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Introduction: Frasier syndrome (FS) is a rare Mendelian form of nephrotic syndrome (NS) caused by

variants which disrupt the proper splicing ofWT1. This key transcription factor gene is alternatively spliced

at exon 9 to produce 2 isoforms (“KTSþ” and “KTS�”), which are normally expressed in the kidney at a

w2:1 (KTSþ:KTS�) ratio. FS results from variants that reduce this ratio by disrupting the splice donor of

the KTSþ isoform. FS is extremely rare, and it is unclear whether any variants beyond the 8 already known

could cause FS.

Methods: To prospectively identify other splicing-disruptive variants, we leveraged a massively parallel

splicing assay. We tested every possible single nucleotide variant (n ¼ 519) in and around WT1 exon 9 for

effects upon exon inclusion and KTSþ/� ratio.

Results: Splice disruptive variants (SDVs) made up 11% of the tested point variants overall and were

tightly concentrated near the canonical acceptor and the KTSþ/� alternate donors. Our map successfully

identified all 8 known FS or focal segmental glomerulosclerosis (FSGS) variants and 16 additional novel

variants which were comparably disruptive to these known pathogenic variants. We also identified 19

variants that, conversely, increased the KTSþ/KTS� ratio, of which 2 are observed in unrelated individuals

with 46,XX ovotesticular disorder of sex development (46,XX OTDSD).

Conclusion: This splicing effect map can serve as functional evidence to guide the clinical interpretation of

newly observed variants in and around WT1 exon 9.
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V
ariants that disrupt proper pre-mRNA splicing
contribute a share of the pathogenic burden in

Mendelian forms of NS. One NS gene sensitive to
splicing disruption is WT1, which encodes a key geni-
tourinary transcription factor essential for podocyte
development and integrity. Its disruption results in a
phenotypic spectrum, including isolated NS, syn-
dromic NS with tumors and gonadal dysgenesis,
spondence: Jennifer Lai Yee, Department of Pediatrics, Di-

of Nephrology, University of Michigan, C.S. Mott Children’s

tal Room 12-250, 1540 East Hospital Drive, Ann Arbor,

gan, USA. E-mail: chunlai@med.umich.edu; or Jacob O.

an, Department of Human Genetics, University of Michigan

al School, 4811 Med Sci II, 1241 E. Catherine St, Ann Arbor,

gan, USA. E-mail: kitzmanj@umich.edu

ved 9 June 2023; accepted 31 July 2023; published online 5

t 2023

International Reports (2023) 8, 2117–2125
differences of sexual development, Wilms tumor, and
leukemia.1

WT1 undergoes alternative splicing, including in
exon 9 at a pair of donors which result in protein
isoforms that differ by the 3 amino acids, KTS. These
isoforms have overlapping and distinct functional
roles: both act as transcription factors2 but with
partially different sequence motif specificities and gene
targets.3-6 Normally, they are expressed in the mature
kidney7,8 at a w2:1 ratio (KTSþ:KTS�). Variants
which disrupt the KTSþ donor reduce this ratio and
cause an extremely rare syndrome called FS, consisting
of male gonadal dysgenesis, NS, Wilms tumor, or
gonadoblastoma (Figure 1a).7-9

Currently, 8 variants downstream of the KTSþ splice
donor are known to cause FS or FSGS.8-13 It remains
unclear if other nearby variants are similarly splice
2117
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Figure 1. Alternative splicing with the known spliceogenic variant from the minigene assay. (a)WT1 exon 9 alternative splice forms KTSþ (blue)
and KTS� (yellow). (b) Six known Frasier or Focal segmental glomerulosclerosis syndrome variants tested individually by minigene assays
followed by sequencing, with the percent of spliced reads from each isoform shown. DSD, differences of sex development; NS, nephrotic
syndrome; RT-PCR, reverse transcriptase polymerase chain reaction.
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disruptive. Accurate computational prediction of var-
iants’ splicing effects remains challenging, so we
devised a massively parallel splice assay14 to measure
the splicing effects of every possible single nucleotide
variant (SNV) in or near WT1 exon 9 and the flanking
introns (N ¼ 519 variants). This identified all 8 known
FS/FSGS variants and nominated an additional 49 WT1
SNVs as splice disruptive, including 2 patient variants
with uncertain interpretations (Table 2). This splicing
effect map can support clinical interpretation of novel
WT1 variants and improve the accuracy of genetic
diagnosis.
METHODS

Cell Culture

HEK293T and COS-7 cells were obtained from Amer-
ican Type Culture Collection and cultured in Dulbec-
co’s modified Eagle’s medium with high glucose, L-
glutamine and sodium pyruvate (DMEM; GIBCO,
Grand Island, NY) containing 10% fetal bovine serum
and 1% penicillin-streptomycin (10,000 U/ml) (GIBCO).
Media was checked monthly for mycoplasma contam-
ination by polymerase chain reaction (PCR).

Saturation Mutagenesis Library Construction

A WT1 minigene construct was prepared by cloning a
fragment with WT1 exon 9 plus 414 bp of its flanking
introns into the vector pSPL3 (Invitrogen, Carlsbad,
CA) at the BamHI site, an intronic context flanked by a
synthetic first and last exon. This construct was sub-
jected to saturation mutagenesis as previously
2118
described,14 targeting the full exon þ/� 40 bp (173
bp). Briefly, a mutant oligonucleotide pool was
designed in which each position across the targeted
region was successively replaced by 3 other mutant
bases. The pool was synthesized by Twist Biosciences
(South San Francisco, CA), amplified by limited-cycle
PCR, and cloned by HiFi Assembly (New England
Biolabs, Ipswitch, MA) into the vector backbone line-
arized by inverse PCR.

Mutant Plasmid Barcoding

A library of random 20mer barcode sequences were
synthesized by Integrated DNA Technologies (Coral-
ville, IA) and cloned into the downstream 3’ UTR at the
MscI site by HiFi Assembly. The resulting pools of
mutant WT1 exon 9 minigenes with barcodes were
transformed by electroporation into NEB 10-b E. coli,
reaching library complexity of hundreds of barcoded
clones per designed mutation. To enumerate the 30UTR
barcodes and identify the specific variant paired with
each barcode, subassembly sequencing libraries were
generated as previously described.14,15

Minigene Library Transfection

Mutant minigene libraries were transiently transfected
into HEK293T (8 replicates) and COS-7 cells (2 repli-
cates). At 24 hours post-transfection, cells were lysed
by addition of Trizol and total RNA was purified with
Direct-zol RNA Miniprep Kits (Zymo Research, Irvine,
CA). A total of 3 to 5 mg total RNA was reverse tran-
scribed using SuperScript III First-Strand Synthesis kit
(Invitrogen) with oligo(dT) 20 primer following the
Kidney International Reports (2023) 8, 2117–2125



Table 1. Known splicing disruptive and disease-causing variants in
WT1 exon 9 splicing donor site (IVS ds) þ1 to þ6

Variant Reported disease
Previous experimental evidence

of disruptive splicing

IVS9 dsþ1 G>A Frasier syndrome

IVS9 dsþ1 G>C FSGS

IVS9 dsþ2 T>C Frasier syndrome Loss of þKTS isoform in minigene assay
and in homozygous mouse embryos

IVS9 dsþ4 C>T Frasier syndrome Loss of þKTS isoform in minigene assay

IVS9 dsþ5 G>A Frasier syndrome Loss of þKTS isoform in minigene assay

IVS9 dsþ6 T>A Frasier syndrome

FSGS, focal segmental glomerulosclerosis.
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manufacturer’s protocol. Afterwards, spliced transcript
was amplified via seminested PCR using outer primer
pairs, first SD6 forward (50-TCTGAGTCACCTGGA-
CAACC-30) and SA2 reverse (50-ATCTCAGTGG-
TATTTGTGAGC-30), and inner primer pairs, JKlab232
(50-AGTGAACTGCACTGTGACAAGCTGC) and SA2
reverse. Indexed illumina sequencing adaptors were
added by PCR and the resulting RNA-seq libraries were
submitted for paired-end 150-bp sequencing on Illu-
mina HiSeq or NovaSeq instruments.

RNA-seq Processing and Splice Disruption

Calling

RNA-seq reads were processed as previously
described.14 Briefly, reads containing plasmid barcodes
were selected with cutadapt16; barcodes were clustered
with starcode17 and filtered to retain only those associ-
ated with a single-base variant. The paired, splice-
informative read was aligned to the reference minigene
sequence with the splice-aware read aligner STAR.18

Custom python scripts (https://github.com/kitzmanlab/
wt1_splice) were used to identify the isoform corre-
sponding to each read: KTSþ (42.6% of all reads), KTS�
(37.4%), exon 9 skipping (“SKIP,” 19.1%), or all other
isoforms (“OTHER”; collectively, <1% of all reads). The
count of reads matching each isoform was tallied per
barcode, then aggregated into a per-variant, per-isoform
percent by taking a read-count weighted mean of the
respective percentages across the associated barcodes.

To test the significance of splice disruption, we
created for each variant a null distribution by boot-
strap sampling a matching number of barcodes associ-
ated with intronic variants >10 bp outside the exon
boundaries. Using this null distribution, we computed
z scores for the observed per-isoform usage, then used
Stouffer’s method to aggregate z scores across repli-
cates. SDVs were defined as those that were (i) signif-
icant at the P < 0.05 level (after Bonferroni correction
for multiple testing), and either (ii) had either SKIP or
OTHER usage at least 20% higher than the null, or (iii)
an isoform log-ratio (calculated as log2[KTSþ/KTS�])
of$1.5 or# �1. Variants were defined as intermediate
if they (i) passed the same significance test and had
either (ii) SKIP or OTHER usage at least 10% higher
than the null, or (iii) an isoform log-ratio of $ 1
or # �0.5. Results were highly correlated across rep-
licates; all SDVs were also called disruptive, at least half
of the replicates when processed individually.

Prediction of Splice Site Strength

MaxEntScan scores19 for variants at the common WT1
exon 9 acceptor, KTS� donor, and KTSþ donor were
computed using the maxentpy python module (https://
github.com/kepbod/maxentpy). We first computed the
Kidney International Reports (2023) 8, 2117–2125
splice site strength for the wild-type and mutant se-
quences for each and took the signed difference be-
tween the variant and wild-type scores.

Clinical Variant Interpretation

Deidentified clinical information was obtained for car-
riers of WT1 exon 9 or flanking intron variants as
identified in the course of clinical exome sequencing by
Invitae. Deidentified data were provided with institu-
tional review board approval (WCG IRB protocol
#1167406).

RESULTS

Massively Parallel Splicing Assay forWT1 Exon 9

To systematically identify SDVs, we established a
minigene assay with WT1 exon 9 and flanking introns
(w200 bp on either side). We first individually tested
the wild-type sequence and 6 pathogenic variants near
the KTSþ donor known to cause FS or FSGS (Table 1).
The wild-type construct showed a roughly even bal-
ance between the 2 isoforms (1:1.2 KTSþ:KTS� ratio),
whereas each of the known pathogenic variants abol-
ished KTSþ usage (Figure 1b; Supplementary
Figure S1). Therefore, consistent with previous re-
ports,20 minigenes can faithfully model WT1 splicing
defects associated with FS and FSGS.

We next set out to test the splicing effects of every
possible SNV in and around WT1 exon 9 (Figure 2a).
We applied saturation mutagenesis to create a library of
all possible SNVs in the exon and for 40 bp into each
flanking intron. The mutant library was tagged with
random 20mers in the 30UTR to serve as barcodes
allowing for the splicing effect of each mutation to be
tracked. Nearly every possible SNV was represented
(518/519; 99.8%) with a high degree of internal repli-
cation (mean ¼ 79.7 barcodes per variant;
Supplementary Figure S2).

We transfected HEK293T cells with the mutant
minigene library pool and deeply sequenced the
resulting spliced RNAs to quantify, for each mutation,
the use of the KTSþ and KTS� isoforms, exon skipping
(“SKIP”) or all other splicing outcomes (“OTHER”).
2119
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Figure 2. Screening for all possible splice-disruptive variants in WT1 exon 9. (a) Splicing effect map for all 518 single-nucleotide variants in/
around WT1 exon 9 from a massively parallel splice assay. Each bar represents a single variant plotted by its cDNA position (x-axis), with dark
shading for splice disruptive variants, light shading for intermediate ones, and gray for variants with no effect upon splicing. The first 4 tracks
show the percent usage of KTSþ, KTS�, SKIP, and OTHER isoforms. Final y-axis track shows the log2(KTSþ/KTS�) ratio. (b) Zoom to the
alternative donors showing KTSþ/KTS� ratio and reference sequence. Known variants are shown above the plot with symbols denoting
existing interpretation.

TRANSLATIONAL RESEARCH C Smith et al.: Massively Parallel Minigene Splicing Assay in WT1
Mutations’ effects upon isoform usage were reproduc-
ible within the HEK293T biological replicates (median
pairwise Pearson’s r ¼ 0.94) and between HEK293T
replicates and a second cell line, COS-7 (median be-
tween cell line pairwise Pearson’s r ¼ 0.93;
Supplementary Figure S3).

The resulting map shows that, as expected, sensi-
tivity to splicing disruption is heavily concentrated
near the canonical splice sites, in particular the alter-
nate KTSþ and KTS� donors (Figure 2b). Overall, of
the 518 measured SNVs, only 57 (11.0%) altered
splicing with an additional 16 (3.1%) having an
2120
intermediate effect on splicing (Table 2; Supplementary
Table S1). Of the disruptive variants, all but 1 were
near (þ/� 15 bp) either the splice acceptor or one of the
donors, consistent with disruption of those sites’
consensus motifs. The primary disruptive effect for
most variants (43/57; 75.4%) was to alter the KTSþ/
KTS� ratio, with the direction of effect roughly evenly
split between shifting the balance toward KTS� and
KTSþ (24 variants and 19 variants, respectively). A
minority of variants led to complete exon skipping (n ¼
14) or activated a cryptic acceptor 17 bp downstream of
the native one (n ¼ 2), each of which would yield
Kidney International Reports (2023) 8, 2117–2125



Table 2. Splice assay scores for previously reported pathogenic variants for Frasier Syndrome, focal segmental glomerulosclerosis, or 46,XX
OTDSD

Variant
Genomic position

(hg19)
Splice score

log2 (KTSD/KTSL)
Called splice
disruptive? ClinVar interpretation

Literature report as
pathogenic Variant consequence

c.1437A>G 32413528 2.76 Yes Conflicting interpretations Yes Synonymous

c.1447þ1G>A 32413517 �2.81 Yes Yes Intronic

c.1447þ1G>C 32413517 �2.56 Yes Yes Intronic

c.1447þ2T>C 32413516 �2.64 Yes Likely pathogenic Yes Intronic

c.1447þ3G>A 32413515 1.72 Yes Uncertain significance This study Intronic

c.1447þ3G>T 32413515 �2.71 Yes Yes Intronic

c.1447þ4C>T 32413514 �2.21 Yes Pathogenic/Likely pathogenic Yes Intronic

c.1447þ5G>A 32413513 �2.51 Yes Pathogenic Yes Intronic

c.1447þ5G>T 32413513 �2.69 Yes Yes Intronic

c.1447þ6T>A 32413512 �2.58 Yes Pathogenic Yes Intronic
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frameshifted transcript predicted to undergo nonsense
mediated decay.

Identification of Known and Novel Variants

Disrupting KTSþ Usage

We focused first on the 8 known FS/FSGS variants as
described in the ClinVar database21 or published case
reports.8-13 All 8 dramatically lowered the KTSþ:KTS�
balance, as quantified by log2(KTSþ/KTS�) scores well
below 0 (all # �2.21; Figure 2b; Figure 3; Table 2). In
contrast, of the 19 variants listed in ClinVar with an
interpretation of Likely Benign, our assay scored 18 as
neutral, with 1 (c.1447þ7A>G) barely meeting the
threshold for intermediate score range (score: �0.52),
for which the in vivo impact is unclear as clinical in-
formation was unavailable. Therefore, pooled minigene
assays can effectively discriminate between known
pathogenic SDVs and neutral polymorphisms.

We next asked whether this map could prospec-
tively identify as-yet unreported variants which
disrupt KTSþ. We identified 16 additional SDVs which
disrupted KTSþ comparably to the known FS/FSGS
variants (median log2 ratio score: �2.14;
Supplementary Table S1), most of which were corrob-
orated by splice site strength predictions from Max-
EntScan (median MaxEntScan score ¼ �2.40;
Supplementary Figure S4).19 Among these, 6 were
located within the codon region specific to the KTSþ
isoform; 4 of these were synonymous variants, which
as a class may be overlooked during classification. None
of these is yet deposited in ClinVar or in published
reports; however, but based on their disruptiveness in
this assay, they represent potential novel pathogenic
variants.

Other Splice Disruptive Outcomes

Finally, we searched this map for variants that disrupt
splicing in other ways and identified 19 variants that
increased the KTSþ/� ratio, opposite the effect asso-
ciated with FS (Figure 2b; Figure 3). Notably, 2 have
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been observed in patients with 46,XX ovotesticular
differences in sexual development (46,XX OTDSD). The
first, c.1437A>G, is a synonymous variant recently
reported22 as a de novo mutation in a patient with 46,XX
OTDSD. Consistent with the strong shift toward KTSþ
in our map (score: 2.76), it is predicted by MaxEntScan
to weaken the KTS� donor 2 bases downstream
(Supplementary Figure S4). We observed similar effects
from an additional 17 variants near the KTS� donor
(median log2 ratio score: 2.83, range: 2.20–2.98).
Another variant, c.1447þ3G>A (log2 ratio score: 1.72),
downstream of the KTSþ donor, was observed during
clinical exome sequencing in a proband (age range: 10–
15 y) with 46,XX OTDSD. Notably, no renal abnor-
malities or a history of Wilms tumor was reported for
either of these 2 individuals. In contrast to the variants
near the KTS� donor, this and one other variant not
yet observed clinically (c.1447þ4C>A) are predicted to
strengthen the KTSþ donor (Supplementary Figure S4),
possibly leading it to outcompete its upstream coun-
terpart. Finally, we identified a cluster of 14 variants
within 26 bp of the WT1 acceptor which led to com-
plete skipping of exon 9, or use of an alternate cryptic
acceptors, in each case leading a frameshift and pre-
mature truncation (Figure 2a; Supplementary Table S1).
None of those variants are yet reported in ClinVar or
population databases.

SDV Depletion Among Population Rare Variants

We next intersected these measurements with gno-
mAD, a population database of variation from whole
exome and genome sequencing of cohorts depleted for
severe early-onset genetic disorders.23 Of the WT1
variants measured in this splicing screen, 30 were
found in gnomAD (18 intronic, 12 exonic), all of which
were rare (allele frequency less than 10�4). Notably,
among these, a stop-gain variant (c.1387C>T;
p.Arg463Ter) classified as pathogenic in ClinVar was
found in 1 individual in gnomAD, consistent with
incomplete penetrance and nonzero prevalence of
2121



Figure 3. Correlation between the splicing effect from minigene assay and pathogenicity in variant-phenotype database. KTSþ/KTS� ratios for
variants reported in the literature or in ClinVar, grouped by interpretation, with population allele frequency shown above the plot for variants
present in gnomAD.
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genetic disorders such as NS or Wilms Tumor in
“healthy” population databases. The remaining 29
gnomAD variants were all measured as splice neutral in
our screen (Supplementary Table S1; Figure 3), a sig-
nificant depletion compared to random expectation
(Fisher exact P < 0.05), consistent with selection
against WT1 exon 9 splice disruption among the gen-
eral population.
DISCUSSION

Here, we applied a massively parallel splicing assay to
systematically test the effects of every single-nucleotide
variant in and near WT1 exon 9, a hotspot for multiple
genetic forms of NS including FS. The resulting splicing
effect map correctly identified all 7 known FS variants8-
11,13 as associated with reduced KTSþ/KTS� ratio, along
with another variant reported to cause isolated steroid
resistant NS and FSGS.12 In contrast, all 20 variants
which appear in the ClinVar database with an inter-
pretation of Likely Benign scored as splice neutral or
intermediate, whereas rare population variants in the
gnomAD database were exclusively splice-neutral.
Therefore, this splicing assay was highly sensitive and
specific for identification of pathogenic variants causing
WT1 exon 9 splice disruption.

FS is extremely rare: in all, fewer than 200 cases have
been reported, represented by only 7 distinct FS vari-
ants.8-11,13 Two of these 7 variants (at the þ4 and þ5
positions) account for most of the FS case reports to
date: taking the count of ClinVar submissions as a
proxy for frequency, c.1447þ4C>T and c.1447þ5G>A
together had 24 records, compared with only 2 records
combined across the 5 other known FS variants. The 2
2122
recurrent variants overlap the only CpG dinucleotide in
the KTSþ region, and their frequency is likely
explained by the w10-fold higher de novo mutation
rate at germline-methylated CpGs.24 Therefore, it is
reasonable to expect that there may be a tail of addi-
tional variants which are rare even within the context
of this rare disorder. Indeed, our results implicate an
additional SNVs to be similarly decreasing the KTSþ/
KTS� ratio, and nominate these as new, as yet-
unreported variants with the potential to cause FS/
FSGS.

Our results highlight how different variants at the
same or adjacent positions can have opposite functional
and clinical impacts. Indeed, the entire KTSþ/� donor
region is perfectly conserved with no sequence changes
among extant placental mammals,25 which may signal
its importance but does not distinguish individual
variants’ effects. As our splicing effect map shows,
splicing disruption is both site-dependent and variant-
dependent, with effects split approximately evenly
between variants that shift the balance toward KTSþ
versus those that shift it toward KTS�.

Our map also identified 19 variants, which increase
the KTSþ/KTS� ratio, either by weakening the KTS�
donor or strengthening the KTSþ donor. One of these
variants was previously reported22 in an individual
with 46,XX OTDSD, and we report an additional, un-
related patient with a similar presentation carrying a
different variant. Converse to FS variants, which are
associated with reduced SRY expression in male pa-
tients with FS26 and mouse models,27 these variants
favoring KTSþ may lead to dysregulation or over-
activation of SRY, the master regulator of male sex
determination.28 KTSþ and KTS� have partially
Kidney International Reports (2023) 8, 2117–2125
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distinct activities, and nonidentical DNA binding tar-
gets, downstream transcriptomic signatures, and ulti-
mately functional roles.3,5,29 Although it is clear that
variants that disrupt KTSþ/KTS� ratio in either di-
rection exert pathological effects on gonadal develop-
ment and kidney function, further work is needed to
define whether this is caused by the imbalance per se or
both alleles’ dosage sensitivity.

This study focused on the effects of variants in or
near WT1 exon 9 splicing donor sites. In some Men-
delian disorders, missense or synonymous variants
may alter splicing by disrupting regulatory elements
beyond the canonical splice sites, termed exonic splice
enhancers and silencers.30 Such effects have been
observed by other systematic splice assays14 including
at other WT1 exons.31 Here, though, we observed that
variants to the interior ofWT1 exon 9 had little impact
upon its splicing. This suggests that WT1 exon 9
either does not depend on exonic splice regulatory
elements for its definition, or that any such elements
may be robust to perturbation by single nucleotide
variants. In addition, variants at other loci beyond
WT1 can cause pathogenic perturbation of WT1
KTSþ/� ratio in trans. For example, insulin-like
growth factor I upregulated WT1 KTS� isoform in
breast cancer, inflicting a poorer prognosis32; and
mutation in another key kidney transcriptional factor,
LMX1B, decreased the expression of KTS� and
therefore disrupted KTSþ/KTS�, resulting in FSGS
with decreased expression in podocyte genes.33 Future
work is needed to systematically determine trans in-
fluences upon WT1 splicing, and to include them as
targets for genetic testing.

In addition to SDVs near the KTSþ/� donors, we
discovered variants that caused exon skipping or usage
of out-of-frame acceptors; although to the best of our
knowledge, none of those variants has been described
in humans. Skipping ofWT1 exon 9 would yield an in-
frame transcript lacking the third zinc finger domain,
but the stability and function of the resulting protein
has not yet been characterized. Chimeric transgenic
mice heterozygous for a variant truncating ZF3 at
codon 396 (Wt1tmT396) recapitulate Denys-Drash Syn-
drome phenotypes including mesangial sclerosis, male
genital defects, and Wilms tumor.34 Our screen nomi-
nates those variants as deleterious, but it remains un-
clear what their clinical and phenotypic impact would
be, or if they are compatible with life.

Further genotype-phenotype correlations with the
WT1 SDVs identified here will require continued
expansion of exome and genome sequencing in in-
dividuals with NS.We screened several existing cohorts
including Nephrotic Syndrome Study Network,35

which is a large North American cohort consisting of
Kidney International Reports (2023) 8, 2117–2125
patients with NS (approximately 600 individuals), the
Clinical Phenotyping Resource and Biobank Core,36 an
independent North American cohort comprising pa-
tients with chronic kidney disease (around 200 in-
dividuals), and the Steroid Resistant Nephrotic
Syndrome Study Group (w2000 unrelated, interna-
tional families with steroid-resistant NS).37 Among these
cohorts, we did not identify patients with any of the
observed novel SDVs, potentially reflecting the severity
of their effects as well as the genetic heterogeneity of NS.

Our minigene splicing assay has certain limitations,
including the limited sequence context (þ/� 200 bp)
included in the minigene construct and the use of a
heterologous cell lines (HEK293-T and COS-7) in which
the splice factor milieu may differ from that of the
developing kidney. A mitigating factor is that the WT1
KTSþ/� ratio has previously been noted to be remark-
ably stable across different tissues in vivo, suggesting
there is leeway in modeling it in culture.27 Future
experimental validation in more physiologically relevant
systems (e.g., induced pluripotent stem cell-derived
organoids38 or animal models27) is needed to confirm
variants’ splice disruptive effects in the context of the
full-length endogenous locus and investigate their
downstream functional consequences. Nevertheless, the
measured effects were highly consistent with standing
clinical variants’ interpretation. Given the gene-agnostic
nature of this approach and its scalability, our study
demonstrates the feasibility of massively parallel splice
minigene assays to identify candidate SDVsmore broadly
in NS genes.

These results may be useful in interpreting variants
found in individuals who do not display every feature
of FS. For instance, variants disrupting KTSþ in
karyotypically female individuals (46,XX) may lead to
progressive glomerulopathy, but due to the lack of
gonadal dysgenesis, FS may not be suspected and WT1
genetic testing might not be pursued.39 In conclusion,
our systematic screen provides a lookup table of SDVs
in WT1 exon 9, circumventing the need for single
variant minigene studies. The availability of functional
evidence for newly observed rare variants can facilitate
their resolution, lessening the burden of variant
interpretation on clinicians, and shortening the diag-
nostic odyssey for patients with NS.
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