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Abstract

Hundreds of different genetic causes of chronic kidney disease are now
recognized, and while individually rare, taken together they are significant
contributors to both adult and pediatric diseases. Traditional genetics ap-
proaches relied heavily on the identification of large families with multiple
affected members and have been fundamental to the identification of genetic
kidney diseases. With the increased utilization of massively parallel sequenc-
ing and improvements to genotype imputation, we can analyze rare variants
in large cohorts of unrelated individuals, leading to personalized care for
patients and significant research advancements. This review evaluates the
contribution of rare disorders to patient care and the study of genetic kid-
ney diseases and highlights key advancements that utilize new techniques to
improve our ability to identify new gene—disease associations.
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INTRODUCTION

Chronic kidney disease (CKD) is a complex condition that encompasses many individual diseases
characterized by abnormalities in kidney structure or function (1). Globally, kidney disease is com-
mon, with an estimated prevalence of 9%, and is a major contributor to morbidity and mortality
(2). Similar to other common diseases, CKD has relatively high heritability, with broad-sense
heritability estimates ranging from 19% to 54% depending on the biomarker utilized (3-5).

Genetic variation can be broadly dichotomized into common variants, present in more than
1% of the alleles of the population [a minor allele frequency (MAF) of >0.01], and rare vari-
ants (MAF<0.01) (6-8). The role of common variants in kidney disease has been assessed using
genome-wide association studies (GWAS), which have explained only 20% of an estimated 54%
heritability in creatinine-based estimated glomerular filtration rate (4). On the other side of the
spectrum, rare pathogenic variants are responsible for most Mendelian (monogenic) diseases.
There are over 600 Mendelian forms of kidney disease, responsible for 50% of childhood-onset
kidney disease; the majority of the causative variants are very rare or private within a specific
family (9, 10). Although present at a lower frequency, Mendelian kidney diseases are identified in
approximately 10% of adult patients, with the specific diagnostic yield of testing varying based on
the individual’s type of kidney disease, family history, age at onset, and extra-renal manifestations
(11). Similar to pediatric cases, rare and private variants drive most diagnoses in adult cases. The
data on the impact of rare disorders in CKD are now emerging and are consistent with analyses
of other complex traits, which have demonstrated that a significant amount of missing heritability
is explained by rare protein-altering variants that are not well captured by current genotyping
and imputation techniques but can be analyzed using massively parallel sequencing of the exome
(exome sequencing, ES) or genome (12, 13).

The rare variants implicated in kidney disease are diverse in their class, inheritance, affected
gene, and clinical phenotype. For example, rare structural variants and variations in gene copy
number have been linked to the development of congenital anomalies of the kidney and urinary
tract (CAKUT), and single-nucleotide variants and small insertions and deletions (indels) have
been linked to kidney diseases across the phenotypic spectrum (14, 15). Rare somatic variants have
been implicated as a second hit in cyst development in autosomal dominant polycystic kidney
disease (ADPKD) and as the driver variants in clonal hematopoiesis of indeterminate potential
(CHIP), an age-associated non-malignant condition that may cause increased risk of kidney failure
and complications of CKD (16, 17). Rare mosaic variants also impact the severity of X-linked
Alport syndrome, suggesting further complexity in determining the effect of a variant (18).

In this review, we describe the role rare variants play in the genetics of kidney disease. We
examine their central place in diagnostic studies, including the implications for patient care and
the use of genetic testing in prognostication and treatment. We then explore the typical approaches
employed to identify and validate new rare variant associations with disease. We conclude with the
investigation of large data sets and the integration of clinical data from electronic health records,
which offer opportunities to evaluate genetic effects at a scale that was previously impossible.

CLINICAL DIAGNOSTIC SETTINGS

Genetic kidney disease is an umbrella term that captures hundreds of rare disorders with an iden-
tified genetic cause. To date, over 600 monogenic disorders with kidney and urologic phenotypes
have been identified (Figure 1) (19). Almost all these genetic conditions are seen in fewer than
1 in 2,000 people, but cumulatively they represent the fifth most common cause of kidney fail-
ure (20). While a few monogenic disorders account for a large fraction of cases, the remaining
cases are attributable to a large number of rare disorders. This long tail in the distribution of
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Figure 1

Monogenic kidney and urogenital disorders. The number of genes for dominant (#) and recessive (b) kidney and urogenital disorders
with corresponding clinical categories is shown. Figure adapted from Reference 19 with permission.

monogenic kidney diseases has important implications for clinical diagnostic algorithms and for
gene discovery efforts. Several diagnostic studies have been performed to better define the diag-
nostic yield and clinical implications of genetic testing in different patient populations with kidney
disease. One of the key findings across these studies is that the majority of identified pathogenic
variants are very rare, with a maximum (max) MAF of less than 1 x 107, or private within a single
family.

Pediatric Conditions

Genetic diseases were originally thought to be mostly pediatric, so earlier diagnostic studies fo-
cused on evaluating pediatric patients (11, 21). One such study used ES to evaluate 187 pediatric
patients with steroid-resistant nephrotic syndrome and identified a genetic cause in 49 (26%) cases
and 77 diagnostic variants (22). Interestingly, despite the recessive inheritance of these conditions,
all variants were extremely rare; 32 (42%) were absent from the literature, 39 (51%) were ab-
sent from Exome Aggregation Consortium (ExAC), and a further 25 (32%) had a max MAF of
less than 1 x 10~*. One exception is pediatric steroid-resistant nephrotic syndrome caused by
variants in NPHS2, which offers an interesting example of the interaction of common and rare
variants in disease. NPHS2 p.R229Q is the most commonly identified pathogenic variant in this
patient population, with a max MAF in ExAC of 0.029. However, the NPHS2 p.R229Q) variant
does not cause disease when present in the homozygous state and is only pathogenic when paired
with certain other rare NPHS2 variants (23). In the cited study, the deleterious variants found in
trans to NPHS2 p.R229Q in affected individuals were always rare and often private, with NPHS?2
p-E264Q being the most common in ExAC, having a max MAF of 0.003. Similarly, the evaluation
of genetic causes of CAKUT in 232 families identified 32 different causative variants in 32 cases
(14%) affecting 22 genes with 16 (50%) of these variants absent from the literature and 28 (88%)
very rare or absent from the Genome Aggregation Database (gnomAD) (24).

Broadening to Adult Patients

ES has been used to evaluate diverse patient populations with kidney disease, including individuals
with adult-onset disease. The largest study to do so included 3,315 individuals with CKD from
any cause, of whom 2,144 had developed kidney failure and 2,837 were adults at study entry (15).
This study identified a molecular diagnosis in 307 individuals (9.1%) leading to the diagnosis of
66 different Mendelian kidney diseases. The study identified 343 diagnostic variants, of which 340
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Figure 2

Maximum minor allele frequency (max MAF) of diagnostic variants assessed per gene. A variant is categorized as common if its max
MAF is >0.01, rare if the max MAF is 0.01-0.0001, very rare if the variant is present in the Genome Aggregation Database (gnomAD)
but the max MAF is <0.0001, and absent if it is not found within gnomAD. (#) Data from Groopman et al. (15), where genes with a
single variant were collapsed into a single bar by max MAF. (§) Data from Jayasinghe et al. (25).

(99%) are rare in gnomAD. Most variants were either very rare, with a max MAF of less than 1 x
10~* (n = 84, 24%), or private (n = 229, 67%) (Figure 2a).

Impacts of a Genetic Diagnosis

One of the key findings of diagnostic studies is that most genetic diagnoses directly impact patient
care, even with the limited number of targeted treatments currently available. Groopman et al.
(15) found that a genetic diagnosis led to a clinical impact in 89% of cases, including in 76%
of cases where a genetic kidney disease was suspected prior to testing. These clinical impacts
were retrospectively assessed and ranged from informing prognosis to changing transplant and
treatment decisions. Importantly, a genetic diagnosis in patients with CKD of unknown etiology
clarified the cause of kidney disease in all cases, carried prognostic implications for 77 %, initiated

356 Elliott  Rasouly » Gharavi



Annu. Rev. Med. 2023.74:353-367. Downloaded from www.annualreviews.org
Access provided by 24.139.17.166 on 12/18/23. See copyright for approved use.

targeted subspecialty care for 77%, and changed therapy for 62%. Prospective data supporting
the clinical utility of genetic testing for kidney disease were recently published on 204 patients
with suspected genetic kidney disease who underwent ES. A direct clinical impact was reported
for 47 (59%) probands with a genetic diagnosis and for 73 (91%) families (25). Clinical impacts
included the prevention of 10 kidney biopsies, changes to treatment plans in 16 cases, and altered
surveillance in 35 that were again driven by rare variants (Figure 25).

Prognosis

The variability in the clinical presentation of genetic forms of kidney diseases has complicated the
provison of prognostic information to patients, even when a genetic cause is identified. In addi-
tion, the majority of pathogenic variants associated with kidney disease are very rare or private
within a family, which limits our ability to provide prognosis based on individual variants. Nev-
ertheless, genotype—phenotype correlations have been part of human genetics since its inception,
often using generalizable variant characteristics such as the type of effect on the protein, the prop-
erties of the altered amino acid, or the position of the variant within the protein. In nephrology,
the two most mature applications of this approach look at ADPKD and Alport syndrome. For
patients with ADPKD, the PROPKD (predicting renal outcomes in polycystic kidney disease)
scoring system has been developed and validated to predict an individual’s median age at kidney
failure by integrating clinical and variant data (26). Truncating variants in PKD]I carry the highest
risk of kidney failure, followed by nontruncating PKD] variants, then variants in PKD2, and it
also appears that nontruncating in-frame insertions and deletions in PKD1 that alter the protein
length carry a higher risk than missense variants (27). Similarly, for patients with Alport syndrome,
nonsense variants carry the most severe prognosis, while splicing and missense variants portend
intermediate and mild phenotypes, respectively. Other factors such as the position of the variant
within the gene, its position relative to noncollagenous interruptions, and the substituting amino
acid have also been shown to impact patient prognosis (28-30). Future tools may also include pre-
dictive information from both common and rare variants to improve their power (31). Availability
of larger data sets would allow integration of more variants, and ideally more distinct families with
the same variants, into the development of robust prognostic tools to allow for better predictions.
Such tools could significantly impact clinical trials, as participants could be stratified based on the
expected progression of their disease.

Treatment

Diagnostic studies have shown that obtaining a genetic diagnosis can have a direct impact on treat-
ment (Table 1). Examples include the use of high-dose coenzyme Q10 (CoQ10) supplementation
for patients with nephrotic syndrome and diagnostic variants within the CoQ10 pathway (COQ?2,
COQ6, ADCK2/COQ8B, PDSS2, MTTLI) and the use of xanthine oxidase inhibitors for patients
with APRT (adenine phosphoribosyltransferase) deficiency (32, 33). A genetic diagnosis can limit
exposure to ineffective treatments; for example, when a genetic cause of nephrotic syndrome is
identified, immunosuppression is usually not used, as the majority of genetic nephrotic syndrome
cases will not respond and these treatments carry significant risks (34). Future studies should assess
the benefits of avoided adverse effects, such as reduced infection and cancer risks from limiting
immunosuppression due to genetic testing. Moreover, the ability to detect undiagnosed patients
with monogenic diseases can help with risk stratification in clinical trials to optimize power and
reduce exposure to side effects.

An ultimate goal is to develop curative treatments. One of the most advanced examples in
nephrology is the application of gene therapy for Fabry disease (35). Fabry disease is caused by
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Table 1 Some examples of kidney-relevant monogenic disorders with disease-specific therapies

Syndrome Gene(s) Therapy
Liddle syndrome SCNNI1A, SCNNIB, or SCNNI1G Amiloride
Pseudohyperaldosteronism, type II KCN75 Thiazide diuretics
Corticosteroid remediable aldosteronism CYP11B2/CYP11BI gene fusion Glucocorticoids
Familial hyperaldosteronism, type 11 CLCN2 Aldosterone antagonists
Familial hyperaldosteronism, type IIT KCN7s Aldosterone antagonists
Fabry disease GLA a-Galactosidase enzyme replacement,

chaperone therapy, gene therapy®
COQ10 deficiency C0Q2,C0OQ6,ADCK2/COQ8B, PDSS2, CoQ10 replacement
or MTTLI
Primary hyperoxaluria 1 AGXT RNAi therapy
APOLI-associated kidney disease APOL1 Small-molecule inhibitors,* RNA;j?
Amyloidosis, hereditary, TTR RNAi, CRISPR-Cas9 therapy®
transthyretin-related

*Under investigation.

over 1,000 different variants in the GLA gene, most very rare or private, that lead to reduced
a-galactosidase A activity and the accumulation of glycosphingolipids (36). The standard treat-
ment for this disease is enzyme replacement therapy (ERT), which requires regular infusions
and can lead to treatment limiting anti-drug antibodies. However, in a pilot safety study, five
males with classical Fabry disease due to very rare missense variants who were stably treated with
ERT were treated with gene therapy (35). They underwent lentivirus-mediated ex vivo gene ther-
apy where hematopoietic stem/progenitor cells were transduced with a functional GLA gene, then
reintroduced via an autologous hematopoietic stem cell transplant. These patients demonstrated
a durable normalization of leukocyte a-galactosidase A activity and stable glycosphingolipid levels
that allowed three (60%) of them to discontinue their ERT, with a reasonable adverse event pro-
file. This study gives us hope that with further refinement, curative treatments may be available
for more of our patients.

Fabry disease also provides other interesting examples of personalized therapy, including chap-
erone therapy and treatment decisions for female patients. A common mechanism of disease in
this condition is altered protein trafficking leading to a reduction in enzyme activity. Migalastat
is a chaperone molecule that restores enzyme function and shows clinical efficacy similar to ERT
in the 35-50% of individuals with an amenable variant but has no effect in individuals with non-
amenable variants (37, 38). This variant specificity makes genetic testing a key step in optimizing
therapy for patients with Fabry disease. It was long thought that, due to the X-linked nature of the
disease, females were unaffected carriers; however, it is now clear that many females are affected
and that there is a complex interplay between the specific variant characteristics and skewed X in-
activation that leads to highly heterogeneous clinical presentations (39). This has complicated the
decision of when and how to treat female Fabry disease patients, as some individuals clearly benefit
from therapy but we lack tools to predict response before patients are symptomatic, highlighting
an area in need of further research.

Other targeted therapies are becoming available for patients with genetic kidney diseases, using
new techniques like RNA interference (RINAi), antisense-oligonucleotides (ASO), and CRISPR-
Cas9. RNAI has shown great promise for the treatment of genetic kidney diseases, with positive
phase III trials using patisiran to treat hereditary transthyretin amyloidosis due to 77R variants
and lumasiran to treat primary hyperoxaluria type 1 due to AGT variants (40, 41). These treat-
ments have been designed to be variant agnostic, allowing them to be used to treat individuals with
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a variety of different rare variants. CRISPR-Cas9 has been studied in a small cohort of individuals

with transthyretin amyloidosis and was shown to reduce serum TTR production through targeted

gene knockdown using an in vivo delivery technique (42). Exon-skipping ASO treatment of trun- FSGS:

cating COL4A5 variants has been shown in mice to induce clinical and histologic improvementsby ¢ .1 . gmental
altering the protein effect to an in-frame exon deletion (43). This may become a treatment option  glomerulosclerosis
for patients with a variety of rare truncating COL4AS5 variants that typically cause severe disease

but have yet to be studied in humans. Therapeutic approaches for APOLI-associated nephropa-

thy include using ASO treatments to reduce APOLI expression and the use of small-molecule

inhibitors of APOLI to reduce its function (44). These targeted and personalized therapies are

likely to be applied to different genetic diseases and offer our patients hope for better treatments

in the future.

APPROACHES FOR IDENTIFYING NEW ASSOCIATIONS

Finding new gene-disease associations is important as they can improve diagnostic evaluations and
patient care. Identification of novel genes can provide a more accurate understanding of kidney
structure and physiology, with the ultimate goal of developing novel therapies. However, the long
tail in the distribution of genetic kidney diseases (Figure 2) indicates that a discovery of new
monogenic kidney diseases will require access to cohorts of patients with rare disorders, or require
novel approaches for large-scale phenotyping to identify rare subsets.

Family-based Studies

Despite early knowledge of the existence and inheritance patterns of genetic causes of kidney
disease, the identification of the genes associated with specific conditions did not occur until the
1990s, when the first maps of the genome became available. Linkage analysis and homozygosity
mapping enabled positional cloning of genes underlying classic Mendelian disorders (45, 46). One
of the first genetic kidney diseases with a defined molecular cause was Alport syndrome. Cloning
of COL43, COL4A4, and COL4AS5, the type IV collagen genes expressed in the glomerular base-
ment membranes, led to the identifications of variants in X-linked and autosomal forms of Alport
syndrome (47, 48). In recent years, variants in these genes have been shown to contribute to many
different forms of kidney disease, highlighting the importance of the type IV collagen component
of the glomerular basement membrane in maintenance of kidney function (15, 28-30, 47, 48).

Similarly, gene mapping efforts led to the identification of the first gene for ADPKD, which
was caused by variants in PKD1 (49). This discovery relied on a family that carried an unusual
and rare translocation of chromosome 22 onto chromosome 16, leading to a disruption of PKDI
that segregated within the family. Investigators then screened other individuals with highly similar
clinical presentations and identified three further probands with variants in PKD1, including two
with rare structural variants and a private canonical splice site variant causing an in-frame deletion
that segregated through three generations of a large family. Following the positional cloning of
PKD?2 as the second major gene for ADPKD, there was no additional gene discovery for many
years (50). Recently, ES of PKD1/PKD2-negative cases identified other genes that each account
for a small fraction of the remaining cases (51).

Another example of the utility of identifying a rare variant in a large family is the discovery of
TRPC6 as a cause of autosomal dominant focal segmental glomerulosclerosis (FSGS) (52). A novel
missense variant ¢.335C>A, p.P112Q), was identified through direct sequencing after haplotype
analysis identified the minimal candidate region in a large family and showed perfect segregation
with disease through 21 individuals. Investigators then demonstrated functional differences
in TRPC6 channel function induced by the missense change, suggesting a gain-of-function
mechanism. Since then, TRPC6 has been commonly implicated in sporadic and familial cases of
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FSGS. However, FSGS has proven to be highly heterogeneous, with over 30 genes discovered to
date (53).

Many other studies have used homozygosity mapping in consanguineous families to identify
variants for rare diseases such as nephronophthisis or nephrotic syndrome. This approach has led
to the identification of multiple genes for nephronophthisis despite very high genetic heterogene-
ity, implicating defects in the primary cilia and the centrosome in the pathogenesis (54, 55).

One of the challenges with family-based studies is the requirement for large families with mul-
tiple affected members alive and available for both phenotyping and genetic testing. Investigators
have identified the molecular basis for disease for the majority of large families segregating mono-
genic disorders, and most unsolved cases involve small families with few affected individuals or
singletons with unaffected parents, complicating gene identification. Since demonstration of a
causal link between a gene and disease requires identification of independent variants, other ap-
proaches have been developed. As an alternative to gene mapping based on families with multiple
affected individuals, one can search for de novo variants in trios of unaffected parents with an
affected child (56). This approach enables identification of variants with large effects that impact
reproductive fitness and are typically well suited to studying developmental disorders. Based on
the relatively low mutation rate in the coding region of the human genome, recurrent de novo
variants in the coding region of the same gene and pathway are likely to be disease causing. This
study design has led to the identification of genes for many neuropsychiatric disorders, intellectual
disability, and congenital heart disease but has not been systematically undertaken to study kidney
developmental disorders (57-61).

Because of the significant genetic heterogeneity, gene discovery efforts often yield suggestive
signals in candidate genes that require confirmation through identification of independent muta-
tions. Tools like matchmaker exchange have been successful in connecting different centers with
data on separate individuals with similar phenotypes to confirm new gene-disease associations
and will likely continue to grow in influence in the future (62). These matchmaking services rely
on researchers to collect comprehensive clinical information, as the indications leading to the
sequencing are usually biased by the researcher’ interest. Often, extra-renal manifestations are
key for linking syndromic cases that may go unrecognized because of researchers’ ascertainment
bias (63, 64).

Case-Control Studies

Another approach applied to the identification of new gene—disease associations relies on compar-
ing genetic data from a set of cases, often defined by a specific clinical phenotype, to a set of con-
trols. These studies can utilize microarray data with imputation or massively parallel sequencing to
capture variants implicated in disease. As most of the variants implicated in Mendelian kidney dis-
ease are very rare or private, single-variant association studies are underpowered. Hence, variants
are often aggregated or collapsed by gene, or within a gene set that contains genes within a shared
pathway or network (65). Variants are typically filtered and stratified prior to aggregation based on
MATF cut-offs and in silico tools to select variants predicted to be the most damaging. In practice,
many different models are tested with subsequent correction for multiple hypothesis testing.

In the nephrology field, few gene-based collapsing analyses for rare disorders have been per-
formed. One study compared ES data from 195 cases affected by renal hypodysplasia to 6,905
unaffected controls (66). They identified a suggestive signal in GREBIL driven by private protein
truncating and predicted deleterious missense variants (p = 4.1 x 107%). After integrating famil-
ial segregation data to improve the statistical power, they demonstrated exome-wide significance
(p = 2.3 x 107). GREBILs status as a susceptibility gene for renal hypodysplasia and its role in
kidney morphogenesis were then validated using a zebrafish model.
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However, most case-control studies utilizing gene-level collapsing analysis have not led to the
identification of novel kidney disease genes. The major limitation of this approach seems to be the
high genetic heterogeneity of kidney diseases. When large cohorts of patients with diverse clinical
presentations are combined, only the known genes contributing to the more common monogenic
diseases are statistically significant (67). When only individuals with a specific presentation are
included, the number of cases is not sufficient (68). Additionally, these analyses require stringent
variant filtering because 1-5% of the control population may carry predicted deleterious variants
in a kidney disease—associated gene (19, 68).

Integration of Large Data Sets

The approaches outlined above have focused on cohorts collected for research purposes that range
in size from single families to a few thousand individuals. Multiple efforts are underway to produce
biomedical databases that link genetic sequencing data to participant data for hundreds of thou-
sands to millions of individuals such as the UK Biobank (UKB), All of Us, the Million Veteran
Program, and Geisinger Health System’s DiscovEHR. These large data sets allow many differ-
ent genetic and phenotypic features to be assessed simultaneously at large scale with the goal of
discovering signals that would not be possible with smaller sample sizes. Results from these large
biobanks are beginning to be published, and one of the most interesting data sets includes 281,104
ES results integrated with International Classification of Diseases (ICD-10)-based phenotyping
and lab data from the UKB (69). This study presented a high-level overview of the cohort and anal-
yses performed with large amounts of data available within the supplementary materials, which
we parsed to identify findings of importance to kidney disease. A related approach is to study spe-
cial populations whose structure makes them more advantageous for gene discovery. For example,
the Pakistani Genomic Resource aims to characterize common diseases in the Pakistani popu-
lation, which has a higher rate of consanguinity (70). Because consanguineous unions are more
likely to result in offspring carrying homozygous loss-of-function mutations, analysis of this pop-
ulation enables better assessment of the phenotypic consequence of null alleles in humans and
facilitates new gene discovery. Finally, integrating multiple large data sets may enable the iden-
tification of protective signals. For example, analysis of large cohorts has enabled identification
of loss-of-function mutations that confer protection for chronic liver disease and atherosclerotic
cardiovascular disease suggesting opportunities for drug therapy (71-73).

Exome Sequencing in the UK Biobank

The UKB’s exome-wide association study (ExWAS) was performed using 2,108,983 common
and rare variants from ES data to assess 17,361 binary and 1,419 quantitative traits, including
the kidney disease-related outcomes of acute kidney injury (AKI), CKD, and kidney transplanta-
tion, as well as the kidney-relevant biomarkers creatinine and cystatin C levels (69). Within the
binary traits of AKI, CKD, kidney transplantation, and calculi of the kidney, 78 significant variant—
phenotype pairs were identified, driven by 11 variants in three genes. Five of these variants are rare
and account for 42 (53 %) of the significant signals. The common variant results align with prior
GWAS, where mainly synonymous variants with small protective and deleterious effects were
identified. The rare variants are quite different, as they are all nonsynonymous with large delete-
rious effects. The effect size of the rare variants ranges from an odds ratio of 9 for AKI associated
with 9-5073770-G-T in 7AK2 to 2,358 for CKD stage G5 associated with 16-20349020-CA-C
in UMOD. Even though it has been hypothesized that common variants in genes associated with
Mendelian kidney disease may be associated with common forms of CKD, there were no sig-
nificant ExXWAS signals. The use of ICD code-based phenotyping limits phenotypic granularity
and may limit the ability to identify a uniform case cohort with shared genetic etiologies. This
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Figure 3

Forest plot showing the gene-based collapsing analysis binary odds ratio (OR) of PKD1 for the trait of
end-stage kidney disease from the major models using data from Wang et al. (69).

is supported by a recent GWAS that used a more specific case selection approach to evaluate for
genetic associations with glomerular hematuria using imputed microarray data from the UKB and
identified two significant rare variant signals in the known COL4A43 and COL4A4 genes (74-76).

The same data set was used to perform a gene-based collapsing analysis to assess variant enrich-
ment across 18,762 genes and 18,780 phenotypes under 12 distinct variant selection models. This
identified four genes with associations to kidney disease phenotypes, including two known genes,
PKD1I and PKD?2. In addition, potential novel associations were identified between kidney disease
and two other known genes, but under a different mode of inheritance: IFT140 and UMOD. De-
spite the inclusion of 521 individuals with cystic kidney disease, 326 with polycystic kidney disease,
and 1,695 individuals with glomerulonephritis, no novel genes associated with Mendelian kidney
disease were uncovered.

The gene with the most significant associations and the strongest enrichment is PKD1, which
demonstrated enrichment of rare and ultrarare protein truncating as well as nonsynonymous
variants across phenotypes capturing polycystic kidney disease, CKD, kidney failure, and kid-
ney transplantation. When looking at kidney failure as a phenotype, protein-truncating variants
are associated with the largest effect size [odds ratio (OR) = 328, p = 1.01 x 107*!], while rare
nonsynonymous variants are associated with the smallest effect sizes (OR = 3.2-5.8). Within
the nonsynonymous variants, ultrarare variants have a larger effect size (OR = 32-54) than rare
variants, in line with the paradigm of more common variants having smaller effect sizes (Figure 3).

In addition, rare protein-truncating somatic variants within the 7ET2 gene and common
protein-truncating somatic variants in ASXL1 were found to be enriched in cases with CKD de-
spite the inclusion of age as a covariate. Somatic variants in TET2 and ASXL1 are common driver
variants in individuals with CHIP, and the associated effect size seen in this UKB cohort was
similar to that seen in other cohorts with CKD, suggesting that this finding is likely driven by
unrecognized individuals with CHIP (OR = 3-5) (17).

Phenome-wide Association Study and Electronic Phenotyping

Large biobank data sets can also be used in a genotype-to-phenotype approach to conduct a
phenome-wide association study (PheWAS) across many phenotypes simultaneously, assessing
individual variants or gene-based aggregated variant counts to identify associated phenotypes.
PheWAS approaches can identify patients who may not carry a clinical diagnosis of a disease but
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have evidence of manifestations within their clinical record, and it can be useful for genes that ex-
hibit pleiotropy. PheWAS was applied to the Penn Medicine Biobank to evaluate the phenotypes
associated with variants in LMNA, a gene chosen due to phenotypic heterogeneity (77). Of the 68
individuals with a rare qualifying variant in LMNA, only 10 (15%) had undergone genetic testing
due to a concern about laminopathies, suggesting that most cases were not identified by standard
clinical evaluation. As expected, a significant signal was identified associating LMNA variants with
cardiomyopathy and other cardiac phenotypes such as atrial fibrillation, heart failure, and car-
diac transplant. In addition, a significant association was observed between variants in LMNA
and CKD stage G3, defined as an estimated glomerular filtration rate <60 mL/min/1.73 m?
(OR =4.91,p=1.13 x 107%), which was relatively robust (p = 1.33 x 10~%) to conditioning on the
top phenotypic signal of cardiomyopathy, suggesting that it may not be due to underlying cardiac
disease. While there have been reports of proteinuric kidney disease, notably FSGS, associated
with acquired partial lipodystrophy due to LMNA variants in the literature, these Phe WAS results
support an underdiagnosed kidney phenotype and demonstrate the utility of PheWAS in evalu-
ating novel gene—disease associations (78-80). In the future, Phe WAS approaches may be used to
identify phenotypic manifestations of known Mendelian kidney disease that went unrecognized
due to reduced penetrance, clinical subtlety, or unstructured case evaluations.

The expected benefits of using large data sets to identify new gene—disease associations have not
been realized in nephrology yet, as almost all of the identified associations have come from small,
well-phenotyped familial studies or case-control analyses. Given the expected rarity of genetic
conditions and the clinical heterogeneity of kidney disease, utilizing even larger sample sizes may
fall short of leading to new discoveries. Improvements in phenotyping of existing large cohorts
will be key to unlocking their potential. Identification of individuals with CKD using multiple
data sources in electronic health records instead of relying solely on ICD codes has been highly
successful but still lacks the granularity required to create homogeneous case cohorts of kidney
disease subtypes (81). Nonetheless, the derivation of an electronic algorithm for CKD enabled
derivation and validation of a genome-wide polygenic score (GPS) that identifies patients at high
risk of progression (82). As disease-specific polygenic scores are developed, these can be combined
with the CKD GPS and other clinical predictors to provide better risk stratification. In addition,
improvement of large-scale phenotyping remains an active area of research, including machine
learning, natural language processing and the integration of imaging and biopsy data (83). For
example, phenotype risk scores have been shown to identify undiagnosed Mendelian disorders in

biobanks (84, 85).

CONCLUSIONS AND FUTURE DIRECTIONS

Rare variants play a significant role in kidney disease, given the common and complex nature of
CKD. Very rare and private variants have been prominent in diagnostic studies of individuals with
kidney disease and are increasingly important in the identification of new gene and phenotype
associations. Understanding the full predictive power of rare variants for patients with kidney
disease requires further research to provide patients with personalized prognostic and treatment
recommendations.

We have seen the limitations of working with rare variants, most notably the difficulties in
identifying new associations driven both by the lack of adequate sample size and difficulties in
phenotyping cases at scale. This challenge has led to the development of new approaches to
gain insights into the role of genetics in kidney disease. In the future, the number of people who
have undergone genetic testing will continue to grow, and we will be able to harness even larger
sample sizes to improve the power of future association studies. We will also see improvements
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in phenotyping techniques that provide more specific and deeper phenotypes at scale, allowing
better classification of cases and construction of more homogeneous cohorts for evaluation.
Extensive integration of multi-omics data will enable further insight into the interactions of
genetics with the environment, transcription and translation, and epigenetics, as we are beginning
to see take shape in studies such as the Kidney Precision Medicine Project (86). As these data
become more refined, we hope they will allow us to provide patients with personalized care built
on molecular diagnoses, accurate prognostication, and targeted therapy.
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