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Introduction: The etiology of steroid-sensitive nephrotic syndrome (SSNS) is not well understood. Genetic

studies have established common single nucleotide polymorphisms (SNPs) that are associated with

increased SSNS disease risk. We review previous genetic association studies of SSNS and nominate

particular transcriptional regulators and immune cells as potential key players in the etiology of this

disease.

Methods: A list of SNPs associated with SSNS was compiled from published genome wide association

and candidate gene studies. The Regulatory Element Locus Intersection (RELI) tool was used to calculate

the enrichment of the overlap between disease risk SNPs and the genomic coordinates of data from a

collection of >10,000 chromatin immunoprecipitation sequencing experiments.

Results: After linkage disequilibrium expansion of the previously reported tag associated SNPs, we

identified 192 genetic variants at 8 independent risk loci. Using the Regulatory Element Locus Intersection

algorithm, we identified transcriptional regulators with enriched binding at SSNS risk loci (10-05 <
Pcorrected < 10-124), including ZNF530, CIITA, CD74, RFX5, and ZNF425. Many of these regulators have well-

described roles in the immune response. RNA polymerase II binding in B cells also demonstrated enriched

binding at SSNS risk loci (10-37<Pcorrected<10-5).

Conclusion: SSNS is a complex disease, and immune dysregulation has been previously implicated as a

potential underlying cause. This assessment of established SSNS risk loci and analysis of possible func-

tion implicates transcriptional dysregulation, and specifically particular transcriptional regulators with

known roles in the immune response, as important in the genetic etiology of SSNS.
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diopathic nephrotic syndrome is the most common
glomerular disease seen in the pediatric population,

with an average incidence of 4.7 per 100,000 children.1

Most children with nephrotic syndrome will respond
to a course of corticosteroids and are therefore diag-
nosed with steroid-sensitive nephrotic syndrome
(SSNS). Patients with SSNS are more likely to have
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minimal change histology and tend to have an excellent
long-term prognosis with low risk for progression to
end-stage renal disease (ESRD). In contrast, approxi-
mately 10% of children will fail to achieve remission
with an 8-week course of corticosteroids and therefore
are diagnosed with steroid-resistant nephrotic syn-
drome (SRNS). These children are more likely to have
focal segmental glomerulosclerosis and are at increased
risk for developing chronic kidney disease and ESRD.2

Advances in genetic research in the past 2 decades
have led to the identification of more than 50 genes
associated with SRNS (summarized in Stone et al.3). It is
now possible to identify a subset of children with
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nephrotic syndrome whose disease is caused by
structural defects in the glomerular filtration barrier.4,5

Patients with SSNS likely have more variable pheno-
types and a more complex inheritance pattern, making
the genetic etiology of this disease more difficult to
identify. Current evidence implicates a primary dys-
regulation of the immune system leading to secondary
podocyte damage, although it is unclear at this time
what specific genetic and/or environmental factors lead
to this dysregulation. A better understanding of the
pathogenesis of SSNS could lead to improved diag-
nostic and prognostic techniques as well as more tar-
geted therapies.

Several factors strongly suggest a genetic component
in the etiology of SSNS. First, although the majority of
patients with SSNS have no reported family history, a
number of cases of siblings with SSNS have been
described.6,7 It is unclear exactly how common familial
SSNS is, as large epidemiologic studies examining the
frequency of SSNS in first-degree relatives are lacking.
A sibling concordance study published in the 1970s
suggested that approximately 3% of children with
nephrotic syndrome have an affected sibling.8

Although this number likely included cases of SRNS
and therefore is likely an overestimation, it still argues
for a possible role for genetics in SSNS. Unfortunately,
updated sibling concordance studies and initial twin
concordance studies in patients with SSNS have not
been published.

Second, several reported cases of patients with
monogenic causes of nephrotic syndrome who respond
fully or partially to corticosteroids have been
described.9–16 Many of these genes are typically asso-
ciated with SRNS but have been also reported in cases
of steroid-responsive disease. Others seem to cause a
predominantly steroid-sensitive form of nephrotic
syndrome. Although a handful of cases have been
described, the vast majority of patients with SSNS have
no identifiable Mendelian cause.

An additional argument for the role of genetics in
SSNS is the variation of incidence in patients of
different ethnic backgrounds. For example, Banh
et al.17 performed a longitudinal study in a large cohort
of ethnically diverse children with nephrotic syn-
drome. Over a period of 10 years, they found higher
incidence of nephrotic syndrome in South Asians
compared to Europeans and East/Southeast Asians,
with an incidence of 15.83/100,000 versus 2.40/100,000
in South Asians and Europeans, respectively. Similar
variations in incidence among ethnic groups have been
described in a number of other studies and are sum-
marized in Chanchlani and Parekh.1 Although envi-
ronmental factors could also contribute to this
variation, it is likely that genetics, environment, and
188
gene by environment interactions play an etiological
role.

Finally, many studies, including several genome-
wide association studies (GWAS), have described an
important role for the human leukocyte antigen (HLA)
gene complex in SSNS. Gbadegesin et al.18 genotyped
cohorts of children of Asian and European ancestry.
They identified variants that were statistically associ-
ated with SSNS across the HLA-DQ locus (HLA-DQA
and HLA-DQB1). In a multi-ancestral replication study,
they confirmed the association at HLA-DQA.18 Debiec
et al.19 performed a GWAS study in patients of Euro-
pean, African, and Maghrebian ancestry. They identi-
fied genetic association at HLA-DQB1 as well as 2
independent genetic associations across the HLA locus
on chromosome 6.19 Focusing on children of African
American ancestry and a replication cohort of children
from South Asia, Adeyemo et al.20 sequenced 2 HLA-
DQA1 variants and identified significant association
with SSNS in these populations. In a study of children
of Japanese ancestry, Jia et al.21 performed a GWAS
followed by HLA type association analysis with repli-
cation of candidate genetic risk variants in a candidate
study of prioritized genetic variants. They also found
significant association at the HLA-DR/DQ region.21

Most recently, Dufek et al.22 assembled a large cohort
of patients with SSNS and a matched set of healthy
controls. They identified 3 genome-wide significant
loci, including 2 loci outside of the HLA region —
4q13.3 and 6q22.1. Altogether, these groups have
independently replicated and confirmed the impor-
tance of the HLA locus as well as several other disease
risk loci in patients with SSNS.

The goal of the present study is to better understand
the functional relevance of previously described SSNS
genetic risk variants. We first curated the independent
association signals identified by previously published
genetic association studies. Then, we performed a
linkage disequilibrium expansion step to identify all
variants that were tagged by the associated variants
reported with significant (or suggestive) P values. We
used the analytical tool Regulatory Element Locus
Intersection (RELI) to identify critical cell types and
transcriptional regulatory molecules based on enrich-
ment of chromatin immunoprecipitation sequencing
(ChIP-seq) data at disease risk loci. This algorithm
assesses the significance of intersections of genomic
coordinates of disease risk loci and DNA bound by
particular transcriptional regulators. The data gener-
ated by RELI can now be used to target particular
transcription factors and other regulatory proteins
which may be involved in disease pathogenesis and
therefore are good candidates for further experimental
investigation using human samples. This is the first
Kidney International Reports (2021) 6, 187–195
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step in generating hypotheses to understand the
functional relevance of the genetic risk loci identified
by GWAS studies. Collectively, these data reveal po-
tential gene regulatory mechanisms underlying the
complex etiology of SSNS, providing avenues for
future studies examining possible therapeutic
strategies.

METHODS

Identification of Independent Genetic Risk Loci

A literature search was performed using PubMed and
the National Human Genome Research Institute–
European Bioinformatics Institute GWAS catalog23 to
identify genome-wide association and candidate gene
studies reporting significant genetic association for
SSNS. Eight studies met our search criteria. SNPs with
P < 10-4 were included in our analysis. Starting with
the “tag” genetic variant of each reported SSNS risk
variant (P < 10-4), independent risk loci were identified
using the variant pruning function of PLINKv1.90b.24

We used an R2 threshold of 0.2 to define independent
loci. R2 is a measure of linkage disequilibrium. Only
variants on the same chromosome were assessed
because variants on different chromosomes segregate
completely independently in meiosis.

Linkage Disequilibrium Expansion

Each reported independent “tag” genetic variant was
used to identify all genetic variants in linkage
disequilibrium (LD) with the tag variant with R2 > 0.8
in the ancestry of reported association. If a variant was
identified in multiple ancestries, a union of the LD-
expanded variants was included.

Pathway Analysis of Genes Near SSNS Risk

Loci

Genes near SSNS risk loci were used to identify the
biological pathways enriched in this gene set using
Enrichr.25,26

Collection and Processing of ChIP-seq Datasets

A collection of 11,834 publicly available ChIP-seq
datasets as of October 2019 were downloaded from
the National Center for Biotechnology Information
(NCBI) Sequence Read Archive and were analyzed
using an in-house automated pipeline.27 The broad
classification of the origins of the cells and cell lines
assessed in these ChIP-seq experiments are displayed in
Supplementary Figure S1. Briefly, the pipeline first
downloads the sequence read archive files, converts
them to fastq files, and runs quality control (QC) on the
files using FastQC (v0.11.2).28 If FastQC detects adapter
sequences, the pipeline runs the fastq files through
Trim Galore (v0.4.2),29 a wrapper script that runs
Kidney International Reports (2021) 6, 187–195
cutadapt (v1.9.1)30 to remove the detected adapter
sequence from the reads. The quality-controlled reads
are then aligned to the reference human genome (hg19/
GRCh37) using bowtie2 (v2.3.4.1).31 The aligned reads
(in a .bam format) are then sorted using samtools
(v1.8.0)32 and duplicate reads are removed using picard
(v1.89).33 Finally, peaks are called using MACS2
(v2.1.0),34 using 4 different parameter settings
(MODE1: callpeak -g hs -q 0.01 -t bamfile, MODE2:
callpeak -g hs -q 0.01 –broad -t bamfile, MODE3:
callpeak -g hs -q 0.01 –broad –nomodel –extsize 500 -t
bamfile, MODE4: callpeak -g hs -q 0.01 –broad –nom-
odel –extsize 1000 -t bamfile). ENCODE blacklist re-
gions35 were removed from the called peaks using the
hg19-blacklist.v2.bed.gz file available at github.36 For
each ChIP-seq dataset, only the top-performing peak
set of the 4 MACS2 modes is reported, where perfor-
mance is gauged based on the RELI algorithm-corrected
P value.

Identification of Particular Transcriptional

Regulators Enriched at Risk Loci using RELI

We used our RELI algorithm to identify ChIP-seq
datasets whose genomic coordinates significantly
intersect SSNS genetic risk variants. As previously
published,37 all of the genetic polymorphisms in LD
with the tag variant at each of the 8 independent SSNS
risk loci were intersected with transcriptional regulator
ChIP-seq peaks. RELI uses a permutation-based strat-
egy to identify the significance of the overlap between
each LD block and a given ChIP-seq dataset, which we
designate the observed intersection count. As
described previously,37 this value is compared to the
expected intersection distribution. In this procedure,
the most strongly associated variant in the LD block is
chosen as the reference variant. A distance vector is
then generated providing the distance (in bases) of each
variant in the LD block from this reference variant. A
random genomic variant with approximately matched
allele frequencies to the reference variant is then
selected from NCBI’s dbSNP database, and genomic
coordinates of artificial variants are created that are
located at the same relative distances from this random
variant using the distance vector. Members of this
artificial LD block are then intersected with each ChIP-
seq dataset, as was done for the observed intersections.
This strategy accounts for the number of variants in
the input LD block and their relative distances, while
prohibiting ‘double counting’ due to multiple variants
in the block intersecting the same dataset. We repeat
this procedure 2,000 times, generating a null distribu-
tion with stable P-values. The expected intersection
distributions are used to calculate Z-scores and P-values
for the observed intersection.
189
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Table 1. Genetic risk variants associated with SSNS in GWAS at 8 independent risk loci
Locus Chromosome SNP P value Odds Ratio Population Study reference

4q13.3 4 rs10518133 2.50 � 10-8 1.96 European 22

6p21.32 6 rs9348883 4.70 � 10-4 2.51 Trans-ethnic 19

6 rs28366266 4.10 � 10-20 3.03 Trans-ethnic 19

6p21.32 6 rs1129740 1.187 � 10-6 2.11 South Asian 18

6 rs1071630 1.187 � 10-6 2.11 South Asian 18

6 rs1063348 9.3 � 10-23 3.33 Trans-ethnic 19

6p21.32 6 rs1129740 5.7 � 10-11 3.53 African American 20

6 rs1071630 1.2 � 10-13 4.08 African American 20

6p21.32 6 rs9273371 1.64 � 10-43 3.29 European 22

6p21.32 6 rs9273542 1.59 � 10-43 3.39 European 22

6 rs9273529 2.87 � 10-43 3.39 European 22

6p21.32 6 rs1140343 1.187 � 10-6 2.11 South Asian 18

6 rs3134996 1.72 � 10-25 0.29 Japanese 21

6 rs4642516 7.84 � 10-23 0.33 Japanese 21

6q22.1 6 rs2858829 1.72 � 10-16 0.53 European 22

6 rs2637681 3.53 � 10-17 0.52 European 22

6 rs2637678 1.27 � 10-17 0.51 European 22

GWAS, genome-wide association studies; SNP, single nucleotide polymorphism; SSNS, steroid-sensitive nephrotic syndrome.
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RESULTS

Literature Review and Curation of Previous

Studies

There have been limited studies assessing the genetic
basis of SSNS. To identify all possible candidates, we
used Pubmed and the GWAS catalog23 to identify SSNS
risk variants from genome wide association and
candidate gene studies that reported significant genetic
association for SSNS. A total of 8 studies met our search
criteria.18–22,38–40 Five of the candidate genetic
variant18,20,21 and GWAS studies19,21,22 which sought
to identify the origins of complex genetic risk for SSNS
successfully identified loci with P values < 0.0001
(Table 1). An expanded table of all reported SSNS risk
variants without filtering for statistical significance is
provided in Supplementary Table S1.
Inclusion of All Possible Statistically Associated

SSNS Variants

Genetic association studies report tag genetic variants
that were the most significant association at a specific
locus. Genetic variants are inherited as a haplotype of
variants in linkage disequilibrium, so independent loci
are variants that are not in strong linkage disequilib-
rium. Using a LD cutoff of r2 ¼ 0.2 in the ancestry of
identification, we identified all independent genetic
loci (Supplementary Table S2). We identified 8 inde-
pendent genetic effects: 6 in the HLA region on chro-
mosome 6, and 2 outside the HLA region on
chromosomes 4 and 6. Next, we identified all common
genetic variants in LD r2 > 0.8 with the identified risk
variants in the ancestry of discovery; this resulted in a
total of 192 variants (Supplementary Table S3).
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Although there are likely only one or 2 causal variants
per SSNS risk locus, all of the variants on the
LD-expanded list are candidates based on genetic as-
sociation. Using the NCBI dbSNP database,22,41 anno-
tations of the position of the LD-expanded SSNS risk
variants relative to gene coding regions were assessed
(Supplementary Table S4). Only 10 variants from this
LD-expanded list are located in coding regions. Of
these, 7 are missense variants and 3 are synonymous
variants. PolyPhen242 and SIFT43 were used to predict
the functional effects of the 7 missense variants. These
analyses showed that only 2 are predicted to cause
changes to the resulting protein function by PolyPhen2
(Supplementary Table S5), whereas all are considered to
be benign by SIFT (Supplementary Table S6). The
remaining variants, which represent the majority of
identified single nucleotide polymorphisms (SNPs), are
located in non-coding regions. Overall, these results are
consistent with a possible role for alteration of gene
regulatory mechanisms.
Identification of Genes Near Risk Loci

We identified a total of 16 genes within 50 kb of the
comprehensive list of SSNS risk variants
(Supplementary Tables S7 and S8). Included in this list
of genes are several HLA genes, BTNL2 (an immunor-
egulator involved in T-cell regulation, proliferation,
and cytokine release), and HCG23 (HLA complex group
23). These genes were significantly enriched for bio-
logical pathways defined by Gene Ontology enrichment
terms associated with antigen presentation, T-cell re-
ceptor signaling, and interferon-gamma–associated
signaling (Supplementary Table S9).
Kidney International Reports (2021) 6, 187–195



Table 2. Intersection between SSNS risk loci and top overlapping
transcription factors

Cell line Cell type Molecule Overlap Enrichment
Corrected
P value

HEK293 Kidney derived immortalized
cell line

ZNF530 4 142.9 6.28 � 10-101

Raji Immortalized B cell line CIITA 4 86.1 8.35 � 10-64

CLL Immortalized B cell line CD74 4 42.1 2.40 � 10-31

WA01 Pluripotent stem cell line RFX5 4 38.7 4.10 � 10-28

HEK
293T

Kidney derived immortalized
cell line

ZNF425 4 28.7 8.99 � 10-20

For this analysis, all of the genetic polymorphisms in linkage disequilibrium with the
“tag” variant at each of the 8 independent SSNS risk loci were intersected with
transcription factor ChIP-seq peaks from publicly deposited experimental data. For each
ChIP-seq dataset, the cell line, cell type, and molecule are provided. The number of
times that the ChIP dataset had a called peak that overlapped a SNP at an SSNS risk
locus is indicated (“overlap”). Only one overlap was counted for each independent risk
locus — even when multiple SSNS risk variants at the same risk locus overlapped a
ChIP-seq dataset (i.e., the maximum overlap is 8). Only the top 5 unique transcriptional
regulator datasets with 4 or more overlaps with independent SSNS risk loci are shown.
A permutation strategy is used by RELI to identify the significance of the overlap. The P
value is identified based on the permutations of RELI and is calculated from the Z-score.
The corrected P value gives the P value after accounting for multiple testing of the
many ChIP-seq datasets. ChIP-seq, chromatin immunoprecipitation sequencing; RELI,
Regulatory Element Locus Intersection; SNP, single nucleotide polymorphism; SSNS,
steroid-sensitive nephrotic syndrome.
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Identification of Key Transcriptional Regulators

at SSNS Risk Loci

To understand the biological mechanisms driving SSNS
disease risk at the identified risk loci, we used our RELI
tool to find ChIP-seq datasets that significantly overlap
with the SSNS risk loci more than expected by chance.
RELI measures the overlap of each ChIP-seq dataset
with the SSNS risk loci and assesses statistical signifi-
cance using a null model in which the SSNS risk loci
are randomly repositioned across the genome while
keeping the number of SNPs and size of the LD-
expanded haplotype blocks consistent, as previously
described.37

We identified a total of 101 ChIP-seq datasets
involving 54 unique transcriptional regulators and
histone marks that overlap at least 3 of 8 of the SSNS
risk loci, with enrichment from 9 to 240 times that
expected by random chance and corrected P values
between 1.0 � 10-5 and 3.8 � 10-124. Most of these
transcriptional regulators have well-described roles in
the regulation of the human immune response. Among
the most significantly enriched are zinc finger protein
530 (ZNF530), class II major histocompatibility complex
(CIITA), regulatory factor X5 (RFX5), CD74, and zinc
finger protein 425 (ZNF425) (Table 2). Many of the
ChIP-seq datasets with significant enrichment at SSNS
risk loci were performed in B cell lines (56 of 101) and
kidney-derived cell lines (17 of 101). Most of these
datasets assessed used cell lines; however, 11.74% of
datasets were from primary tissues and hematologic
cells. Kidney and B cells represented 7.22% and 10%
of the assessed datasets, respectively. The full results
from our RELI analysis with corrected P values less
Kidney International Reports (2021) 6, 187–195
than 1 � 10-6 are provided in Supplementary
Table S10, and results from kidney-derived cells are
provided in Supplementary Table S11.

RNA Polymerase II Enrichment at SSNS Risk

Loci

RNA polymerase II (POLR2) is the regulatory molecule
that is ultimately responsible for gene expression. Our
RELI analysis identified strong enrichment, with 11 to
51 times more binding of POLR2 at SSNS risk loci than
expected by chance (10-37 < Pcorrected < 10-5) in B cells
(Supplementary Table S12).

DISCUSSION

Although the pathogenesis of SSNS remains unclear,
current evidence suggests that immune dysregulation
and genetic factors play important roles in the devel-
opment of this complex disease. Recent genetic asso-
ciation studies have identified a number of SSNS
genetic risk variants in the HLA region, further sup-
porting these mechanisms.

GWAS studies are valuable tools for understanding
the genetic basis of complex traits; however, there are
several limitations to consider. First, although GWAS
can be used to identify a region of the genome associ-
ated with disease risk, due to linkage disequilibrium,
these loci almost always represent a number of poten-
tially causal variants. This makes it difficult to identify
specific variants with functional relevance. Further-
more, the majority of risk variants identified by GWAS
are located in non-coding regions. Thus, it is often
unclear how these variants directly contribute to dis-
ease pathogenesis. Further functional testing is there-
fore required to fully understand the contributions of
risk loci in the etiology of a disease.44 We hypothesized
that SSNS disease risk variants identified by genetic
association studies affect the binding of particular
transcriptional regulators. We used our recently
developed algorithm (RELI) to better understand the
functional relevance of these risk alleles, specifically
regarding their interactions with transcription factors
and other regulatory molecules. Our overall goal was to
identify particular transcriptional regulators which
could be targeted for subsequent functional studies
using specimens from patients with nephrotic
syndrome.

This study has a number of limitations. First,
interpreting GWAS results is challenging because the
resulting genetic loci are largely located in non-coding
regions; therefore, it is difficult to predict and validate
their mechanistic roles. Furthermore, genetic associa-
tion studies do not identify single SNPs, but rather
nominate a set of variants that are in LD with one or
more causal variant(s). Additionally, SSNS studies to
191
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date have been underpowered to identify association
with genome-wide significance. Genetic variants with
P < 5 � 10-8 are typically considered genome-wide
significant because the association survives multiple
testing of more than 1 million independent pieces of the
genome.45 For this study, we used a less conservative
cutoff given that the currently available GWAS and
candidate gene studies have been small and have not
always reached statistical significance at the thresholds
typically used in genetic association studies. Studies
using larger populations are therefore needed to iden-
tify more robust associations. In addition, the fact that
most of the currently identified SSNS genetic risk loci
are in the complex HLA region increases the chal-
lenging task of understanding the genetic etiology of
the disease.

As hypothesized, the results from our analysis show
strong enrichment for the binding of specific tran-
scriptional regulatory proteins at established SSNS risk
loci, suggesting that these proteins are involved in the
pathogenesis of SSNS via altered binding to disease risk
loci. Furthermore, many of the identified transcrip-
tional regulators have important established roles in the
immune response, emphasizing the role of immune
dysregulation in the pathogenesis of this disease.

A growing body of evidence supports a role for B
and T lymphocytes in the pathogenesis of nephrotic
syndrome. The most compelling argument is the role of
T-cell depleting agents in the treatment of nephrotic
syndrome. Most of the immunosuppressive agents used
to treat nephrotic syndrome target T cells, including
corticosteroids, cyclophosphamide, calcineurin in-
hibitors, and antiproliferative agents46,47 More recent
evidence has supported the use of anti-CD20 anti-
bodies, rituximab and ofatumumab, in the treatment of
nephrotic syndrome. These agents have been shown to
induce a prolonged remission in many patients, further
emphasizing the role of B cells in the pathogenesis of
this disease.48 Other arguments for the involvement of
immune cells in the pathogenesis of SSNS include re-
ports of full remission of nephrotic syndrome induced
by measles infection49,50 and the association of
nephrotic syndrome with T-cell lymphomas.51 Finally,
as described above, several genetic variants in the HLA
region have been shown to associate with SSNS in
multiple studies,18,19,21,22 although the mechanisms
underlying these associations have not yet been
elucidated.

Our results agree with the current literature which
supports the importance of immune dysregulation in
the pathogenesis of SSNS, as several of the most highly
enriched transcriptional regulators in our analysis have
well-known roles in the immune response. For
example, CIITA regulates transcription of MHC class I
192
and II genes.52 It has been shown to interact with DNA
binding proteins, other transcription factors, and his-
tone modifying proteins, which together work to
regulate MHC gene expression.53 Defects in the CIITA
gene result in abnormal expression of MHC II and a
severe combined immunodeficiency in humans.54,55

CIITA works in a complex with another essential
regulator of MHC class II — RFX5,56 which we also
have identified as a key player at SSNS risk loci. RFX5
is a nuclear protein that binds to the X box of MHC-II
promoters and plays a role in antigen presentation.57

Similarly, CD74 is a chaperone that regulates antigen
presentation for proper immune response.58 Collec-
tively, these data suggest that these and other partic-
ular regulatory proteins play important roles at SSNS
genetic risk loci.

We hypothesize that the presence of a single risk
locus or combination of risk loci may lead to altered
binding of transcriptional regulators. For example,
abnormal binding of CIITA could lead to changes in the
expression of MHC I and/or MHC II genes. When
combined with an antigenic/environmental stimulus,
this altered expression could lead to SSNS risk
genotype-dependent antigen presentation, and subse-
quent T-cell–mediated destruction of podocytes may
ensue. This hypothesis must be tested in experimental
studies assessing genotype-dependent binding of
transcription factors in biological samples (e.g., B cells
and kidney biopsy specimens) from patients with
nephrotic syndrome.

Progress has already been made in understanding
the resultant changes in gene expression associated
with identified risk loci. Two groups have previously
described the presence of expression quantitative trait
loci (eQTLs) associated with SSNS risk variants, which
further supports a model of allelic transcriptional
regulation.19,22 Specifically, 3 of the SNPs identified in
a GWAS by Dufek et al.22 alter expression of CALHM6.
Debiec et al.19 identified 2 SNPs which altered
expression of 3 genes using transcriptomic data from
the NEPTUNE cohort. Using Genotype-Tissue Expres-
sion (GTEx), they described 2 additional eQTLs which
altered expression of several HLA genes, as well as one
SNP which acted as an eQTL at a number of other genes
in various tissues.19
CONCLUSION

Our results have identified several transcriptional reg-
ulators which may play a role in the etiology of steroid
SSNS. This focused list of regulatory proteins can now
be used in ChIP-seq experiments using cells from pa-
tients with nephrotic syndrome. This important first
step supports the role of immune-associated
Kidney International Reports (2021) 6, 187–195
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transcriptional regulators in the pathogenesis of this
complex disease and will help guide further studies
evaluating the functional relevance of genetic risk loci
in SSNS.
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