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The genetic landscape of steroid-resistant nephrotic syndrome (SRNS) is dramatically changing. Extended genetic
testing is a key tool in understanding the pathophysiology of the disease and in identifying a precise etiology, with
important implications in the clinical management of patients. However, forward genetics (i.e. moving from
phenotype to genotype) is frequently insufficient. In this view, advancing and finishing diagnostic strategies,
including reverse genetics and phenocopies identification, is pivotal in improving the approach to patients with
SRNS.
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| 1. Introduction

Nephrotic syndrome (NS) is a clinical picture common to different glomerular and non-glomerular diseases, with
variable response to treatments and heterogeneous outcomes. In children and adolescents, primary NS is
classified as steroid-sensitive (SSNS) and steroid-resistant NS (SRNS) based on the response to standard steroid
treatment. Patients with SRNS have a significantly worse prognosis due to an increased risk of developing chronic
kidney disease (CKD) and severe side effects of immunosuppressive therapies that are commonly used as
second-line treatments.

Genetic testing has become a valuable diagnostic tool in defining the etiology of SRNS, leading to the identification
of a genetic cause in about 30% of patients (monogenic podocytopathies). Genetic SRNS has no chance to
respond to immunosuppressive therapies and frequently progresses to end-stage kidney disease (ESKD),
accounting for about 15% of pediatric cases 2. The identification of genetic SRNS is pivotal in order to tailor
therapeutic measures and prognosis prediction, as well as genetic counseling for reproductive and organ
transplantation purposes.

The advent and spreading of next-generation sequencing (NGS) have significantly improved diagnostic strategies
for inherited diseases, including SRNS. Indeed, simultaneous sequencing of multiple genes has become feasible,
time- and cost-effective and is increasingly performed, either in diagnostics or in research. However, after an initial
phase, widening the number of genes analyzed by NGS in patients with SRNS did not result in a significant
improvement in the diagnostic rate of genetic forms that stabilized around 30%, thus hindering the advent of

precision medicine in SRNS. Recent evidence supports the hypothesis that “phenocopies” could account for a non-
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negligible fraction of SRNS patients who are currently classified as non-genetic upon standard genetic testing (i.e.,
genetic analysis limited to monogenic podocytopathies) B4 paving the way for a more comprehensive
understanding of the overall genetic background of each single patient and for the elucidation of potential genetic
biomarkers of disease progression in SRNS. Following its first introduction in medicine, the term phenocopies is
currently used to identify patients sharing the same phenotype who are carriers of different genotypes. Genetic

testing is crucial for detecting phenocopies. However, it can be insufficient.

| 2. From Phenotype to Genotype and Backwards in SRNS

Thanks to the improvements and cost-cut of massive parallel sequencing techniques, in recent years, several
studies have been carried out using NGS in large cohorts of patients affected by kidney diseases, paving the way
for its use in the standard clinical work-up, when genetic etiology is suspected. Genetic testing allows clinicians to
test the hypothesis that a phenotype is caused by mutations in disease-causing genes (moving from phenotype to
genotype, Figure 1A). The continuous growth in the number of genes reported in association with a specific
disease (phenotype) makes NGS ideal to address this diagnostic issue (genotype). However, the spreading use of
NGS forces geneticists and clinicians to deal with the problem of unexpected results (i.e., mutations in genes not
previously reported in association with the phenotype) and with the challenge of disease reclassification, especially
with whole-exome sequencing (WES; i.e. sequencing of all coding region of DNA). WES has proven to be useful
for the reclassification of various inherited nephropathies, such as nephronophthisis, ciliopathies and CAKUT BIEIZ
[BIRILONIAI2]S] - Strikingly, in recent years, WES has been successfully applied also in unselected cohorts of adult
patients with ESKD of unknown origin, identifying a monogenic cause in nearly 10% of cases who were therefore
reclassified 14115 As above mentioned, patients presenting with a phenotype corresponding to a specific
hereditary disease but not carrying the expected genotype can be considered phenocopies. However, establishing
a causative relationship between (unexpected) genotype and phenotype (moving from genotype to phenotype, also

known as reverse genetics) could be tiresome. Very recently, the genetics of SRNS started this challenge.
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Figure 1. From phenotype to genotype, and back. (A) Genetic testing can be used to confirm the clinical suspect of
a genetic disease, looking for mutations in disease-causing genes (from phenotype to genotype). Genetic testing
can be performed either with traditional Sanger sequencing (if only one gene can cause the phenotype or if the
clinical suspect is extremely high) or with NGS (if more than one gene is known to cause the disease). (B)
Extended genotyping can result in unexpected genetic findings (i.e., mutations in genes not classically reported in
association with the clinical phenotype of the patient). Reverse phenotyping represents a strategy to verify the
hypothesis of a specific genetic diagnosis (from genotype to phenotype). By looking for subtle, previously
overlooked clinical signs or symptoms related to the genetic diagnosis, reverse phenotyping can reclassify the

diagnosis and initiate personalized clinical management.

Genetic testing with NGS has become a reliable and affordable diagnostic tool in patients with early-onset
idiopathic SRNS, leading to an improvement in the personalized management of about 30% of cases who result as
being affected by a genetic disorder caused by mutations in one of about 30 genes responsible for monogenic
podocytopathies 1817 However, a genetic etiology has been claimed for many SRNS patients classified as non-

genetic by currently performed genetic testing.

Despite being usually recognized by standard diagnostic work-up because of clinical features suggestive of the
syndromic picture, genetic nephropathies outside the podocytopathies spectrum (e.g., Alport syndrome, Dent
disease) can rarely present as isolated SRNS or focal segmental glomerulosclerosis (FSGS), preventing a precise
diagnosis and leading to misclassification [18l1911201[21]221[23]124] '|ndeed, genetic testing for podocytopathy genes is
negative. According to the general concept, these conditions can be named phenocopies of monogenic
podocytopathies, since they present with a clinical picture of apparently isolated SRNS but they are not caused by
mutations in podocytes genes [22126]1271[28][29] A comprehensive genetic testing in SRNS should therefore comprise

phenocopy genes in order to provide a conclusive diagnosis and correctly classify disease entities (Table 1).
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Table 1. Phenocopy genes. This is a table illustrating phenocopy genes and the disease usually caused by their

mutations (phenotype).

Gene Phenotype Ref.
CLCN5 CHLORIDE CHANNEL 5 Dent disease (3][4][20](21][30]
[3][4][14][25][31][32]
COL4A3 COLLAGEN, TYPE IV, ALPHA-3 Alport syndrome 33]
COL4A4  COLLAGEN, TYPE IV, ALPHA-4 Alport syndrome [14][18][25][32]
COL4A5 COLLAGEN, TYPE IV, ALPHA-5 Alport syndrome [B1[14](32][33]
GLA GALACTOSIDASE, ALPHA Fabry disease Bl4)s3]

ALANINE-GLYOXYLATE . . 3]
AGXT AMINOTRANSEERASE Hyperoxaluria, primary, type 1

CTNS CYSTINOSIN Cystinosis (=14l

FN1 FIBRONECTIN 1 O AT El
fibronectin deposits 2

WDR19 WD REPEAT-CONTAINING PROTEIN 19 Nephronophthisis 13 =l

LAMB2 LAMININ, BETA-2 Pierson syndrome (4l

FAT1 FAT ATYPICAL CADHERIN 1 FATL related glomeruilo- 4
tubular nephropathy

FAT4 FAT ATYPICAL CADHERIN 4 Van Maldergem syndrome 2 (4l

PAX2 PAIRED BOX GENE 2 Papillo-renal syndrome/FSGS (4l

LMX1B LIM HOMEOBOX TRANSCRIPTION FACTOR Nail—patella syndrome [4]

1, BETA
KANK1 KN MOTIF- AND ANKYRIN REPEAT Cerebral palsy 4]

DOMAIN-CONTAINING PROTEIN 1

First insights into the importance of disease reclassification in SRNS came in recent years from case reports
describing examples of phenocopies mimicking idiopathic SRNS that led to erroneous treatment. In 2013,
Fervenza 29 reported the case of an 18-year-old patient presenting with nephrotic-range proteinuria who had been
previously diagnosed as minimal change disease and then as “biopsy-missed” FSGS. Indeed, during the course of
the disease, the patient received a therapeutic trial with steroids and cyclosporine. Only after treatment failure,
further reconsideration of laboratory and biopsy findings allowed the suspicion of Dent disease that was then
confirmed by genetic analysis, not performed earlier, showing a frame-shifting mutation in the CLCN5 gene. A
similar case was reported by Saida et al. [21],
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Besides single case reports, the first systematic studies showing the role of mutations in other than common
SRNS-causing genes, but clinically mimicking the phenotype, were performed in patients with mutations in the
Alport syndrome-related gene COL4A 34l Starting from the observation that patients with autosomal dominant
Alport syndrome due to heterozygous mutations in COL4A3 and COL4A4 could present with a variable clinical
phenotype, including isolated severe proteinuria with FSGS at kidney biopsy, Malone et al. 22 speculated that
some patients receiving a generic diagnosis of FSGS could instead be mutations carriers in COL4A3 and COL4A4
and so be misclassified. Using WES, they tested a cohort of 70 families with a diagnosis of familial FSGS. In seven
out 70 families, genetic testing showed heterozygous mutations in COL4A3 or COL4A4 segregating with disease
manifestations. Interestingly, in all seven families, there were individuals with nephrotic-range proteinuria and
histologic features of FSGS by light microscopy. As the authors reported, these findings demonstrated a possible
overlap between phenotypes induced by COL4A3 and COL4A4 variants and familial FSGS genes, suggesting that
screening for rare variants/mutations in these genes in families referred with a diagnosis of familial FSGS is
essential for better disease definition and treatment 231, Similar results came from other studies where the genetic
approach reclassified the diagnosis or the clinical suspicion of SRNS/FSGS as Alport syndrome spectrum L4135](31]
(32 |nterestingly, some of these studies included also sporadic cases, demonstrating that the correct genetic
diagnosis and disease reclassification are mandatory even in the absence of clear familial history 4. In addition,
attempts to identify subtle clinical findings related to the genetic diagnosis of Alport syndrome (e.g., glomerular
basement membrane thinning/lamellation at electron microscopy) were sometimes performed, although not

systematically BHE2 A similar story applies to other genes, such as PAX2 [23],

In the last few years, thanks to the recognition that mutations in many genes can mimic SRNS, therefore acting as
phenocopies, the spectrum of genes responsible for SRNS has been considerably widened. In a recent paper,
Warejko et al. aimed at detecting monogenic causes of early-onset SRNS in an international cohort of 300 families
by using WES and analysis of a large panel of genes including “phenocopy genes”. The authors reported detection
of phenocopies in almost 5% of patients with SRNS. The mutations were found in eight phenocopy genes,
specifically COL4A5, COL4A3, CLCN5, GLA, AGXT, CTNS, FN1 and WDR19 Bl Interestingly, the term
“phenocopy” was used for the first time in this work in the field of SRNS. Following a similar approach,
phenocopies of monogenic podocytopathies can actually be found in other studies assessing the role of NGS in
nephropathies, either in children or adults [ISI18ISSIS0I86] | these studies, unbiased extended genetic testing
allowed authors to turn the initial clinical diagnosis into a specific genetic diagnosis. Specifically, phenocopies of
monogenic podocytopathies were detected at a rate of 1-5%. All these patients received a generic clinical
diagnosis of SRNS or FSGS before undergoing genetic analysis [J14][25][33][30](36]

From a clinical point of view, the latest progress in the diagnostic algorithm is the possibility to couple extended
genetic analysis with reverse phenotyping, enabling a more precise differentiation between overlapping
phenotypes and leading to a reclassification of the diagnosis in individual patients ME3I37, |ndeed, including genes
responsible for inherited nephropathies other than monogenic podocytopathies (ideally, all “CKD genes”)
represents the first step for a correct diagnosis of SRNS. However, the occurrence of unexpected findings needs to
be addressed in order to provide reliable diagnostic results (Figure 1B). In a recent paper, Landini et al.

systematically addressed this issue 4. The diagnostic algorithm coupled WES for an extended panel of 298 genes
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related to CKD (including, but not limited to, SRNS-related genes) and reverse phenotyping, namely the
reevaluation of patients and their families after genetic testing, looking for previously overlooked clinical features of
the underlying genetic diagnosis. This approach was applied to a cohort of 111 patients affected by early-onset NS,
including 64 patients with SRNS. Of note, genetic testing included parents of probands, allowing for assessing the
segregation of variants. According to the literature, disease-causing variants in podocytopathy genes were
detected in 30% of patients. However, reverse phenotyping permitted identifying previously unrecognized clinical
signs of an unexpected underlying genetic nephropathy mimicking SRNS in 18 out of 64 patients (28%), confirming
the genetic diagnosis. Phenocopy genes identified were COL4A3, COL4A4, COL4A5, LAMB2, GLA, FAT1, FAT4,
PAX2, CLCN5, CTNS, LMX1B and KANK1 41, Very recently, clinical revaluation on the light of genetic findings was
performed in selected cases of large cohorts of patients [23I2% confirming the utility of moving back from genotype
to phenotype in order to reclassify diseases (Figure 1B). Interestingly, similar results have been provided also for

other inherited kidney diseases, such as tubulopathies and nephronophthisis LLL[S8]

The high diagnostic capability to reclassify the original diagnosis based on clinical suspicion has also been recently
confirmed in a real-life clinical setting by Jayasingh et al., who reported the analysis of the clinical impact of
genomic testing in patients with suspected monogenic kidney diseases. In this work, NGS reclassified the clinical

diagnosis with direct impact on subsequent clinical management and counseling B9,
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