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Rare variants in the sodium-dependent phosphate
transporter gene SLC34A3 explain missing
heritability of urinary stone disease

’ '.) Check for updates

see commentary on page 882
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Urinary stone disease (USD) is a major health burden
affecting over 10% of the United Kingdom population.
While stone disease is associated with lifestyle, genetic
factors also strongly contribute. Common genetic variants
at multiple loci from genome-wide association studies
account for 5% of the estimated 45% heritability of the
disorder. Here, we investigated the extent to which rare
genetic variation contributes to the unexplained
heritability of USD. Among participants of the United
Kingdom 100,000-genome project, 374 unrelated
individuals were identified and assigned diagnostic codes
indicative of USD. Whole genome gene-based rare variant
testing and polygenic risk scoring against a control
population of 24,930 ancestry-matched controls was
performed. We observed (and replicated in an independent
dataset) exome-wide significant enrichment of monoallelic
rare, predicted damaging variants in the SLC34A3 gene for
a sodium-dependent phosphate transporter that were
present in 5% cases compared with 1.6% of controls. This
gene was previously associated with autosomal recessive
disease. The effect on USD risk of having a qualifying
SLC34A3 variant was greater than that of a standard
deviation increase in polygenic risk derived from GWAS.
Addition of the rare qualifying variants in SLC34A3 to a
linear model including polygenic score increased the
liability-adjusted heritability from 5.1% to 14.2% in the
discovery cohort. We conclude that rare variants in
SLC34A3 represent an important genetic risk factor for USD,
with effect size intermediate between the fully penetrant
rare variants linked with Mendelian disorders and common
variants associated with USD. Thus, our findings explain
some of the heritability unexplained by prior common
variant genome-wide association studies.
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Lay Summary

Kidney stones affect around 10% of the population
worldwide, causing great suffering to patients and costs
to healthcare systems. To improve patient management,
an understanding of the causes is important. One’s ge-
netic code is responsible for an estimated 45% of the
cause of kidney stones, with environmental factors such
as diet and obesity creating the rest of the risk. We looked
at the entirety of the genetic code, using the latest
computational techniques, in a cohort of people with
versus without kidney stones and found that changes in 1
of 2 copies of the gene SLC34A3 lead to a significantly
increased risk of developing kidney stones. This work will
help identify more people who will go on to develop
kidney stones, allowing for better-targeted treatments in
the future, as well as providing an explanation for the
cause to those already suffering from kidney stones.
U societal health burden affecting roughly 10% of the

population at some point in their lives." The preva-
lence is increasing, and now, over 80,000 hospital episodes
occur per year in the UK.” Consequently, the health economic
burden is substantial, estimated to be around £250,000,000 in
England per year for the initial stone treatment alone.” In the
US, the annual cost for USD in 2000 was calculated as being
almost $3 billion and is estimated to reach $4 billion by
2030.” Moreover, a strong association between kidney stones
and the development of chronic kidney disease (CKD) further
adds to the burden from USD."’

The etiology of USD is multifactorial, with genetic and
environmental factors implicated. A strong association exists
between the affluence of a society and the prevalence of USD,
likely reflecting Western lifestyle habits that include a high-
salt and high—animal protein intake. Yet, a strong genetic
contribution also plays a role; a family history is seen in up to
65% of patients with USD, with the heritability of stone
disease estimated to be as high as 45%.” '’ Indeed, a strong

rinary stone disease (USD) is a significant clinical and
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family history of kidney stone disease can confer a >50 times
increased risk in an individual.'"'* At a polygenic level,
multiple genome-wide association studies (GWASs) have
been conducted in multi-ancestry populations, with >15
independent loci reported, accounting for roughly 5% of
heritability.'”” Moreover, the realization that the burden of
monogenic causes of USD is considerable is increasing. In 2
recent studies, up to 20% of subjects with USD were
considered to have a monogenic cause for their disease,
although the rates are highly variable depending on whether a
pediatric or adult population is used for analysis, and these
studies may be subject to recruitment bias.'* '

Identification of underlying genetic factors is important, as it
facilitates targeted treatment and specific prognostic and genetic
counselling.'” The gap between the contribution of the known
polygenic risk factors and the observed heritability suggests that
important genetic contributors to USD remain to be identified.

The 100,000 Genome Project (100KGP) is a pilot project
to assess the utility of whole-genome sequencing (WGS) in
rare disease diagnosis in routine healthcare.'® This project’s
research arm provides an opportunity to correlate genomic
information from participants with their clinical phenotype.
We therefore aimed to investigate the contribution to USD of
rare genetic variants (which have not been ascertained by
previous GWASs) by performing whole-genome gene-based
rare-variant studies in participants with human phenotype
ontology (HPO) codes for nephrocalcinosis and/or USD, to
identify and quantify genetic contributors to the missing
heritability of stone disease.

METHODS

We utilized the Genomics England dataset (version 15),"? which con-
tains WGS data, encoded clinical phenotypes using HPO terms,”” and
National Health Service (NHS) hospital records, collected for more than
90,259 cancer and rare-disease patients (see Data Statement), as well as
their unaffected relatives, to generate the cohorts. Ethical approval for
the 100KGP was granted by the Research Ethics Committee for East of
England—Cambridge South (REC Refl4/EE/1112). Supplementary
Figure SI details the study workflow, and a full description of the
cohort creation can be found in Supplementary Methods S1-54,
Supplementary Table S1, and Supplementary Figure S2. After quality
control, relatedness filtering, and ancestry matching, we were left with
374 cases and 24,930 controls for analysis.

Rare-variant gene-based analysis

Single-variant association testing is underpowered when variants are
rare, and a collapsing approach, which aggregates variants by gene,
can be adopted to boost power. We extracted coding single-
nucleotide variants and indels with minor allele frequency <
0.01% in the Genome Aggregation Database (gnomAD),”" annotated
with one of the following—missense, in-frame insertion, in-frame
deletion, start loss, stop gain, frameshift, splice donor, splice
acceptor for each gene—and further filtered them by combined
annotation-dependent depletion (CADD)?* (version 1.5) score, us-
ing a threshold of =20, corresponding to the top 1% of all predicted
deleterious variants in the genome. Variant quality control and the
selection criteria for noncoding gene-based analyses are detailed in
Supplementary Methods S5.
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We employed the scalable and accurate implementation of
generalized mixed model (SAIGE-GENE) (version 0.42.1)*” to
ascertain whether rare coding variation was enriched in cases on a
per-gene basis exome-wide, using SKAT-O (full details are given in
Supplementary Methods S6). Self-reported sex and the top 10
principal components were included as fixed effects when fitting the
null model (full details of workflow are provided in data statement
below). A Bonferroni adjusted P value of 2.58 x 1076 (0.05/19,364
genes) was used to determine the exome-wide significance threshold.
Binary odds ratios and 95% confidence intervals were calculated for
exome-wide significance genes, by extracting the number of cases
and controls carrying qualifying variants per gene in the collapsing
analysis and applying a Fisher’s test in R (R Foundation). Power
calculations can be found in Supplementary Methods S7. Quality
control metrics for the rare variant association and cohort can be
found in Supplementary Figures S3-S5.

Meta-analysis of the rare-variant association tests
Rare-variant meta-analysis was performed on a per-gene basis, using
the Fast Region-Based Association Tests on Summary Statistics
(sumFREGAT) package in R.** The omnibus aggregated Cauchy
association test (ACATO)*® was used to combine summary statistics
from the AstraZeneca/UK Biobank (UKBB) and 100KGP analyses on
a per-gene basis. Files were prepared in advance using the default
settings. For details on the AstraZeneca/UKBB cohort analysis, see
Supplementary Methods S8.

Polygenic risk scoring

In those cases without a clear genetic diagnosis from the 100KGP
clinical pipeline, or a statistically significant gene association from the
rare-variant burden analysis, a polygenic risk score (PRS) was applied
from a prevalidated, multi-ancestry PRS of USD.*® The PRS was
applied to 336 cases and 24,541 controls. Further details on the PRS
quality control (Supplementary Figures S6 and S7), scoring, statistical
methodology, and use in a logistic model to give liability-adjusted
heritability within the 100KGP can be found in Supplementary
Methods S9.

Burden heritability regression (BHR) for rare variants

BHR was applied to both the 100KGP and the UKBB datasets, using
the recommended default settings altered to match the input settings
for the SAIGE-GENE analyses whereby, within each gene, variants
were stratified into 2 allele frequency bins (minor allele
frequency <1x 107> and 1x 107> — 1x 10*). The model was
conditioned on the genome-wide burden model and fixed for effects
of SLC34A3 given the SLC34A3 association. Heritability estimates
were liability transformed, per the PRS methodology. Full details can
be found in Supplementary Methods S10.

RESULTS
Participants
After quality control, genome build, and ancestry matching,
we identified 374 unrelated probands with USD (244 recruited
to 100KGP under “nephrocalcinosis/nephrolithiasis” as their
primary diagnosis, and an additional 130 participants with
Hospital Episode Statistics (HES) codes indicating USD) and
24,930 controls recruited to the UK 100KGP. Table 1 details
their demographics and clinical characteristics.

Of the 244 primary recruited cases, 26 were previously
solved by 100KGP, with the relevant genetic diagnoses being

Kidney International (2023) 104, 975-984
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Table 1| Demographics and clinical characteristic of the USD cohort divided by those with versus without qualifying SLC34A3

variants
Characteristic All USD SLC34A3 cases P
Median age, yr (range) 44 (6-92) 38 (10-75) 0.38
Male patients 211 (56.37) 12 (57.14) 0.82
Self-reported ethnicity
White 248 (70.25) 20 (95.24) 0.01
South Asian 18 (5.10) 0 0.61
Other Asian 9 (2.55) 0 1
Mixed/Other 22 (6.23) 0 0.62
Black 3 (0.85) 1 (4.76) 0.21
Chinese 2 (0.57) 0 1
Unknown 51 (14.44) 0 0.09
Family history 79 (22.38) (23.81) 0.09
Reported consanguinity 15 (4.25) 0 1
Stone type if stated
Calcium oxalate nephrolithiasis 35 (9.92) 2 (9.52) 1
Calcium phosphate nephrolithiasis 33 (9.35) 0 0.24
Calcium nephrolithiasis 2 (0.57) (4.76) 0.16
Uric acid nephrolithiasis 2 (0.57) 0 1
Unknown 281 (79.60) 8 (85.71) 0.78
Relevant endocrine or electrolyte manifestations
Hypercalciuria 186 (52.69) 15 (71.44) 0.12
Hypercalcemia 176 (49.86) 2 (9.52) 2.06 x 107
Hyperoxaluria 174 (49.29) 0 1.22 x 107%
Hyperphosphaturia 172 (48.73) 0 264 x 107°°
Hypocitraturia 171 (48.44) 0 267 x 107
Hyperparathyroidism 172 (48.73) 0 264 x 107%
Hypomagnesiuria 170 (48.16) 0 274 x 107
Hypoparathyroidism 166 (47.03) 4 (19.00) 0.01
Hypocalcaemia 169 (47.88) 0 2.84 x 107
Extrarenal manifestations
Diabetes mellitus 65 (18.41) 1 (4.76) 0.14
Hypertension 60 (17.00) 5 (23.81) 0.38
Gout 35 (9.92) 1 (4.76) 0.71
Obesity 35 (9.92) 1 (4.76) 0.71
Kidney failure 36 (10.20) 1 (4.76) 0.70
Median age at kidney failure, yr (range) 50 (7-78) 67

USD, urinary stone disease.
Values are n (%), unless otherwise indicated.

reported back to the participants, representing a diagnostic
yield of 10.7% (see Table 2 for full breakdown). A total of 21
of 244 (8.6%) had a primary diagnosis in keeping with stone-
forming disease, and 5 of 244 (2%) had other secondary di-
agnoses that were delivered to them via the clinical reporting
pipeline that did not account for their stone disease. All
disease-causing genes followed their established modes of
inheritance.

Rare-variant burden analysis of stone disease reveals
significant enrichment in SLC34A3

Two genes showed statistically significant enrichment of rare and
predicted damaging variation in USD cases, compared with
controls, as follows: SLC34A3 (P = 2.61 x 107, odds ratio
[OR] = 3.75, 95% confidence interval [CI] 2.27-5.91); and
ORYK2, encoding an olfactory receptor (P = 2.03x 10™°%, OR =
8.47,95% CI 3.23-18.81; Figure 1). Full results of the association
analysis can be found in Supplementary Table S2. No other genes
were significantly enriched in the other tested collapsing tags:
intronic, 5-untranslated region or 3-untranslated region, syn-
onymous or splice site (see Supplementary Table S2).

Kidney International (2023) 104, 975-984

Replication of results in the UKBB

Association of USD with a rare variation in SLC34A3, but
not OR9K2, was replicated in publicly available analyses of
whole-exome sequencing data from 3147 cases and 255,496
controls within the UKBB, an independent dataset (https://
azphewas.com/).”” In this analysis, multiple rare-variants
collapsing models were applied on a per-gene basis and
were analyzed with SKAT-O across all listed UKBB phe-
notypes. Under the “flexnonsynmtr” model, which equates
to nonsynonymous variants with a minor allele
frequency <0.01% in both gnomAD and the UKBB, with
missense variants also having to fall within a region con-
strained for missense variation, USD was most strongly
associated with SLC34A3 (P = 3.67 x 107'%, OR = 2.01; see
Figure 2). None of the cases in UKBB were homozygous
for their qualifying SLC34A3 variants (full list of variants is
given in Supplementary Table S3).

Meta-analysis of the UKBB and Genomics England data
Meta-analysis of the 2 datasets confirmed a significant asso-
ciation in SLC34A3 (P = 1.94 x 107'®). No other genome-
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Table 2| The 26 cases from the USD cohort who received a
molecular diagnosis via the Genomics England Clinical
interpretation portal

No. of probands and

Primary diagnosis Gene zygosity
Cystinuria SLC7A9 2b,4m
SLC3A1 2b,3m
Primary hyperoxaluria type 1 AGXT 3b
Primary hyperoxaluria type 2 GRHPR 2b
Infantile hypercalcemia CYP24A1 2b
Rain syndrome FAM20C 1b
Hereditary hypophosphatemic Rickets  SLC34A3 1b
with hypercalciuria
SLC34A1-associated USD SLC34A1 1b
No. of patients and
Secondary diagnoses Gene zygosity
CHARGE syndrome CHD2 1m
Alport syndrome COL4A4 Tm
Mucopolysaccharidosis GALNS 1b
Gitelman syndrome SLC12A3 1b
Beta thalassemia HBB Tm

CHARGE, for coloboma, heart defects, atresia choanae, growth retardation, genital
abnormalities, and ear abnormalities; b, biallelic; m, monoallelic; USD, urinary stone
disease.

Of the 26 cases, 21 were given a molecular diagnosis in keeping with USD, whereas 5
patients were given molecular diagnoses that did not account for their USD.

wide significant associations were detected (full results are
given in Supplementary Table S2).

Phenotype/genotype analysis of SLC43A3 cases

Qualifying variants were found in 6% of the ascertained stone
population in the study (21 of 374), compared to 1.6% (389 of
24,930) in the controls. Of the 21 cases with qualifying variants,
14 were recruited with stone disease, 1 with congenital anomalies
of the kidney or urinary tract, 4 with cystic kidney disease, and 2
with intellectual disability. A total of 19 cases were heterozygous,

and 2 were compound heterozygous for qualifying SLC34A3
variants with both cases’ variants being confirmed in trans
(Table 2; a full breakdown of the cases is given in Supplementary
Table S4). Qualifying variants in the control population were all
heterozygous. Excluding the 2 compound heterozygous patients
from the analysis and re-running the association led to a smaller,
but still significant, association (P = 1.47 x 107%).

All 21 patients had gone through the Genomics England
clinical pipeline, with 4 cases receiving genetic diagnoses,
including PKD2-associated cystic kidney disease (2 patients),
Kabuki syndrome (KMT2D), and biallelic SLC34A3-associated
USD. In the solved biallelic SLC34A3 case, both variants were
annotated as being (likely) pathogenic by Clinvar (rs199690076
and rs762710288), whereas in the unsolved biallelic SLC34A3
case, the evidence for a clinical-grade diagnosis was weaker
(rs369400414 and rs560440785); although both variants met
our inclusion criteria for the collapsing rare-variant associa-
tion, they did not meet the benchmark for clinically reportable
results (see Table 3 for a full breakdown of variant annotation).
For both biallelic SLC34A3 cases, not enough phenotype data
were available to ascertain whether they met clinical diagnostic
criteria for hereditary hypophosphatemic rickets with hyper-
calciuria, but both had the hypercalciuria HPO code on record
(a full breakdown of HPO codes associated with each case is
given in Supplementary Table S4). The top 10 HPO codes
associated with the patients with SLC34A3-associated USD are
found in Figure 3, with a full list of associated phenotype codes
given in Supplementary Table S5.

Polygenic risk scoring reveals a significant difference
between unsolved cases and controls

In a cohort of 336 unsolved cases and 24,541 controls (both
depleted for SLC34A3 variants that would have qualified for
inclusion in the SAIGE-GENE analysis), a significant
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Figure 1| Gene-based Manhattan plot of the scalable and accurate implementation of generalized mixed model (SAIGE-GENE)
analysis with the missense + tag. Each point is a gene made up of variants that are predicted to be at least as damaging as missense, with a
combined annotation-dependent depletion (CADD) score > 20, and have a minor allele frequency (MAF) < 0.01% in the Genome
Aggregation Database (gnomAD) database. The horizontal line indicates the threshold for exome-wide significance. The only exome-wide
significant associations were with SLC34A3 (P = 2.61 x 107°7) and OR9K2 (P = 2.03 x 107%).
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Figure 2| Gene-based Manhattan plot of the UK Biobank analysis obtained from the AstraZeneca PheWAS portal. Each symbol
represents variants in a gene that are predicted to be nonsynonymous with a minor allele frequency (MAF) < 0.1% in both Genome
Aggregation Database (gnomAD) and the UK Biobank. The only exome-wide significant association was SLC34A3 (P = 3.67 x 107'°, odds
ratio = 2.01). The multiple symbols under SLC34A3 (the “build-up”) represent different analyses with respect to the predicted severity of the
included variants. The lower dashed vertical line indicates exome-wide significance, and the upper dashed line indicates exome-wide
significance corrected for the ~ 1500 different phenotypes analyzed. bp, base pairs.

elevation in USD PRS was seen, compared with the controls
(P = 3.1 x 107%*). Initial analysis including a cohort of the
cases with qualifying SLC34A3 variants did identify statisti-
cally significant differences among the 3 cohorts (P = 4.4 x
10°*), but this signal was driven by the difference between
unsolved cases and controls (Figure 4). The difference be-
tween the control group and the SLC34A3 cases did not reach
statistical significance given the small number of SLC34A3
cases. Adjusted odds of a USD diagnosis increased by a factor
of 1.22 (95% CI 1.10-1.36; P = 0.003) per SD of PRS in an
adjusted model including self-reported sex and the first 10
principal components. The area under the curve (AUC) was
0.62 (95% CI 0.60-0.66).

The relationship between polygenic risk and monoallelic
SLC34A3 variants is likely to be independent

In our model, a significant association was seen between
phenotype and both PRS (P = 3.8x107"*) and the presence

Table 3| Qualifying variants making up the SLC34A3
association in the rare-variant burden analysis using
SAIGE-GENE

Variant type Case count (%) Control count (%)

Missense 17 (75) 346 (89)
Frameshift 14 14 (4)
Splice donor variant 1(4) 20 (5)
Start lost 1(4) 5(1.1)
Stop gained 3(13) 4 (0.9)

SAIGE-GENE, scalable and accurate implementation of generalized mixed model.

Kidney International (2023) 104, 975-984

of a monoallelic SLC34A3 variant (P = 2.72 x 107%).
However, no log-additive (multiplicative) interaction
occurred between PRS and the SLC34A3 binary with the
phenotype (P = 0.77), although likely the study was un-
derpowered to detect such an interaction. Of the other
covariates, sex (P =1.34 x 107%°) and the fourth principal
component (P = 4.72 x 107%) also were strongly associated
with the phenotype. The presence of an SLC34A3 variant
increased the frequency of USD within 100KGP when
plotted against polygenic risk score (Figure 5).

The addition of the SLC34A3 variant binary to the linear
model including PRS led to a significant rise in the estimated
variance explained by the model (liability-adjusted pseudo-R?
rising from 5.1% to 14.2%) and a modest increase in the
model’s predictive capability (AUC 0.64, 95% CI 0.61-0.66),
thereby implying that SLC34A3 had a 9.1% contribution to
the heritability model.

BHR analysis confirms the contribution of SLC34A3 in both
cohorts

To confirm the heritability of the rare variants, as well as the
contribution of SLC34A3, using orthogonal methodology, we
applied the BHR tool to both the 100KGP and the UKBB
datasets. The liability-adjusted gene-wise burden heritability
of rare and ultra-rare predicted loss-of-function and
damaging missense variants explained 10.8% (95% CI 7.7%-—
13.9%) of phenotypic variance within the 100KGP dataset,
with variants in SLC34A3 making up 7.6% (95% CI 5.64%-—
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Figure 3| The top 10 human phenotype ontology (HPO) codes associated with cases with qualifying SLC34A3 variants. Nephrolithiasis
makes up the most common associated clinical code, followed by hypercalciuria and nephrocalcinosis.

9.6%) of this signal in total (lambda = 1.076). In the UKBB
analysis, the liability-adjusted gene-wise burden heritability of
rare and ultra-rare predicted loss-of-function and damaging
missense variants explained 5.4% (95% CI 3.3%-8.4%) of the
phenotypic variance, with variants in SLC34A3 making up
3.7% (95% CI 1.3%—6.1%) of this signal (lambda = 1.018).

DISCUSSION
We identified rare variants in SLC34A3 and OR9K2 as being
significantly associated with USD among 100KGP participants.

SLC34A3 encodes the sodium-dependent phosphate transport
protein 2C expressed in the proximal tubule (NaPi-IIc). Data
on the chemical composition of the stones in participants in the
100KGP are not available, so different (perhaps stronger) as-
sociations could have been observable in subgroups defined by
stone composition. Although the association with SLC34A3
was independently replicated in the UKBB, a signal was not
observed in this dataset at OR9K2, so the possibility exists that
this finding is a type 1 error, which is well recognized with ol-
factory receptor genes, owing to their enrichment for loss-of-
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Figure 4| Violin and boxplot comparing polygenic risk-score distribution across cohorts. Violin and boxplot showing the polygenic risk

score distributions between controls (those with qualifying SLC34A3 variants removed), cases with qualifying SLC34A3 variants, and unsolved
patients who have neither a reportable nor a qualifying variant in SLC34A3. The means of the 3 polygenic risk scores were compared with a
Kruskal-Wallis test (P = 4.04 x 107°%) with the signal being driven by the difference between unsolved cases and controls (paired Wilcoxon =

3.6 x 107%%). NS, not significant. ***Statistical significance.
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of polygenic risk score (PRS). A line plot showing the frequency of
USD against PRS, stratified by the presence versus absence of a
qualifying SLC34A3 variant in the 100,000 genomes project cohort
(100KGP).
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function variation without clinical consequences. Howev-

er, similar olfactory gene associations have not been observed in
other studies using the 100KGP dataset analyzed with similar
methodology,”” and recognition that olfactory receptors regu-
late transport processes in many organ systems is
increasing””—OR9K2 is expressed in the intestine,”’ and
conceivably, it could be involved in the regulation of absorption
of substrates with relevance to stone formation, such as oxalate
or calcium. Therefore, further studies are needed to assess the
relevance of OR9K2 in USD.

Our results highlight the importance of both SLC34A3 as
a contributor to USD, with more than 5% of patients in this
cohort from the 100KGP harboring predicted damaging
variants, and independent replication of this association in
the UKBB dataset.”” Important to note is that the odds ratio
for stone disease with rare, predicted damaging variants in
SLC34A3 was comparable to that of the polygenic risk score
derived from numerous common variants across the whole
genome, and a model combining PRS and SLC34A3 mon-
oallelic variants accounted for 14% of the genetic herita-
bility of stone disease. This finding suggests that rare
monoallelic variants in SLC34A3 fall into an intermediate
category of pathogenicity—they are insufficient to cause
fully penetrant Mendelian disease, but they convey a higher
disease risk than the aggregate effects of known common
risk alleles. An intermediate role of this type for rare pre-
dicted damaging variants is being increasingly recognized.
For instance, approximately 1% of the general population
carry such variants in COL4A3 or COL4A4, but they are not
fully penetrant for the development of progressive CKD
(autosomal dominant Alport syndrome) and are therefore
considered a risk factor.”' Equally, a recently described
UMOD variant (p.Thr62Pro) seen in ~1/1000 individuals
of European ancestry has been shown to confer an inter-
mediate level of risk of kidney failure, augmenting the
known spectrum of UMOD-associated kidney disease.’

Kidney International (2023) 104, 975-984

In the AstraZeneca UKBB rare-variant collapsing
analysis that used 12 different sets of qualifying variant
filters (models: 10 dominant models; 1 recessive model;
and 1 synonymous “control” variant model), SLC34A3
was the gene most significantly associated with USD.
Further, the association was strongest with models that
include predicted damaging missense variation, and it
was weakened if the filter was constrained to only those
variants predicted to cause protein truncation, suggesting
that any predicted damaging variants in this gene can
contribute to the risk of USD.

Our findings therefore highlight the importance of mon-
oallelic variants in SLC34A3 for USD. SLC34A3 was reported
in 2006 as a recessive disease gene for the rare disorder he-
reditary hypophosphatemic rickets with hypercalciuria
(HHRH).”** Although the original publication indicated
recognition that heterozygous carriers in the affected families
were frequently affected by hypercalciuria, it remains listed as
a recessive disease gene in the Online Mendelian Inheritance
in Man (OMIM) dataset (*609826). Yet, good evidence has
been obtained for the impact of monoallelic variants; an
investigation in a cohort of affected families showed that the
risk of USD was 46%, 16%, and 6% in subjects with biallelic,
monoallelic, or no causative variants, 1respectively.35 This
finding is consistent with a paradigm in which identification
of rare, deleterious monoallelic SLC34A3 variants can be
regarded as a risk factor for stone disease but is not a diag-
nostic finding.

The underlying mechanism is thought to be
hypophosphatemia-mediated  suppression of fibroblast
growth factor-23, with consequent activation of the 1-a hy-
droxylase and increased 1,25 dihydroxy vitamin D levels,
which in turn stimulates intestinal calcium absorption.”* The
same mechanism is thought to apply in infantile hypercal-
cemia due to biallelic loss-of-function variants in SLC34A1.7°
Although the role of monoallelic SLC34A1 variants in
hypercalciuria has been controversial, large genome-wide
studies have demonstrated a significant association between
both coding and noncoding variants of SLC34A1 and USD,
consistent with the concept that a reduction in proximal
tubular phosphate transport does increase the risk for kidney
stones.' "7

Our study provides evidence of clinical relevance for
coding variants in SLC34A3, with a significant enrichment of
rare and predicted deleterious variants in USD patients,
compared with controls, among participants in both the
100KGP and UKBB datasets. Although the 100KGP did not
specifically encourage enrollment of patients with a family
history of the respective disorders, a recruitment bias is
possible, which could have inflated the percentage of
SLC34A3-related disease. Nevertheless, the additional identi-
fication of rare SLC34A3 variation as the strongest rare-
variant association in UKBB participants provides indepen-
dent replication and raises the question of whether identifi-
cation of these risk variants in individual patients would
provide utility in clinical practice. Although the modest risk
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effect precludes predictive use of such a test, the above
pathophysiological mechanism suggests that phosphate sup-
plementation may be a suitable treatment to stimulate
fibroblast growth factor-23 and thereby suppress 1-a hy-
droxylation of vitamin D in patients at risk of SLC34A3-
related kidney stone disease. Indeed, successful use of this
treatment has been reported.‘g(”?’g’40 However, clinical trial
data would be needed to support such an intervention,
because large doses of phosphate supplementation carry a risk
of increasing the urinary phosphate concentrations, with
consequent increased risk of calcium phosphate precipitation.
Indeed, nephrocalcinosis has been associated with phosphate
supplementation in patients with PHEX-associated hypo-
phosphatemic rickets, although these patients typically
received enormous doses.’’ Thus, more data are needed
before embarking on routine phosphate supplementation in
SLC34A3-associated USD.

Limitations

This study has several notable limitations. First, the study
was underpowered in the discovery cohort to discover novel
gene variants either with a weaker effect on risk or of greater
rarity (see the Supplementary Methods for a more detailed
description), due to our small case number. Those who were
recruited clearly may have had more severe USD, with po-
tential ascertainment bias toward genes more likely to be
involved with more-severe disease. Following from this, the
addition of SLC34A3 into the logistic model with PRS risks a
“winner’s curse” bias whereby its effect is overstated. This
possibility is supported by the BHR scores being higher in
the 100KGP versus the UKBB cohort, although the CIs do
overlap for the analysis. However, the fact that the associa-
tion between rare and predicted damaging variants in
SLC34A3 and USD is replicated in an independent cohort (as
the “top gene”), and that this signal is enriched on meta-
analysis, is reassuring. The heritability and effect size of the
PRS in the 100KGP are similar to the known common
variant contribution to USD, implying a similar underlying
genetic architecture between cohorts. In terms of pheno-
typing, we are limited by the depth of information available
for our cohort in the 100KGP, which does not include the
biochemical stone properties for most cases. As with all
diseases that can be present silently, the chance exists that
our control population has been misclassified, with a pro-
portion of them having USD. Although all efforts were taken
to remove any potential cause of USD, as well as hospital
codes directly pertaining to USD, we cannot completely
exclude this possibility. Although the statistical evidence of
enrichment of rare genetic variants in SLC34A3 is strong and
replicable, without functional analysis of each missense
variant, determination of which of the observed variants play
a causal role in disease is not possible.

Conclusion
Our study highlights the substantial contribution of rare and
predicted damaging variants in SLC34A3 to the burden of
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USD, helping to close the missing heritability gap and sup-
porting the idea of routine genetic testing in affected patients.

DISCLOSURE
All the authors declared no competing interests.

DATA STATEMENT

Details of the aggregated dataset used for the analysis can be found
at https://re-docs.genomicsengland.co.uk/aggv2/. Genomic and
phenotype data from participants recruited to the 100,000 Genomes
Project can be accessed by application to Genomics England Ltd at
https://www.genomicsengland.co.uk/about-gecip/joining-research-
community/. Details of the AstraZeneca workflow can be found at
https://azphewas.com/about. Details of the GeneBass workflow can
be found at https://app.genebass.org/about. Code for the case-
control ancestry-matching algorithm can be found at https:/github.
com/APLevine/PCA_Matching. Details of the rare-variant workflow
can be found at https://re-docs.genomicsengland.co.uk/avt/. Details
of the common-variant GWAS workflow can be found at https://re-
docs.genomicsengland.co.uk/gwas/.

ACKNOWLEDGMENTS

This research was made possible through access to the data and
findings generated by the 100,000 Genomes Project (100KGP),
which is managed by Genomics England Ltd (a wholly owned
company of the Department of Health and Social Care). The 100KGP
is funded by the National Institute for Health Research and the
National Health Service of England. The Wellcome Trust, Cancer
Research UK, and the Medical Research Council (MRC) have also
funded research infrastructure. The 100KGP uses data provided by
patients and collected by the National Health Service as part of their
care and support. The authors gratefully acknowledge the
participation of the patients and their families recruited to the
100KGP.

OS-A is funded by an MRC Clinical Research Training Fellowship
(MR/S021329/1). MMYC is funded by a Kidney Research UK Clinical
Research Fellowship (TF_004_20161125). DPG is supported by the St
Peter’s Trust for Kidney, Bladder and Prostate Research.

SUPPLEMENTARY MATERIAL

Supplementary File (Excel)

Supplementary Table S1. List of terms used to create Hospital
Episode Statistics (HES)-derived cohorts; list of codes used to exclude
cases from controls.

Supplementary Table S2. Full summary statistics from the rare-
variant burden analysis of stone cases versus controls using scalable
and accurate implementation of generalized mixed model (SAIGE-
GENE).

Supplementary Table S3. List of variants making up with UK
Biobank collapsing analysis for SLC34A3.

Supplementary Table S4. Full breakdown of the 21 cases that make
up the SCL34A3 association using scalable and accurate
implementation of generalized mixed model (SAIGE-GENE).
Supplementary Table S5. All human phenotype ontology (HPO)
codes associated with the urinary stone disease (USD) cohort (n =
374). Any code with a frequency less than 10 has been filtered out for
patient identification purposes.

Supplementary File (Word)

Supplementary List of Genomics England Research Consortium.
Supplementary Methods S1. Cohort creation and rationale.
Supplementary Methods S2. Genomic Variant Call Format
annotation and variant-level quality control.

Kidney International (2023) 104, 975-984


https://re-docs.genomicsengland.co.uk/aggv2/
https://www.genomicsengland.co.uk/about-gecip/joining-research-community/
https://www.genomicsengland.co.uk/about-gecip/joining-research-community/
https://azphewas.com/about
https://app.genebass.org/about
https://github.com/APLevine/PCA_Matching
https://github.com/APLevine/PCA_Matching
https://re-docs.genomicsengland.co.uk/avt/
https://re-docs.genomicsengland.co.uk/gwas/
https://re-docs.genomicsengland.co.uk/gwas/
https://doi.org/10.1016/j.kint.2023.06.019
https://doi.org/10.1016/j.kint.2023.06.019

O Sadeghi-Alavijeh et al.: Explaining heritability in urinary stone disease

clinical investigation

Supplementary Methods S3. Relatedness estimation and principal
components analysis.

Supplementary Methods S4. Ancestry-matching of cases and
controls.

Supplementary Methods S5. Rare-variant gene-based testing:
variant-level quality control, further SLC34A3 and SLC34A1 testing,
noncoding gene-based tags, and genomic inflation.
Supplementary Methods S6. Scalable and accurate implementation
of generalized mixed model (SAIGE-GENE) methodology.
Supplementary Methods S7. Power calculation.

Supplementary Methods S8. Validation of rare-variant burden re-
sults in the UK Biobank.

Supplementary Methods S9. Polygenic risk scoring.
Supplementary Methods S10. Burden heritability regression for rare
variants.

Supplementary Figure S1. Study workflow. The flowchart shows the
number of samples included at each stage of filtering and the
analytical strategies employed. USD, urinary stone disease.
Supplementary Figure S2. Ancestry matching. Principal component
analysis showing the first 8 principal components for matched cases
(red) and controls (green) and unmatched controls (grey).
Supplementary Figure S3. Rare-variant analysis metrics. Quantile—
quantile plot from the rare-variant scalable and accurate imple-
mentation of generalized mixed model (SAIGE-GENE) analysis of 374
cases versus 24,930 controls.

Supplementary Figure S4. Common-variant metrics. Quantile—
quantile plot of the common-variant genome-wide association study
(minor allele frequency [MAF] >0.5%) of the study cohort across
10,409,709 markers. The genomic inflation factor is 1.02, indicating
that population stratification is well controlled for.

Supplementary Figure S5. UK Biobank analysis metrics. Quantile-
quantile plot of the rare-variant scalable and accurate implementa-
tion of generalized mixed model (SAIGE) analysis of the urinary stone
disease in the AstraZeneca study cohort of 3147 cases and 255,496
controls.

Supplementary Figure S6. Polygenic risk across ancestries.
Standardized polygenic risk-score distributions across the case—
control cohort by genetically determined ancestry, as ascertained via
principal component analysis.

Supplementary Figure S7. Polygenic risk score effect sizes across
ancestries. Effect size urinary stone disease polygenic risk score by
ancestry, per SD of stone disease.

REFERENCES

1. Scales CD Jr, Smith AC, Hanley JM, et al. Prevalence of kidney stones in
the United States. Eur Urol. 2012;62:160-165.

2. Geraghty RM, Cook P, Walker V, Somani BK. Evaluation of the economic
burden of kidney stone disease in the UK: a retrospective cohort study
with a mean follow-up of 19 years. BJU Int. 2020;125:586-594.

3. Antonelli JA, Maalouf NM, Pearle MS, Lotan Y. Use of the National Health
and Nutrition Examination Survey to calculate the impact of obesity and
diabetes on cost and prevalence of urolithiasis in 2030. Eur Urol. 2014;66:
724-729.

4. Rule AD, Krambeck AE, Lieske JC. Chronic kidney disease in kidney stone
formers. Clin J Am Soc Nephrol. 2011;6:2069-2075.

5. Rule AD, Bergstralh EJ, Melton JM 3rd, et al. Kidney stones and
the risk for chronic kidney disease. Clin J Am Soc Nephrol. 2009;4:
804-811.

6. Edvardsson VO, Indridason OS, Haraldsson G, et al. Temporal trends in
the incidence of kidney stone disease. Kidney Int. 2013;83:146-152.

7. Goldfarb DS, Fischer ME, Keich Y, Goldberg J. A twin study of genetic and
dietary influences on nephrolithiasis: a report from the Vietnam Era Twin
(VET) regqistry. Kidney Int. 2005;67:1053-1061.

8. Goldfarb DS, Avery AR, Beara-Lasic L, et al. A twin study of genetic
influences on nephrolithiasis in women and men. Kidney Int Rep. 2018;4:
535-540.

Kidney International (2023) 104, 975-984

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32

33.

Castro JM. A twin study of genetic and environmental influences
on the intake of fluids and beverages. Physiol Behav. 1993;54:677-
687.

Monga M, Macias B, Groppo E, Hargens A. Genetic heritability of urinary
stone risk in identical twins. J Urol. 2006;175:2125-2128.

Hemminki K, Hemminki O, Forsti A, et al. Familial risks in urolithiasis in
the population of Sweden. BJU Int. 2018;121:479-485.

Resnick M, Pridgen DB, Goodman HO. Genetic predisposition to
formation of calcium oxalate renal calculi. N Engl J Med. 1968;278:1313—
1318.

Howles SA, Wiberg A, Goldsworthy M, et al. Genetic variants of calcium
and vitamin D metabolism in kidney stone disease. Nat Commun.
2019;10:5175.

Halbritter J, Baum M, Hynes AM, et al. Fourteen monogenic genes
account for 15% of nephrolithiasis/nephrocalcinosis. J Am Soc Nephrol.
2015;26:543-551.

Daga A, Majmundar AJ, Braun DA, et al. Whole exome sequencing
frequently detects a monogenic cause in early onset nephrolithiasis and
nephrocalcinosis. Kidney Int. 2018;93:204-213.

Gale DP, Mallett A, Patel C, et al. Diagnoses of uncertain
significance: kidney genetics in the 21st century. Nat Rev Nephrol.
2020;16:616-618.

Bockenhauer D, Medlar AJ, Ashton E, et al. Genetic testing in renal
disease. Pediatr Nephrol. 2012;27:873-883.

100,000 Genomes Project Pilot Investigators; Smedley D, Smith KR,
Martin A, et al. 100,000 Genomes Pilot on rare-disease diagnosis in
health care—preliminary report. N Engl J Med. 2021;385:1868-1880.
Caulfield M, Davies J, Dennys M, et al. The National Genomics Research
and Healthcare Knowledgebase, v5; 2017. figshare. https://doi.org/10.6
084/m9.figshare.4530893.v5

Kohler S, Doelken SC, Mungall CJ, et al. The human phenotype ontology
project: linking molecular biology and disease through phenotype data.
Nucleic Acids Res. 2014;42:D966-D974.

Karczewski KJ, Francioli LC, Tiao G, et al. The mutational constraint
spectrum quantified from variation in 141,456 humans. Nature. 2020;581:
434-443.

Rentzsch P, Witten D, Cooper GM, et al. CADD: predicting the
deleteriousness of variants throughout the human genome. Nucleic Acids
Res. 2019;47:D886-D894.

Zhou W, Zhao Z, Nielsen JB, et al. Scalable generalized linear mixed
model for region-based association tests in large biobanks and cohorts.
Nature Genet. 2020;52:634-639.

Svishcheva GR, Belonogova NM, Zorkoltseva IV, et al. Gene-based
association tests using GWAS summary statistics. Bioinformatics. 2019;35:
3701-3708.

Liu Y, Chen S, Li Z, et al. ACAT: a fast and powerful P value combination
method for rare-variant analysis in sequencing studies. Am J Hum Genet.
2019;104:410-421.

Paranjpe |, Tsao N, Judy R, et al. Derivation and validation of genome-
wide polygenic score for urinary tract stone diagnosis. Kidney Int.
2020;98:1323-1330.

Wang Q, Dhindsa RS, Carss K, et al. Rare variant contribution to human
disease in 281,104 UK Biobank exomes. Nature. 2021;597:527-532.
MacArthur DG, Balasubramanian S, Frankish A, et al. A systematic survey
of loss-of-function variants in human protein-coding genes. Science.
2012;335:823-828.

Dalesio NM, Barreto Ortiz SF, Pluznick JL, Berkowitz DE. Olfactory, taste,
and photo sensory receptors in non-sensory organs: It just makes sense.
Front Physiol. 2018;9:1673.

Uhlén M, Fagerberg L, Hallstrom BM, et al. Proteomics. Tissue-based map
of the human proteome. Science. 2015;347:1260419.

Gibson J, Fieldhouse R, Chan MMY, et al. Prevalence estimates of
predicted pathogenic COL4A3-COL4A5 variants in a population
sequencing database and their implications for Alport syndrome. J Am
Soc Nephrol. 2021;32:2273-2290.

Olinger E, Schaeffer C, Kidd K, et al. An intermediate-effect size variant in
UMOD confers risk for chronic kidney disease. Proc Natl Acad Sci U S A.
2022;119:e2114734119.

Bergwitz C, Roslin NM, Tieder M, et al. SLC34A3 mutations in patients
with hereditary hypophosphatemic rickets with hypercalciuria
predict a key role for the sodium-phosphate cotransporter NaPi-lic
in maintaining phosphate homeostasis. Am J Hum Genet. 2006;78:
179-192.

983


http://refhub.elsevier.com/S0085-2538(23)00473-8/sref1
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref1
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref2
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref2
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref2
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref3
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref3
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref3
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref3
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref4
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref4
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref5
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref5
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref5
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref6
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref6
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref7
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref7
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref7
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref8
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref8
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref8
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref9
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref9
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref9
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref10
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref10
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref11
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref11
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref12
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref12
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref12
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref13
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref13
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref13
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref14
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref14
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref14
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref15
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref15
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref15
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref16
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref16
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref16
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref17
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref17
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref18
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref18
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref18
https://doi.org/10.6084/m9.figshare.4530893.v5
https://doi.org/10.6084/m9.figshare.4530893.v5
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref20
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref20
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref20
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref21
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref21
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref21
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref22
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref22
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref22
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref23
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref23
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref23
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref24
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref24
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref24
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref25
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref25
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref25
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref26
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref26
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref26
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref27
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref27
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref28
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref28
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref28
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref29
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref29
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref29
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref30
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref30
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref31
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref31
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref31
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref31
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref32
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref32
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref32
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref33
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref33
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref33
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref33
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref33

clinical investigation

O Sadeghi-Alavijeh et al.: Explaining heritability in urinary stone disease

34.

35.

36.

37.

984

Lorenz-Depiereux B, Benet-Pages A, Eckstein G, et al. Hereditary
hypophosphatemic rickets with hypercalciuria is caused by mutations in
the sodium-phosphate cotransporter gene SLC34A3. Am J Hum Genet.
2006;78:193-201.

Dasgupta D, Wee MJ, Reyes M, et al. Mutations in SLC34A3/NPT2c are
associated with kidney stones and nephrocalcinosis. J Am Soc Nephrol.
2014;25:2366-2375.

Schlingmann KP, Ruminska J, Kaufmann M, et al. Autosomal-recessive
mutations in SLC34A1 encoding sodium-phosphate cotransporter 2a cause
idiopathic infantile hypercalcemia. J Am Soc Nephrol. 2016;27:604-614.
Sun BB, Kurki MI, Foley CN, et al. Genetic associations of protein-coding
variants in human disease. Nature. 2022;603:95-102.

38.

39.

40.

41.

Oddsson A, Sulem P, Helgason H, et al. Common and rare variants
associated with kidney stones and biochemical traits. Nature Commun.
2015;6:1-9.

Schonauer R, Petzold F, Lucinescu W, et al. Evaluating pathogenicity of
SLC34A3-Ser192Leu, a frequent European missense variant in disorders
of renal phosphate wasting. Urolithiasis. 2019;47:511-519.

Dhir G, Li D, Hakonarson H, Levine MA. Late-onset hereditary
hypophosphatemic rickets with hypercalciuria (HHRH) due to mutation
of SLC34A3/NPT2c. Bone. 2017;97:15.

Haffner D, Emma F, Eastwood DM, et al. Clinical practice
recommendations for the diagnosis and management of X-linked
hypophosphataemia. Nat Rev Nephrol. 2019;15:435-455.

Kidney International (2023) 104, 975-984


http://refhub.elsevier.com/S0085-2538(23)00473-8/sref34
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref34
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref34
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref34
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref35
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref35
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref35
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref36
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref36
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref36
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref37
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref37
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref38
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref38
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref38
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref39
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref39
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref39
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref40
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref40
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref40
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref41
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref41
http://refhub.elsevier.com/S0085-2538(23)00473-8/sref41

	Rare variants in the sodium-dependent phosphate transporter gene SLC34A3 explain missing heritability of urinary stone disease
	Methods
	Rare-variant gene-based analysis
	Meta-analysis of the rare-variant association tests
	Polygenic risk scoring
	Burden heritability regression (BHR) for rare variants

	Results
	Participants
	Rare-variant burden analysis of stone disease reveals significant enrichment in SLC34A3
	Replication of results in the UKBB
	Meta-analysis of the UKBB and Genomics England data
	Phenotype/genotype analysis of SLC43A3 cases
	Polygenic risk scoring reveals a significant difference between unsolved cases and controls
	The relationship between polygenic risk and monoallelic SLC34A3 variants is likely to be independent
	BHR analysis confirms the contribution of SLC34A3 in both cohorts

	Discussion
	Limitations
	Conclusion

	Disclosure
	Data Statement
	Acknowledgments
	Supplementary Material
	References


