 m? at 31 years; mother with haematuria)
No hearing loss or ocular abnormalities
¢c.3906A>G (p.GIn1302=) Woman aged 56 years, haematuria and proteinuria from age 12 years, macrohaematuria, GBM Exon 42 skipping in a 89
thinning and mosaic collagen IV a5 chain expression minigene assay
Affected family members (mother and younger brother with haematuria)
No hearing loss or ocular abnormalities
COL4A3 (NM_000091.5)
c.765G>A (pThr255=) Man aged 25 years, onset with haematuria and proteinuria from age of 3 years, impaired kidney Exon 13 skipping ina 105
function at age of 25 years, lamellated GBM minigene assay
A second variant was also identified (c.4664 C>T, p.Ala1555Val) and the patient diagnosed with
AR Alport syndrome
Affected family members (mother, aunt, uncle and grandfather with haematuria)
COL4A4 (NM_000092.5)
c.735G>A (p.Pro245=) Man aged 66 years, presentation at age 50 years, with haematuria and proteinuria, normal Exon 12 skipping in a 69
hearing, eGFR 60 ml/min/1.73 m? FSGS minigene assay
Affected family member (father with kidney failure)
c.870G>A (p.Lys290=) Woman aged 43 years, onset at school age, haematuria and proteinuria since childhood, thinned  Exon 14 skipping in a 69

GBM with normal collagen IV a5 expression

minigene assay

Affected family members (father, siblings and grandmother with kidney failure)

AR, autosomal-recessive; bp, base pair; del, deletion; eGFR, estimated glomerular filtration rate; FSGS, focal and segmental glomerulosclerosis; GBM, glomerular basement membrane.
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Table 6 | Examples of non-canonical splicing variants in COL4A5 that result in splicing changes and exon skipping®

COL4A5 variant Clinical features of the male patient

Splice Alscore Confirmation of splicing Protein effect

Second from last nucleotide of exon

c.2145A>G (p.Lys715=) Not known 0.05 Exon 27 skipping ina p.Asp682_Gly716del in-frame deletion
minigene assay

C.2394A>T (p.Lys798Asn)  Not known 0.57 Exon 29 skippingina p.Gly749Valfs*20 out-of-frame deletion
minigene assay

¢.2394A>G (p.Lys798=) o7

c.4975A>G (p.Ser1695Gly) Not known 0.58 Exon 50 skipping in p.His1602* nonsense
minigene assay

Third from last nucleotide of exon

c.544C>T (p.Gln182*) Not known 0.03 Exon 9 skipping in p.Gln182* nonsense
minigene assay

c.685A>T (p.Lys229*) 26 years old at presentation, with hearing loss  0.29 Both exon 12 skipping p.Lys229* nonsense; p.Asn217_Gly230del
and normal splicing in-frame deletion

c.4974C>T (p.Phe1658=) Developed proteinuria at age 2 years, kidney ~ 0.37 Exon 50 skipping in a p.His1602* nonsense

failure at age 15 years, with hearing loss

minigene assay

“Data obtained from Okada et al.””.

RNA fromurinary podocytes® or fibroblast cell cultures derived from
skin biopsy samples. Cultured cells have the advantage of producing
increased transcripts when nonsense-mediated mRNA decay is inhib-
ited with protease inhibitorsin vitro. Advanced bioinformatics tools can
detectaberrant RNA expressionand splicing outliers®* %, For example,
DROP is a computational workflow that integrates identification of
RNA expression outliers, monoallelic expression (loss of expression
from one allele) and splicing outliers into a single analysis pipeline®.

Analternative to mRNA analysis from patient-derived samplesisto
transfect minigenes or plasmid-based constructs thatinclude the exon
ofinterestandits flanking regionsinto cell lines and then examine them
using reverse transcription PCR or RNA sequencing to demonstrate
splicing patterns. Minigenes demonstrate whether the variant disrupts
normal splicing, the number and size of aberrant transcripts, and any
evidence of exon skipping, alternative splicing or intron retention,
and hence the likelihood of pathogenicity. Minigene assays are help-
ful for the evaluation of splicing from intronic variants, synonymous
changes and variants in the last nucleotides of exons®”%#%% Their
major disadvantages are the difficulty of inserting large introns into
the construct and that the demonstrated splicing patterns may not
represent those seen in the kidney.

Management of patients with suspected missing
disease-causing Alport variants
When no disease-causing variant is identified, an important first step
is to confirm the diagnosis of Alport syndrome, with the presence of
haematuria, hearingloss, lenticonus, fleck retinopathy, temporal reti-
nal thinning or a family history of haematuria, proteinuria or kidney
failure. Examination of an older family member, often the mother of a
boy withsuspected XL Alport syndrome, may be necessary to make the
diagnosis because haematuria may be the only feature presentearlyin
the disease. Alternatively, a kidney biopsy sample that shows a lamel-
lated or thinned GBM confirms a diagnosis of Alport syndrome too.
Collagen IV a chainimmunohistochemistry of the kidney or skin may
be confirmatory. Akidney biopsy sample can also identify phenocopies
of Alport syndrome such as IgA nephropathy or C3 glomerulopathy.
Theapproach toresolving amissing disease-causing variant gen-
erally differs for VUS and for patients for whom no genetic variant

has been identified (after exclusion of phenocopies). Some labora-
tories routinely review VUS or review them on request. The methods
that are required to identify non-canonical splicing variants are more
complicated than those for other variants detected with WES and are
not widely available (Table 4). One approach is to perform long-read
sequencing or WGS to identify all possible disease-causing variants,
prioritize these variants using computational tools and confirm their
pathogenicity using targeted RNA sequencing. WGS, prioritization
of variants and confirmation with RNA sequencing (for example, of
urinary podocytes) may be useful for COL4A3 and COL4A4 as well as
for COL4A5 changes, detecting more variant types than WES, and does
notrequire a skin biopsy.

Deep intronic changes are difficult to rank computationally. As
for variant prioritization, searching databases and the medical litera-
ture for the variant of interest is worthwhile because intronic splicing
changes tend to recur in apparently unrelated families®. Improved
computational tools and data sharing, especially from large datasets,
arecritical toreduce the number of missing ‘disease-causing’ variants
inall genetic diseases”, including Alport syndrome.

Nosingle approach canidentify all of the missing disease-causing
variantsin Alportsyndrome, and the efficacy of the available strategies
hasnotbeen compared. The chosenapproach depends onthe expertise
ofthelaboratory, theimportance of the outcome and the availability of
funding. Each method has strengths and limitations. WGS detects deep
intronic changes and other non-coding variants butis costly, long-read
sequencing is less expensive but has a lower accuracy per-read than
WGS, and targeted RNA sequencing confirms aberrant splicing but
affected tissues may be difficult to access (Table 4). One study that used
targeted RNA sequencing followed by WGS found the missing vari-
ants in most patients with clinically suspected Alport syndrome®. The
researchers recommended this approach for all forms of suspected
genetic kidney disease, but data on normal splicing variation is needed
foritto be useful.

People with suspected Alport syndrome without an identified
disease-causing variant should be managed as though they have Alport
syndrome until the diagnosis is confirmed or excluded. Treatment for
Alportsyndromeis generally the same as for other causes of impaired
kidney function and includes lifestyle factors (smoking cessation,
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maintaining a healthy weight, blood pressure control, regular exer-
cise), RAAS blockade® and, if necessary, SGLT2 inhibitors’* to control
proteinuria. The risks of this treatment are low, and the earlier the
treatmentis commenced, the better the outcome. Thus, male patients
with XL Alport syndrome and male and female patients with AR disease
should be treated with RAAS blockade from the time of diagnosis’.
Female patients with XL Alport syndrome and male and female patients
with AD disease should be treated from the onset of proteinuria.

Missing variants in other genetic kidney diseases
Missing variants are also common in genetic kidney diseases such as
ADPKD and FSGS'?°. The causes of these missing variants and the
strategy to manage them are similar to those for Alport syndrome.
However, additional explanations exist for missing disease-causing vari-
ants in non-Alport genetic kidney disease. For some of these diseases
the affected genes are still unknown. Mitochondrial disease owing to
pathogenic variants in mitochondrial or nuclear DNA that result in
FSGS, kidney cysts and tubulopathies may be overlooked®*. Some genes
areassociated with multiple phenotypes and the identified variant may
seeminconsistent with the clinical features. For example, pathogenic
HNFI1Bvariants are associated with congenital anomalies of the kidney
andurinary tract, FSGS, cystic kidney disease, medullary sponge kidney
and a tubulopathy®. Finally, several genes that cause biallelic disease
are now recognized to also result in disease in the monoallelic form”*””.
The existence of missing variants means that the contribution of genetic
disease is underestimated for most kidney phenotypes.

Conclusions

Missing variants in Alport syndrome have become less common owing
todevelopmentsin genetic testing. Current assessment or testing strat-
egies mightidentify disease-causing variants in patients with suspected
Alportsyndrome for whom no disease-causing variant has been identi-
fied using WES in the past decade. Future approaches to identifying
missing variants will probably focus on targeted long-read sequencing,
WGS and RNA sequencing to identify and confirm splicing variants.

Laboratories are now more likely to examine a large kidney dis-
ease gene panel because of the overlapping phenotypes seen with
genetickidney diseases, commonly-used tools are available to examine
sequencing for copy number variants, more and better computational
assessments can be used to assess splicing changes, more previously
confirmed disease-causing variants including non-canonical splicing
variants have been published in variant databases such as ClinVar and
LOVD, and more laboratories are using long-read sequencing and
targeted RNA-sequencing.

Although the number of VUS reported in routine diagnostic labo-
ratoriesisstill problematic, the ClinGen Glomerulopathy Expert Panel
is developing specific criteria for the Alport genes to reclassify these
variants as likely pathogenic, pathogenic, likely benign or benign®.In
the future, reference centres will confirm that non-canonical splicing
variants are disease-causing and further data sharing including from
large biobanks will reduce the number of people with suspected Alport
syndrome without anidentified disease-causing change.

Published online: 11 March 2026
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