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ABSTRACT

Background. Idiopathic calcium nephrolithiasis (ICN) is a common condition with a complex phenotype influenced by
both environmental and genetic factors. In our study we investigated the association of allelic variants with the history
of nephrolithiasis.

Methods. We genotyped and selected 10 candidate genes potentially related to ICN from 3046 subjects participating in
the INCIPE survey cohort (Initiative on Nephropathy, of relevance to public health, which is Chronic, possibly in its Initial
stages, and carries a Potential risk of major clinical End-points), a study enrolling subjects from the general population in
the Veneto region in Italy.

Results. Overall, 66 224 variants mapping on the 10 candidate genes were studied. A total of 69 and 18 variants in
INCIPE-1 and INCIPE-2, respectively, were significantly associated with stone history (SH). Only two variants, rs36106327
(chr20:54 171 755, intron variant) and rs35792925 (chr20:54 173 157, intron variant) of the CYP24A1 gene were observed to
be consistently associated with ICN. Neither variant has been previously reported in association with renal stones or
other conditions. Carriers of CYP24A1 variants showed a significant increase in the ratio of 1,25 (OH), vitamin D to 25
(OH) vitamin D compared with controls (P = .043). Although not associated with ICN in this study, the rs4811494 CYP24A1
variant that was reported to be causative of nephrolithiasis was very prevalent in heterozygosity (20%).
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Conclusion. Our data suggest a possible role for CYP24A1 variants in the risk of nephrolithiasis. Genetic validation
studies in larger sample sets will be necessary to confirm our findings.

GRAPHICAL ABSTRACT

Clinical
Kidney
Journal

Association analysis of ten candidate genes causing Mendelian

calcium nephrolithiasis in the INCIPE study, a South European general
population cohort
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INTRODUCTION

Idiopathic calcium nephrolithiasis (ICN) is a frequent condition
occurring in 7-12% of individuals in the general population [1,
2]. It has been generally considered a complex phenotype in-
fluenced by both environmental and genetic factors [3]. Sev-
eral observations support the role of the latter. A study has
shown that the risk of calcium stones is significantly higher
in consanguineous relatives than in spouses, with a decreas-
ing risk moving from parents to 5th degree relatives [4]. A fur-
ther study has shown in twins a higher disease status con-
cordance of nephrolithiasis in monozygotic than in dizygotic
twins [3].

It has been proposed that the ICN genetic risk is polygenic.
Actually, genome-wide association studies (GWAS) have rec-
ognized the association of a number of genes with history of
renal stones [5]. None of these studies was performed in south-
ern Europe: those done in Europe included British and Icelandic
cohorts [6, 7]. Japanese cohorts have also been investigated
6,8, 9].

This study has been performed with the goal of investi-
gating the association of several known candidate genes with
nephrolithiasis in the INCIPE cohort (Initiative on Nephropa-
thy, of relevance to public health, which is Chronic, possibly in
its Initial stages, and carries a Potential risk of major clinical

End-points). INCIPE is a general, Caucasian-only population co-
hort that was enrolled in 2006 to determine the prevalence of
chronic kidney disease (CKD) in North-Eastern Italy [10]. This co-
hort is very different from the Caucasians (non-Hispanic whites)
of NHANES to which it was previously compared, in terms of
diabetes, obesity, metabolic syndrome, hypertension and CKD
prevalence. Thus, we may argue that the nutritional habits are
different and this might make for different GWAS results due to
the existence of gene-environment interactions and their differ-
ent genetic background.

A number of clinical variables, including data on medical his-
tory, were collected in the INCIPE study. In the present study, 10
candidate genes have been addressed. They were chosen among
those causing some of the most frequent inherited forms of cal-
cium nephrolithiasis (Table 1). We limited our analysis to genes
potentially related to calcium handling, since calcium stones are
the most prevalent in the general population [11].

MATERIALS AND METHODS

The INCIPE cohort consists of 3870 Caucasian subjects
>40 years old randomly chosen from the lists of citizens of
62 randomly selected general practitioners sited in four
geographical areas (Verona, two in Padova, Venice) in the Veneto
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Table 1: Candidate genes.

| 523

Gene coordinates
Gene chromosome:start-end (bp)?

Genotyped and imputed
variants (number)

Associated disorder

XPR1 Chr1:180 632 022-180 890 263

ATP6V1B1

SLC34A1

ATP6V0A4

SLC20A2

Chr8:42 416 477-42 541 922

SLC34A3

FGF23

SLC4A1

SLC9A3R1

CYP24A1

27 356

Chr2:70 934 905-70 966 388 3321

Chr5:177 379 263-177 398 841 2490

Chr7:138 706 308-138 799 538 9819

12 855

Chr9:137 230 762-137 236 550 1459

Chr12:4 368 228-4 379 698 1381

Chr17:44 248 39444 268 140 2343

Chr17:74 748 634-74 769 351 2722

Chr20:54 153 484-54 173 979 2478

Distal renal tubular acidosis

Tubular phosphate handling

Infantile hypercalcaemia

Distal renal tubular acidosis

(OMIM 267 300)

Infantile hypercalcaemia
Nephrolithiasis/osteoporosis, hypophosphatemic, 1
(OMIM 616 963 and 612 286)

Hereditary hypophosphatemic rickets with
hypercalciuria/Fanconi syndrome

Distal renal tubular acidosis

(OMIM 602 722)

Hereditary hypophosphatemic rickets with
hypercalciuria/idiopathic infantile
hypercalciuria/infantile hypercalcaemia

Tubular phosphate handling

Hereditary hypophosphatemic rickets with
hypercalciuria

(OMIM 241 530)

Hereditary hypophosphatemic rickets with
hypercalciuria/hereditary hypophosphatemia and
nephrocalcinosis

Hypophosphatemic rickets, autosomal dominant
(OMIM 193 100)

Hereditary hypophosphatemic rickets with
hypercalciuria

Distal renal tubular acidosis

(OMIM 179 800 and 611 590)

Infantile hypercalcaemia
Nephrolithiasis/osteoporosis, hypophosphatemic, 2
(OMIM 612 287)

Infantile hypercalcaemia, 1

(OMIM 143 880)

2Gene coordinates according to GRCh38 version of human genome reference sequence.

region, North-East Italy. Clinical information was collected from
each participant.

Subjects were classified as hypertensive when they reported
having received a diagnosis of hypertension and as diabetic
when they reported having received a diagnosis of diabetes or
when found to have fasting plasma glucose >126 mg/dL. Hy-
percholesterolemic individuals were those with blood choles-
terol levels >240 mg/dL. For the metabolic syndrome criteria, we
used those of the American Heart Association/National Heart,
Lung, and Blood Institute Scientific Statements [12]. Estimated
glomerular filtration rate (eGFR) was calculated with the Chronic
Kidney Disease Epidemiology Collaboration equation.

Information on kidney stone history (SH) was self-reported.

Genetics

Two independent subgroups of individuals of the INCIPE co-
hort were previously genotyped using either the Illumina Hu-
man Omni Express chip array (893 individuals, INCIPE-1) [13]
or the Illumina Human Core Exome chip array (2153 individ-
uals, INCIPE-2) [14]. Both INCIPE-1 and INCIPE-2 samples were
preprocessed to code gene variants to the same DNA strand
and filter out problematic samples and markers, and then they
independently underwent the genome-wide imputation pro-
cess. Imputation was performed using the TOPMed imputation

server (Trans-Omics for Precision Medicine) [15]. Only variants
showing a high imputation correlation value (R? > 0.8) were
retained. The genotype profiles for all variants (imputed and
genotyped) belonging to the candidate genes were extracted
and, when possible, annotated with the Ensembl VEP and Clin-
Var Databases [16, 17]. Consanguinity across samples was very
low. We assessed it through the runs of homozygosity (ROHs):
the inbreeding coefficient F,,}, resulted equal to 0.0013 + 0.0035
(mean =+ SD) and 0.0011 =+ 0.0032 in INCIPE-1 and INCIPE-2, re-
spectively, lower than the average value in the European popu-
lation (0.0098 = 0.0051) [18].

Biochemistry

Frozen plasma at —80°C was thawed and the following pa-
rameters were determined in one session to reduce biological
variability: calcium and phosphate, intact parathyroid hormone
(PTH) (Elecsys PTH, Roche Diagnostics, Mannheim, Germany), 25
(OH) vitamin D and 1,25 (OH), vitamin D (Liaison kits, DiaSorin,
Saluggia, Italy). Samples from all but one INCIPE-1 subjects with
the two identified variants (chr20:54 171 755:C:A rs36106327
and chr20:54 173 157:G:A rs35792925) of the CYP24A1 gene, and
paired-matched controls without the two variants in a propor-
tion 1:2 were analyzed. The matching was for age (+2 years), gen-
der, menopausal status and CKD stage.
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Table 2: Anthropometric, clinical and biochemical parameters of the investigated subjects according to SH.

NSH, n = 3386 SH,n =478 P-value
BMI, kg/m? 26.65 + 5.42 26.96 + 4.08 14
Waist circumference, cm, mean (SD) 92.90 + 14.70 94.65 + 13.75 <.01
Systolic blood pressure, mmHg, mean (SD) 136.81 + 20.13 139.08 + 18.30 .012
Diastolic blood pressure, mmHg, mean (SD) 84.65 + 10.72 86.00 + 9.52 <.01
Triglycerides, mmol/L, mean (SD) 1.24 £ 0.95 1.28 £ 0.71 .33
HDL cholesterol, mmol/L, mean (SD) 1.48 + 0.33 1.43 + 0.31 <.01
LDL cholesterol (Friedwald) mmol/L, mean (SD) 3.84 + 0.90 3.86 + 0.93 .894
Fasting glucose, mmol/L, mean (SD) 544 + 1.42 5.57 + 1.28 .05
Insulin, mIU/mL, mean (SD) 9.95 + 7.09 11.68 + 11.89 .006
eGFR, mL/min/1.73 m?, mean (SD) 88.62 + 18.66 88.18 + 18.74 .63
MS, n (%) 24.5 291

eGFR is calculated by the Chronic Kidney Disease Epidemiology Collaboration formula.

MS, metabolic syndrome; LDL, low-density lipoprotein.

Statistics

Associations of SH with continuous and categorical variables
were tested using the Student’s t-test or x? test, respectively.
Generalized linear models were used to test the association
when including into the model the most relevant covariates
(Supplementary data, Table S1). Statistical significance with P-
value <.05 was used to determine the clinical variables signifi-
cantly associated with the outcome.

Genetic association analysis was performed on the genetic
variants having an estimated minor allele frequency >0.01.

For each individual variant, the analysis was conducted
by comparing the mean dosage value of the reference allele
(additive genetic model) in cases and controls. Adjustment for
multiple testing (all the single nucleotide polymorphisms from
all the candidate genes) was done using a shrinkage t-test [19].

Linkage disequilibrium was investigated by the Linkage Dis-
equilibrium Calculator of Ensembl [16].

The software R was used to perform the analysis. Association
tests with the genetic factors were done using the ‘st’ library of
the R package (CRAN) [19].

The biological impact of the variants that resulted statisti-
cally significant (<.05) was annotated by the Ensembl Variant
Effect Predictor (VEP) [16].

INCIPE-1 and INCIPE-2 were the discovery and validation co-
horts, respectively. In reference to genetic variants shown to be
associated with history of renal stones SH, only those confirmed
in the validation cohorts were considered as significant, i.e. con-
sistently associated.

RESULTS

Prevalence of SH in the INCIPE cohort was 12.4% (8.5% in fe-
males, 15.2% in males). Compared with subjects who did not re-
port stone history (NSH), those with SH had higher body mass
index (BMI), waist circumference, blood pressure, insulin levels
and lower high-density lipoprotein (HDL) cholesterol (Table 2).
eGFR did not differ between the two groups (Table 2).

A total of 66 224 (genotyped and imputed) variants map-
ping on the 10 candidate genes were studied. Only a minor-
ity are reported in the ClinVar Archive (nearly 1500). Sixty-nine
and 18 variants in INCIPE-1 and INCIPE-2, respectively, were sig-
nificantly associated with SH (Supplementary data, Table S2).
Among these only three variants are classified in ClinVar, one

in INCIPE-1 (ATP6V0A4 rs3807154) and two in INCIPE-2 (SLC34A1
rs876661296, SLC34A3 rs28407527).

Two imputed variants [chr20:54 171 755:C:A (rs36106327) and
chr20:54 173 157:G:A (rs35792925)] of the CYP24A1 gene were ob-
served to be consistently associated with SH since they were
associated in both INCIPE-1 and INCIPE-2 (Table 3). Both vari-
ants have not been previously reported in association with re-
nal stones or other conditions and are not listed in the ClinVar
database. The two variants resulted to be in absolute linkage dis-
equilibrium (D = 1.0; R? = 1.0).

Among the 166 CYP24A1 variants that we investigated
in INCIPE, the rs4811494 variant that was reported to be
causative of nephrolithiasis [20] was observed in homozygosity
in more than 2%, and in heterozygosity in approximately 20%
(Supplementary data, Table S3). Ten other CYP24A1 variants that
were investigated are reported in ClinVar as pathogenic or likely
pathogenic, but the only one found in our cohorts, rs114368325
in 20 subjects, is always in heterozygosity without any associa-
tion with SH (Supplementary data, Table S4).

Interestingly, the SLC34A1 variant (code rs876661296) as-
sociated with SH in INCIPE-2 has been reported in homozy-
gousity as causing idiopathic infantile hypercalcemia [20], and
also observed in stone formers [21]. No homozygous case for
this variant was observed in our cohort (Supplementary data,
Table S3).

In INCIPE-1, carriers of the two CYP24A1 variants shown in
Table 3, all heterozygous, numbered 40 (4.5%). Although having
lower 25 (OH) vitamin D, they had a ratio of 1,25 (OH), vitamin D
to 25 (OH) vitamin D higher than in matched controls not carry-
ing the two CYP24A1 variants (Table 4). These data do not seem
to have been influenced by summer sun exposure since samples
were all collected in the period November 2006 to April 2007.

DISCUSSION

The main result of this study is the association of SH with two
intronic variants (rs36106327 and rs35792925) of the CYP24A1
gene. These two variants were the only variants associated
with SH in both INCIPE panels. Thus, genetic findings in the
INCIPE cohort put the spotlight on CYP24A1. In the INCIPE co-
hort we also observed more than 2% homozygous subjects, and
a very high prevalence of heterozygosity (approximately 20%)
for the CYP24A1 rs4811494 variant, which was reported to be
causative of nephrolithiasis [20]. Homozygosity for a number
of mutated CYP24A1 variants has been previously reported to
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Table 3: Association between SH and CYP2A1 gene variants.
Gene variant RS Gene variant position Estimated
(reference SNP) (chrom:position:ref Alternative alternative allele Non-SH allele SH allele
Gene code allele:alternative allele) allele frequency (%) dosage® dosage? P-value®
CYP24A1 1536106327 chr20:54 171 755:C:A A 2.0 0.04 0.07 .03
CYP24A1 1s35792925 chr20:54 173 157:G:A A 2.0 0.041 0.08 <.01

2Average dosage of alternative allele in the sample group (range: 0-2).
Shrinked t-test P-value.

Table 4: Summary statistics of demographic and biochemical variables in individuals from INCIPE-1 carrying and non-carrying the two

CYP24A1 variants shown to be associated with nephrolithiasis.

Variables Carriers, n = 38 Non-carriers,n = 77 P-value
Age, years, mean (SD) 61.2 (14.2) 63.4 (13.3) 414
Sex, male, n (%) 15 (39.5) 28 (36.4) .905
Ca, mg/dL, mean (SD) 2.2(0.1) 2.2 (0.13) 805
P, mg/dL, mean (SD) 0.9 (0.2) 0.9 (0.2) 775
PTH, pmol/L, median (IQR) 3.5(2.7,4.7) 3.9 (2.9,5.0) 287
eGFR, mL/min/1.73 m?, mean (SD) 85.4 (18.4) 84.1(16.2) .691
1,25 (OH), vitamin D, pmol/L, mean (SD) 94.9 (25.26) 99.3 (30.6) 449
25 (OH) vitamin D, nmol/L, median (IQR) 34.1(23.4,49.4) 42.3(27.8,57.8) .043
Ratio 1,25 (OH), vitamin D/25 OH vitamin D, median (IQR) 2.9(2.0,4.2) 2.36 (1.6, 3.3) .043
Nephrolithiasis, n (%) 12 (31.6) 23(29.9) 1.000

Carriers are the subjects carrying the two CYP24A1 variants (shown in Table 3). Serum samples were not available in two cases. Non-carriers are subjects without the

two variants.Ca, calcium,; P, phosphate; IQR, interquartile range.

be high in the general population since it was estimated to be
1960 cases per 100 000 individuals [22]. While the high preva-
lence of the CYP24A1 rs4811494 variant in the general popula-
tion raises the possibility that the observation of this variant
(reported as c¢.*1327G > A, benign in ClinVar) (associated with
hypercalcemia) in a 5-year-old male with hypercalciuria and re-
nal stones was a chance association, functional studies support
its pathogenic role [21].

Variants of the CYP24A1 gene have been shown to associate
with renal stones in previous GWAS [6, 9]. The two variants that
we discovered have been neither reported to be associated with
nephrolithiasis nor described as pathologic, and are likely to be-
long to the same haplotype. However, we cannot exclude that
one of them or both may play some functional unknown role. As
previously observed, inactivating mutations of this gene cause
idiopathic infantile hypercalcemia, a rare autosomal recessive
disease presenting in the first months of life [22]. Since CYP24A1
encodes vitamin D 24-hydroxylase, the degrading enzyme of 1,25
(OH), vitamin D, its defective activity due to gene mutations
leads in the overt cases to increased plasma calcitriol, severe hy-
percalcemia, nephrocalcinosis, nephrolithiasis and renal failure.
Recently, the phenotypic spectrum of this disorder has been rec-
ognized to be wider than idiopathic infantile hypercalcemia. In
fact, mutations of CYP24A1 have been found in subjects with re-
current nephrolithiasis starting in early adulthood, with hyper-
calciuria, serum calcium only mildly or intermittently increased
[23-29], and high or marginally high 1,25 (OH), vitamin D [25].

The CYP24A1 gene sequencing of affected individuals to-
gether with functional studies would help in clarifying whether
the observed association with nephrolithiasis could be due to
some effect of the gene itself or to other rare unknown gene
variants in linkage disequilibrium in that chromosomal region.
We have some indirect information suggesting that the first op-

tion might be true. INCIPE subjects who carried the CYP24A1
variants did not differ in terms of eGFR in comparison with
non-carriers. Furthermore, they did not show any difference in
plasma levels of calcium, phosphate and PTH (Table 4). However,
the two variants do not seem to be neutral on the vitamin D
axis regulation. In fact, although having lower absolute levels of
25 (OH) vitamin D, cases, i.e. subjects who carried the variants,
had a relative higher concentration of 1,25 (OH), vitamin D. This
suggests that akin to the known disease-causing mutations of
the CYP24A1 gene, the variants associated with the history
of stones in the INCIPE cohort also jeopardize the degradation
of 1,25 (OH), vitamin D. Therefore, we speculate that in certain
circumstances (sun exposure, vitamin D supplementation) these
subjects might develop high levels of calcitriol. This should in-
crease intestinal absorption of calcium leading to hypercalciuria,
thus predisposing to lithogenesis. It is self-evident that these
subjects should avoid sun and UV ray exposure, and vitamin D
supplements.

Given the observed distribution of the two CYP24A1 variants
in subjects with SH and subjects with NSH (roughly 8% and 4%,
respectively; see Table 3) and the prevalence of SH (~13% in
the INCIPE population) we can argue that the herein associated
variants with SH are likely to be risk factors for nephrolithia-
sis, following a non-Mendelian model of inheritance [5]. This fits
with the idea that nephrolithiasis is a complex disease. The idea
is also supported by the observation that SH was observed in
both carriers and non-carriers of the two CYP24A1 variants with
roughly the same prevalence (31.6% and 29.9%, respectively),
representing clear evidence that other genes together with sev-
eral other conditions (nutritional, environmental) are involved in
the common stone disease [5]. A less robust finding of our study
was the association of the variant rs876661296 of the reces-
sive SLC34A1 gene [30] with history of renal stones in INCIPE-2.
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Nevertheless, this result is interesting. Although in ClinVar this
variant has been classified as benign, functional studies demon-
strated that the codified protein, the proximal tubular sodium-
dependent phosphate carrier 2A (NaPi-IIa), has a deranged func-
tion [20]; as a consequence, it was described in homozygosity
as causing idiopathic infantile hypercalcemia [20]. There was
no homozygous case for this variant; however, SLC34A1 single
nucleotide polymorphisms have already emerged from GWAS,
in Northern Europe and Asia, as associated with nephrolithia-
sis [6-8]. The physiopathological connection with nephrolithi-
asis probably flows from an altered phosphate reabsorption in
the proximal tubule, and higher activation of vitamin D which
stimulates intestinal absorption of calcium with the ensuing in-
creased calciuria [31].

This study has limitations. History of stones was self-
reported by participants and was not validated by confirmatory
clinical records. However, we think that this self-reported di-
agnosis is in general terms reliable. Actually, we found in self-
reported stone subjects the typical association observed in the
general population between nephrolithiasis and the metabolic
syndrome criteria (higher BMI, lower HDL cholesterol, higher
blood pressure, higher insulin levels) [32, 33]. Furthermore, in a
previous cohort study the self-reported diagnosis of stones was
confirmed in 95% of cases [34]. We could not evaluate whether
the history of stones was more or less severe in carriers of the
CYP24A1 variants since we had no information on stone recur-
rence, metabolic activity, previous surgery or stone complica-
tions. INCIPE-1 and INCIPE-2 were genotyped with two different
arrays. Hence the reported CYP24A1 association signals with SH
are due to imputed and not really to genotyped variants. How-
ever, only the imputed variants which made it through the ap-
plied hard filtering (R? > 80%) were selected. Due to the high level
of accuracy and the statistical robustness of those variants, we
expect the results reported above to be reliable.

CONCLUSIONS

Our data suggest for the first time a possible role for two new
CYP24A1 variants in the risk of nephrolithiasis. It is reasonable
to speculate an effect of these variants on the vitamin D axes
regulation that might justify such an association. Genetic vali-
dation studies in larger sample sets and functional studies will
be necessary to confirm our findings.
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