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ABSTRACT 

This review discusses the significance of genetics in diagnosing glomerular diseases. Advances in genetic testing, 
particularly next-generation sequencing, have improved the accessibility and accuracy of diagnosing monogenic 
diseases, allowing for targeted gene panels and whole-exome/genome sequencing to identify genetic variants associated 
with glomerular diseases. Key indicators for considering a genetic cause include the age of onset, extrarenal features, 
family history, and inconclusive kidney biopsy results. Early-onset diseases, for instance, have a higher likelihood of 
being genetically caused, while extrarenal manifestations can also suggest an underlying genetic condition. A thorough 

family history can reveal patterns of inheritance that point to monogenic causes, although complexities like incomplete 
penetrance, skewed X inactivation and mosaicism can complicate the assessment. Also, autosomal recessive conditions 
imply asymptomatic parents, making genetic suspicion less likely, while de novo mutations can occur without any family 
history, further obscuring genetic assessment. Focal segmental glomerulosclerosis ( FSGS) is characterized by podocyte 
injury and depletion, presenting in various forms, including primary, genetic, and secondary FSGS. Accurate 
classification of FSGS patients based on clinical and histological features is essential for guiding treatment decisions, 
optimizing therapeutic plans, avoiding unnecessary immunosuppression, and predicting relapse risk after kidney 
transplantation. Overall, a clinicopathological approach, enriched by genetic testing, offers a precise framework for 
diagnosis and management in glomerular diseases. Future directions for research and clinical practice include potential 
advancements in genetic testing and personalized medicine, which could further improve diagnostic precision and 
individualized treatment strategies. 
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NTRODUCTION 

idney disease represents a major global health challenge, with 
ts prevalence on a steady rise, now ranking as the seventh lead- 
ng cause of mortality worldwide. Approximately 700 million in- 
ividuals globally are affected by chronic kidney disease ( CKD) .
 recent analysis from the European Renal Association registry 
evealed that in 2019, among prevalent patients receiving kidney 
eplacement therapy ( KRT) , inherited kidney diseases ( IKDs) and 
ongenital anomalies of the kidney and urinary tract ( CAKUTs) 
ccounted for 18.5% of cases, while glomerulonephritis was re- 
ponsible for 18.7%. Notably, IKD-CAKUT emerged as the lead- 
ng cause of kidney failure in women ( 21.6%) [1 ]. However, these 
gures are likely underestimated, as they reflect 2019 data and 
 pan-European perspective. Genetic testing availability varied 
cross Europe at that time ( and still does) and has since im- 
roved, suggesting that a portion of patients diagnosed with 
glomerulonephritis’ or ‘other diseases’ may, in fact, have under- 
ying genetic conditions. This would position IKD-CAKUT as the 
ost prevalent cause of KRT. 
A key reason for the higher prevalence of IKD-CAKUT is that 

hese patients often present with fewer severe comorbidities,
end to be younger, and have longer survival rates compared 
ith others on KRT. Beyond demographic considerations, the 
dvent of next-generation sequencing ( NGS) technologies has 
ade genetic testing more accessible and affordable, providing 
n invaluable tool for diagnosing glomerular diseases. 

Today, genetic testing options range from targeted gene pan- 
ls, which focus on specific exonic regions linked to glomeru- 
ar diseases, to more comprehensive approaches like exome 
equencing, which examines all protein-coding regions, and 
hole-genome sequencing ( WGS) , which covers the entire 
enome. Recent technological advancements, particularly the 
evelopment of long-read sequencing, have enhanced diag- 
ostic precision. Short-read sequencing, while highly accurate 
nd cost-effective for identifying small variants such as single- 
ucleotide variants and small indels, struggles with detecting 
arge structural variants or long repetitive sequences. However,
t is worth noting that short-read WGS shows a higher sensitivity 
or detecting structural variants than whole-exome sequencing 
 WES) or other targeted approaches, as it can detect the inter- 
enic breakpoints of balanced structural variants, such as inver- 
ions. In contrast, long-read sequencing overcomes these lim- 
tations by reading longer DNA fragments, which also enables 
he detection of complex genomic rearrangements, although it 
emains costlier at present [2 ]. These innovations are pushing 
enetic testing toward more comprehensive, precise, and per- 
onalized diagnostics. 

In this review we will explore the key indicators ( Fig. 1 ) that 
uggest an inherited glomerulopathy, address the challenges 
o

ExtFamily history Early age of onset

igure 1: Key features to elicit a request for a genetic test for glomerular disease. 
ssociated with genetic testing, and highlight the benefits of 
chieving a precise diagnosis. 

EATURES SUGGESTING A GLOMERULAR 

ISEASE OF GENETIC ORIGIN 

ge of onset 

arly onset of glomerular disease should prompt suspicion of a 
enetic origin, although considerable variability exists, reflecting 
he broad phenotypic spectrum observed across different condi- 
ions. Recognizing this variability is essential for guiding clinical 
ecisions regarding the need and timing of genetic testing. 
In recent years, the number of genes implicated in genetic 

teroid-resistant nephrotic syndrome ( SRNS) and focal segmen- 
al glomerulosclerosis ( FSGS) has expanded significantly. Multi- 
le guidelines for genetic screening have been proposed, partic- 
larly for congenital and infantile cases, where the likelihood of 
dentifying a monogenic cause is higher [3 ]. The prevalence of 
athogenic variants has been shown to inversely correlate with 
he age of onset. For example, a 100% detection rate was reported 
or congenital nephrotic syndrome ( with most pathogenic vari- 
nts found in the NPHS1 gene) , 57% in infantile onset, and 24%–
6% in childhood and adolescent onset ( mainly NPHS2) in a co- 
ort of 125 patients [4 , 5 ]. Although the diagnostic yield has
raditionally been lower for adult-onset cases, disease-causing 
athogenic variants have also been detected, with an estimated 
%–14% of adult-onset SRNS/FSGS, including both familial and 
poradic cases [6 –8 ]. 

Pathogenic variants in non-collagen genes tend to be found 
n patients with proteinuria onset before the age of 30, while het- 
rozygous pathogenic variants in collagen genes may manifest 
ven beyond the fifth decade of life. FSGS is a well-known patho- 
ogical finding in Alport syndrome, which is marked by a wide 
henotypic spectrum and variable age of onset depending on the 
ode of inheritance [9 , 10 ]. Variants in collagen genes ( COL4A3 ,
OL4A4 , COL4A5) are among the most common disease-causing 
ariants identified in adult patients with sporadic SRNS/FSGS,
ccounting for 44%–56% of cases [9 , 10 ]. 

The advent of high-throughput sequencing technologies in 
dult CKD cohorts has reinforced the importance of achieving 
n accurate diagnosis, even in adulthood. A study of 1623 CKD 

atients, categorized into specific clinical disease groups with a 
edian age of 55 years, found a diagnostic yield of 16.9% among 

hose with proteinuric diseases suggestive of primary glomeru- 
opathy. Variants in COL4A3 / COL4A4 / COL4A5 were responsible 
or 31.8% of positive cases, while high-risk APOL1 genotypes 
ere identified in 45.5% of cases [11 ]. In a recent Spanish co-
ort of 818 adult patients under 45 years with CKD stage 4–5 
f unknown origin, the two leading diagnosed conditions were 
rarenal features
Non-response to 

immunosuppressive therapy
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lport syndrome spectrum ( 35%) and genetic podocytopathies 
 19%) [12 ]. 

Previous research from our group demonstrated that seven 
enes accounted for 66% of positive genetic tests among indi-
iduals with CKD onset before 30 years of age. Interestingly, five
f these genes ( COL4A3 / COL4A4 / COL4A5 , PKD1 , and PKD2) were
lso among the six most frequently detected in an adult cohort
tudied by Groopman et al ., with PKHD1 and HNF1B more com-
on in the younger cohort, while UMOD was more prevalent in
lder individuals [5 , 9 ]. 

IKD and CAKUT are the leading causes of kidney failure in
atients younger than 20 years ( 41% of cases) , but their incidence
eaks in patients over 45, mainly due to autosomal dominant
olycystic kidney disease ( ADPKD) [1 ]. 
Understanding that genetic kidney diseases can present at 

ny age emphasizes the need for greater awareness and the
mportance of genetic testing across all age groups. However,
iven that the prevalence of genetic kidney diseases is higher
mong younger patients, it is particularly important to consider 
enetic causes in children and young adults with CKD as well
s in patients with CKD of unknown etiology, especially those
ait-listed for kidney transplantation for whom a living-related 
onor is being considered. 

xtrarenal features 

lomerular diseases of genetic origin frequently involve multi- 
le systems and are not confined to the kidneys. Notably, mono-
enic disorders with recessive inheritance patterns often re- 
ult in rare syndromes that strongly suggest an underlying ge-
etic condition. Table 1 offers a detailed overview of the ex-
rarenal manifestations commonly associated with genetically 
riven glomerular diseases ( complementopathies beyond atyp- 
cal hemolytic uremic syndrome ( aHUS) are not included due to 
ts complex inheritance) . Some key examples are discussed be- 
ow. 

Fabry disease is an X-linked lysosomal storage disorder 
aused by pathogenic variants in the GLA gene, leading to
he accumulation of globotriaosylceramide ( Gb-3) throughout 
he body. Ophthalmologically, this results in cornea verticillata 
 subepithelial spiral opacities that do not impair vision) , poste- 
ior cataracts, and tortuosity of the retinal vessels. In the integu-
entary system, Gb-3 deposits lead to angiokeratomas and hy- 
ohidrosis or anhidrosis, contributing to heat intolerance. The 
astrointestinal system may be affected by recurrent abdomi- 
al pain, nausea, and diarrhea due to vascular and autonomic
ysfunction. Additionally, patients often experience progressive 
ensorineural hearing loss, which is sometimes accompanied by 
innitus and vertigo. These features compound the primary or- 
an involvement affecting the kidneys, heart, and brain [13 , 14 ].

Alport syndrome is often associated with high-frequency 
ensorineural hearing loss, anterior lenticonus, anterior subcap- 
ular cataracts, and punctate keratopathy [15 , 16 ]. 

Frasier syndrome results from pathogenic variants in the 
T1 gene, which encodes a transcription factor involved in 

enal and gonadal development. Systemic manifestations in- 
lude male pseudohermaphroditism, ambiguous genitalia, hy- 
ospadias, cryptorchidism, gonadoblastoma, and, in rare cases,
ephroblastoma ( Wilms’ tumor) [17 , 18 ]. 
Nail–patella syndrome , caused by pathogenic variants in the 

MX1B gene and inherited in an autosomal dominant manner,
resents with a range of extrarenal features such as hypoplastic
r absent patellae, dystrophic nails, elbow dysplasia, iliac horn
ysplasia, and open-angle glaucoma. Interestingly, some indi- 
iduals with this condition may exhibit no renal symptoms at
ll [19 , 20 ]. 

The presence of such extrarenal manifestations should raise
he suspicion of an underlying genetic condition and warrant
he consideration of genetic testing. 

amily history 

hen evaluating the potential for a monogenic cause of
lomerular disease, a detailed family history is a critical tool.
owever, several genetic factors can complicate the family his-
ory, making the monogenic suspicion less apparent. Complex
nheritance patterns, incomplete penetrance, and mechanisms 
uch as X-inactivation can obscure how glomerular diseases
anifest across different family members [21 ]. 
Monogenic glomerular diseases can follow various inheri- 

ance patterns. For instance, autosomal Alport syndrome is in-
erited in a semi-dominant manner, where individuals with
iallelic pathogenic variants exhibit more severe disease than
hose with a single, monoallelic variant, who tend to experience
ilder symptoms. In the autosomal dominant form of the dis-
ase, where only one mutated allele is needed to cause illness,
he condition can appear across multiple generations, with very
ariable severity. Additionally, incomplete penetrance can result 
n the presence of the mutated allele in asymptomatic family
embers, giving the impression that the disease skips a gener-
tion. 

A more severe form of Alport syndrome is X-linked, where
ales typically present more severe symptoms, and females
ay display milder disease due to X-inactivation. X-inactivation
ccurs when one copy of the X chromosome is randomly inacti-
ated in early female embryonic cells. However, skewed inactiva-
ion may favor either the wild-type or mutated allele, influenc-
ng disease expression. In such cases, females can exhibit vary-
ng severity depending on which X chromosome is inactivated
n the majority of cells. 

Alport syndrome presents yet another pattern of inheritance,
s exemplified by autosomal recessive Alport syndrome . In au-
osomal recessive conditions, affected family members are typ-
cally siblings, while parents are asymptomatic carriers. As a re-
ult, a family history of kidney disease may be absent, making
he suspicion of a genetic condition less likely. However, because
utosomal recessive diseases are often severe, early presenta-
ion of the disease can raise suspicion of a genetic cause. In this
ase parents may not be asymptomatic and can be considered
o have autosomal dominant Alport syndrome. 

Another complicating factor are de novo pathogenic variants ,
hich arise spontaneously either in a parental germ cell or dur-

ng embryonic development. De novo variants can obscure ge-
etic suspicion, as they occur without any prior family history,
aking it challenging to identify a genetic basis for the disease.
dditionally, de novo cases may exhibit mild clinical features due
o mosaicism , where the disease-causing variant is present in
nly a proportion of cells. Mosaicism must be considered dur-
ng reproductive genetic counseling for the healthy parents of a
hild with a de novo variant in a gene associated with an auto-
omal dominant glomerular disease. While parents may be re-
ssured that the de novo variant poses no risk of recurrence in
uture children, there is still a possibility of having another af-
ected child due to germinal restricted mosaicism, which may
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ot be detectable by conventional blood-targeted genetic test- 
ng. 

Given these complexities, nephrologists must take a thor- 
ugh, multi-generational family history—spanning at least 
hree generations—inquiring not only about known kidney dis- 
ases but also potential extrarenal features. 

idney biopsy 

idney biopsy ( KB) is a cornerstone diagnostic tool in nephrol- 
gy, with an estimated diagnostic accuracy of 80%. Recent stud- 
es indicate that incorporating genetic testing for patients with 
nconclusive KB results can significantly enhance etiological di- 
gnosis [22 –24 ]. A single-center study examining the use of ex- 
me sequencing in routine clinical practice found that it en- 
bled diagnosis in 40% of patients with previously inconclu- 
ive KB, with Alport spectrum-related nephropathy being the 
ost frequently identified genetic disorder. Importantly, the di- 
gnostic yield increased to 70% among patients with a family 
istory of kidney disease [22 , 23 ]. The study cohort, composed 
redominantly of younger patients, limits the generalizability 
f these findings to older populations. Nonetheless, the higher 
revalence of familial kidney disease observed in the genetically 
olved group compared with the genetically unresolved group 
einforces that a positive family history remains a critical fac- 
or in diagnosing genetic kidney disease [22 –24 ]. Moreover, the 
redominant lesions observed in KB aligned with the genetic 
iagnoses of glomerular and tubulointerstitial diseases. Typical 
istological findings for glomerular genetic conditions are pre- 
ented in Table 1 ; however, for several conditions the histological 
ndings are non-specific. 
It is important to note that a recent report estimated that 

p to 1 in 106 individuals in the general population carry het- 
rozygous pathogenic variants in the COL4A3 or COL4A4 gene 
25 ]. However, the pathogenicity assessment of these variants 
as conducted using Varsome, a semi-automated online predic- 
ion tool, which at that time overestimated pathogenicity. This 
verestimation arose from the inclusion of criteria such as PP2 
nd PP5, which ClinGen recommended removing from the origi- 
al ACMG/AMP guidelines due to concerns about double count- 
ng and the potential for errors in variant classification [26 ]. Al- 
hough a more precise assessment of the frequency of individu- 
ls with a pathogenic variant in COL4A3 / COL4A4 is needed, these 
emain the most common pathogenic variants in genes associ- 
ted with monogenic glomerular diseases. Furthermore, these 
enes exhibit incomplete penetrance. Taken together, these fac- 
ors have implications for the rare cases in which genetic test- 
ng is performed prior to KB; finding a heterozygous pathogenic 
ariant in COL4A3 or COL4A4 alone may not be diagnostic, as the 
atient might harbor a variant in these genes alongside an un- 
iagnosed glomerulopathy [27 ]. 

ocal segmental glomerulosclerosis 

SGS is a histological pattern of kidney injury that can arise from 

 variety of underlying causes and mechanisms, all of which 
hare a common event: podocyte injury and depletion. Accurate 
dentification of the etiological process leading to FSGS is crucial 
or effective treatment [28 ]. Consequently, a clinicopathological 
pproach has been recommended, classifying FSGS into primary,
enetic, secondary, and FSGS of undetermined cause. 

Primary FSGS is an immunologically driven disease that typ- 
cally presents with full-blown nephrotic syndrome of sudden 
nset. Under electron microscopy, diffuse podocyte foot process 
ffacement affecting > 80% of the glomerular capillary surface is 
bserved [29 ]. These cases exhibit a high recurrence rate after 
idney transplantation, which differentiates them from other 
SGS types. Recently, anti-nephrin antibodies were identified in 
 subset of patients with minimal change disease [30 ] and recur- 
ent FSGS post-transplant [31 ]. Furthermore, anti-nephrin and 
nti-slit diaphragm antibodies were observed in kidney biopsies 
rom adult patients with steroid-resistant nephrotic syndrome 
nd FSGS lesions under high-resolution microscopy [32 ]. These 
ndings support an autoimmune etiology, suggesting suscepti- 
ility to immunosuppressive therapy and opening avenues for 
recision therapies in the future. 
Secondary FSGS arises from a variety of etiologies, including 

onditions that impose excessive stress on the glomerular fil- 
ration barrier ( maladaptive forms) or directly injure podocytes 
 due to drugs, infections, etc.) . Patients with secondary FSGS may 
xhibit varying levels of proteinuria but, unlike primary FSGS,
ypically maintain normal serum albumin levels and do not 
evelop full nephrotic syndrome. Electron microscopy in sec- 
ndary FSGS shows segmental foot process effacement, usually 
ffecting less than 40% of the glomerular capillary surface. Mal- 
daptive forms often occur in conditions with reduced nephron 
ass ( e.g. low birth weight, renal dysplasia, reflux nephropathy) 
r increased glomerular filtration rate exceeding glomerular 
apacity ( e.g. obesity, uncontrolled hypertension, sleep apnea,
igh protein intake) . Other causes of secondary FSGS include 
irus-associated FSGS ( e.g. due to HIV, CMV, or parvovirus B19) 
nd drug-induced FSGS ( e.g. caused by TOR inhibitors, lithium,
amidronate, anti-VEGF agents) , which generally improve with 
nfection resolution or cessation of the causative drug [33 ]. 

Genetic FSGS results from pathogenic variants in genes that 
ncode proteins crucial to podocyte structure or function, or 
he glomerular basement membrane ( GBM) . Clinical presenta- 
ion varies, with some cases resembling primary FSGS with full 
ephrotic syndrome, while others present with proteinuria and 
ormal serum albumin, similar to secondary FSGS. Although ge- 
etic forms of FSGS often have childhood onset, the wide phe- 
otypic spectrum means that adult-onset genetic FSGS cannot 
e ruled out solely based on age. 

FSGS of undetermined cause refers to cases without a clear 
enetic or secondary origin, in the absence of nephrotic syn- 
rome or diffuse foot process effacement on electron mi- 
roscopy. These cases are thought to result from genetic or sec- 
ndary causes yet to be identified. 
Accurate classification of FSGS patients based on clinical and 

istological features is essential for guiding treatment decisions,
ptimizing therapeutic plans, avoiding unnecessary immuno- 
uppression, and predicting relapse risk after kidney transplan- 
ation. 

The role of genetic testing in adult FSGS cases remains un- 
ertain. The 2021 KDIGO guidelines recommend case-by-case 
onsideration for genetic testing ( Table 2 ) [34 ]. A positive fam- 
ly history or syndromic features also increase the likelihood 
f a genetic diagnosis. Genetic testing is also advised for pa- 
ients with steroid-resistant nephrotic syndrome, as nearly 42% 

f these cases have an underlying genetic cause, and a prompt 
iagnosis could enable the discontinuation of immunosuppres- 
ive therapy [9 ]. In patients of African ancestry, APOL1 genetic 
isk variants are associated with a significantly increased risk of 
eveloping FSGS, and kidneys from APOL1 high-risk donors have 
educed graft survival compared with non-risk donors. Thus, ge- 
etic testing in donors of African ancestry is essential to inform 

oth the donor’s risk of chronic kidney disease and the recipi- 
nt’s allograft survival [35 ]. 



Genetics in glomerular disease diagnosis 11

Table 2: Criteria of genetic testing for focal segmental glomerulosclerosis ( FSGS) from KDIGO 2021 Clinical Practice Guideline for the Manage- 
ment of Glomerular Diseases. 

• Cases of strong family history and/or clinical picture suggestive of syndromic disease. 
• Aiding in the diagnosis of FSGS of undetermined cause when clinical features are not representative of a particular disease phenotype. 
• In steroid and/or immunosuppressant-resistant FSGS, to limit exposure to unnecessary immunosuppression. 
• Before kidney transplantation, to determine risk of recurrent disease. 
• Risk assessment in living-related kidney donor candidates and/or high suspicion of APOL1 risk variants. 
• Prenatal diagnosis. 
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ecurrence in kidney transplantation 

nlike glomerular diseases of non-genetic origin, genetic 
lomerular diseases typically do not recur in the transplant graft,
s the new organ does not carry the mutations present in the
riginal damaged kidney. However, there are some exceptions. 

Atypical hemolytic uremic syndrome is a condition marked 
y thrombotic microangiopathy, which leads to hemolytic ane- 
ia, thrombocytopenia, and acute kidney injury [36 ]. The recur-

ence rate in kidney transplants is notably high, ranging from
0% to 80%, due to genetic defects in the complement system,
nvolving genes like CFH , CFI , CD46 , CFB , and C3 [37 , 38 ]. If a fam-
ly member is considering becoming a kidney donor, it is crucial
o exclude the presence of the pathogenic variant in the donor,
iven the significant risk of recurrence. Prophylactic treatment 
ith eculizumab ( a complement inhibitor) may reduce the risk 
f recurrence [39 –41 ]. 

In some genetic diseases, an ‘immune’ recurrence may oc- 
ur after transplantation. Rare examples include X-linked Al- 
ort syndrome in males, recessive Alport syndrome, and the 
ephrotic syndrome of Finnish type. In these rare cases, the re-
ipient’s immune system fails to recognize antigens in the graft
nd produces antibodies against key parts of the nephron, lead-
ng to severe kidney damage. 

OSSIBLE RESULTS OF GENETIC TESTING 

enetic testing in glomerular diseases can yield a range of re-
ults, each with specific implications for diagnosis and manage- 
ent. A positive result indicates the presence of a pathogenic
r likely pathogenic variant in a gene associated with either
onoallelic or biallelic disease. This finding suggests a clear 
onogenic cause for the glomerular disease, especially if sup- 
orted by strong evidence of gene–disease association, such as 
hat provided by ClinGen, a National Institutes of Health ( NIH) - 
unded resource that defines the clinical validity of gene–disease 
elationships for precision medicine [42 ]. 

Establishing the disease mechanism is also crucial, since 
ome diseases are caused by loss-of-function variants whereas 
thers are caused by gain-of-function variants. Moreover, vari- 
nts in some genes may be only pathogenic if they impact spe-
ific protein domains. For example, the INF2 gene encodes a
ormin family protein involved in actin cytoskeleton remod- 
ling, mitochondrial dynamics, and microtubule stabilization.
onoallelic gain-of-function variants in INF2 affecting the di- 
phanous inhibitory domain ( DID) encoded by exons 2–4 are 
ssociated with autosomal dominant FSGS. However, loss-of- 
unction variants or missense variants outside this domain are 
ot disease-causing. 
When a genetic test identifies a variant of uncertain sig-

ificance ( VUS) , it should be regarded as a non-diagnostic re- 
ult, since the clinical significance of the variant remains un-
lear. This uncertainty arises from several factors, including the 
igh prevalence of rare variants across the genome and the in-
omplete understanding of the functional impact of many vari-
nts. Importantly, acting on a VUS can lead to significant haz-
rds, such as misdiagnosis or inappropriate treatment decisions.
or instance, a misdiagnosis based on a VUS could lead to un-
arranted interventions, such as immunosuppressive therapy 
r predictive testing in asymptomatic family members, poten-
ially causing harm. These considerations emphasize the im-
ortance of treating a VUS as a hypothesis rather than a defini-
ive result until sufficient evidence is available to reclassify it
s either likely benign or likely pathogenic. Regular monitoring
or updates on the variant’s classification is crucial, as evidence
rom co-segregation studies in multi-generational families, re- 
orts of the same variant in well-characterized cases, or func-
ional studies can aid in its reclassification. Clinicians can also
ollaborate with genetic experts through platforms like Gene-
atcher to re-evaluate variant classifications over time as new
vidence emerges. 

Another complex scenario arises when genetic findings 
ndicate susceptibility to disease rather than causation of a
endelian disorder. As previously mentioned, APOL1 risk vari-
nts, G1 and G2, are strongly associated with increased risk
f FSGS and other kidney diseases, particularly in individu-
ls of African ancestry [35 ]. However, the presence of these
POL1 risk variants does not invariably lead to disease, as en-
ironmental and other genetic factors modulate risk and many
ealthy individuals are homozygous or compound heterozygous 
or APOL1 risk variants. Being G1/G1, G2/G2 or G1/G2 carries im-
lications for affected individuals and their family members, as
hese findings can inform personalized monitoring strategies 
ut should not be equated with a definitive genetic diagnosis.
t is crucial to clearly communicate the distinction between ge-
etic susceptibility and Mendelian inheritance to patients and
heir families to prevent undue anxiety or unnecessary medical
nterventions. 

A negative result does not exclude the possibility of a mono-
enic cause for glomerular disease. Technical limitations, such
s difficulties in detecting structural variants or variants in non-
oding regions, may contribute to negative results. In cases with
 strong clinical suspicion of a genetic cause, further testing
ethods, such as whole-genome sequencing or long-read se-
uencing, should be considered. Additionally, periodic reanal- 
sis of genomic data is beneficial as advancements in variant-
alling algorithms or new gene discoveries may later iden-
ify previously undetectable variants. Other inheritance models,
uch as mitochondrial or polygenic inheritance, or even non-
enetic causes, should also be explored to fully understand the
atient’s condition. 

enefits of genetic testing 

ccurate diagnosis is critical for all conditions, but it holds par-
icular importance in glomerular diseases. In the absence of a
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Table 3: Benefits of a positive genetic test in glomerular diseases. 

• Avoid/stop immunosuppressive therapy. 
• Offer prognostic information. 
• Examine extrarenal features. 
• Provide genetic counseling. 
• Allow participation in new trials for genetic glomerulopathies. 
• Obviate the need for kidney biopsy ( exception: COL4A3/4 heterozygous variant) .
• Diagnosis of relatives. 
• Allow the use of gene-specific therapies that are available 
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enetic or precise histological diagnosis, patients with protein- 
ria are likely to receive corticosteroids and immunosuppressive 
rugs, which carry significant side effects. A positive genetic test 
an prevent unnecessary treatment, allowing management with 
ntiproteinuric agents alone. 

Genetic testing is increasingly recognized as a critical tool in 
idney transplantation, with growing implications for the evalu- 
tion and management of both transplant recipients and living 
onors. It offers several benefits as it identifies patients need- 
ng heightened surveillance or targeted interventions for ex- 
rarenal manifestations and reassures when recurrence risk is 
ow. For living donors, it is pivotal in evaluating related donors,
nforming eligibility decisions, and safeguarding their long-term 

ealth by detecting predisposition to kidney dysfunction [26 ].
or most genetic glomerular diseases, disease recurrence is un- 
ommon; however, rare immune responses may occur. For in- 
tance, anti-nephrin antibodies have been reported in Finnish- 
ype nephrotic syndrome [43 , 44 ], and anti-GBM antibodies have 
een observed in rare cases of Alport syndrome [45 ]. These 
esponses represent immune reactions to unfamiliar proteins 
ather than true disease relapses. 

And, of course, the benefit of a precise diagnosis includes 
hose that are applicable to any genetic condition, as shown in 
able 3 . 

ONCLUSION 

n summary, integrating genetic testing into the diagnostic pro- 
ess for glomerular diseases enhances diagnostic accuracy, es- 
ecially in cases with inconclusive kidney biopsy results. While 
idney biopsy remains essential, genetic testing can clarify the 
tiology of conditions like FSGS, helping tailor treatment by 
dentifying when immunosuppressive therapies may be unnec- 
ssary. Genetic results require careful interpretation, as positive 
ndings may pinpoint a monogenic cause, while variants of un- 
ertain significance need ongoing evaluation. Negative results 
o not rule out genetic causes, suggesting further testing may 
e necessary. Overall, a clinicopathological approach, enriched 
y genetic testing, offers a precise framework for diagnosis and 
anagement in glomerular diseases. Future directions for re- 
earch and clinical practice include potential advancements in 
enetic testing and personalized medicine, which could fur- 
her improve diagnostic precision and individualized treatment 
trategies. 
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