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ABSTRACT

Background. Genetic variations are linked to kidney stone formation. However, the association of single nucleotide
polymorphism (SNPs) and stone recurrence has not been well studied. This study aims to identify genetic variants
associated with kidney stone recurrences and to construct a predictive nomogram model using SNPs and clinical
features to predict the recurrence risk of kidney stones.
Methods. We genotyped 49 SNPs in 1001 patients who received surgical stone removal between Jan 1 and Dec 31 of 2012.
All patients were confirmed stone-free by CT scan and then received follow-up at least 5 years. SNP associations with
stone recurrence were analyzed by Cox proportion hazard model. A predictive nomogram model using SNPs and clinical
features to predict the recurrence risk of kidney stones was developed by use of LASSO Cox regression.
Results. The recurrence rate at 3, 5, 7 years were 46.8%, 71.2%, and 78.4%, respectively. 5 SNPs were identified that had
association with kidney stone recurrence risk. We used computer-generated random numbers to assign 500 of these
patients to the training cohort and 501 patients to the validation cohort. A nomogram that combined the 14-SNPs-based
classifier with the clinical risk factors was constructed. The areas under the curve (AUCs) at 3, 5 and 7 years of this
nomogram was 0.645, 0.723, and 0.75 in training cohort, and was 0.631, 0.708, and 0.727 in validation cohort, respectively.
Results show that the nomogram presented a higher predictive accuracy than those of the SNP classifier or clinical
factors alone.
Conclusion. SNPs are significantly associated with kidney stone recurrence and should add prognostic value to the
traditional clinical risk factors used to assess the kidney stone recurrence. A nomogram using clinical and genetic
variables to predict kidney stone recurrence has revealed its potential in the future as an assessment tool during the
follow-up of kidney stone patients.
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LAY SUMMARY

SNPs are significantly associated with kidney-stone recurrence and can add prognostic value to the traditional
clinical risk factors used to assess the kidney-stone recurrence. A nomogram using clinical and genetic variables to
predict kidney-stone recurrence has revealed its potential to be useful in the future as an assessment tool during the
follow-up of kidney-stone patients.

GRAPHICAL ABSTRACT

Keywords: kidney stone, recurrence, single-nucleotide polymorphism signature

INTRODUCTION

Nephrolithiasis is a common condition that affects 5%–10% of
individuals during their lifetime and is often associated with
substantial healthcare and economic burdens [1, 2]. Despite
the technological breakthroughs in the surgical control of
stones which have significantly increased stone-free rates and
reduced patient morbidity with shorter recovery time, stone
recurrence remains an important health issue. After the initial
episode, urolithiasis tends to tends to recur in up to 50% of cases
within 5 years, with the percentage increasing to 90% within
10 years [3].

Currently, there is an unmet need to identify patients who
are at a higher risk of recurrent kidney-stone events and who
could benefit from more aggressive secondary prevention. The
use of the 24-h urine test is guideline-supported for high-risk
and interested patients [4, 5]. However, the 24-h urine test has
various constraints, such as the complexity of interpretation,
the need for repeated collections, the inability to foresee stone

recurrence with individual parameters and supersaturation val-
ues, the ambiguous rationale of laboratory cutoff values and the
difficulty of determining the adequacies of collected samples [6].
Therefore, identification of patients at the highest risk of recur-
rent kidney stone, including through the development of spe-
cificmeasures for early detection andprevention, remains a high
priority.

Nephrolithiasis has a multifactorial etiology concerning fac-
tors from both genetic and environmental aspects. Prior studies
have suggested that certain clinical and radiologic features
of kidney stones are associated with disease recurrence [7–9].
In addition to traditional risk factors, genetics also play a key
role in nephrolithiasis [10]. Single nucleotide polymorphism
(SNP) is one of the most common types of genetic differences
among humans. By adopting genome-wide association studies
(GWASs), several SNPs associated with the genetic predis-
position to kidney-stone formation have been identified [11,
12]. However, there is limited evidence that these SNPs are
associated with stone recurrence and can be used to predict
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LASSO Cox regression used to
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combined with the 14-SNP-based
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Figure 1: Enrollment and outcomes. Five to 10 years’ follow-up for all participants was performed.

kidney-stone recurrence. No study with a sufficiently large
sample size for statistical rigor has analyzed the role of in-
dividual genetic background in the risk of kidney-stones
recurrence.

In this study,we performed a prospective study to identify ge-
netic variants associated with kidney-stone recurrences and to
identify a SNP signature to boost clinical features for predicting
the recurrence risk of kidney stones.We also construct a predic-
tive nomogrammodel using SNPs and clinical features to predict
the recurrence risk of kidney stones.

MATERIALS AND METHODS

Study participants

We prospectively collected 1659 plasma samples from kidney-
stone patients who underwent surgical stone removal, of which
1001 passed quality control for the final analysis (Fig. 1). All
samples were obtained between 1 January and 31 December
2012 from patients treated at the First Affiliated Hospital of
Guangzhou Medical University, a tertiary referral center of
kidney-stone disease in southern China. Patients need to meet
the following criteria in order to be considered in this study:
(i) have received stone removal surgery and postoperative com-
puted tomography (CT) scans confirmed total stone-free; (ii)
have complete clinical and at least 5-year follow-up data, as
well as common epidemiological data. Patients who refused to

provide informed consent and did receivemedical management
for the prevention of recurrence stones were excluded. We used
computer-generated random numbers to assign 500 of these pa-
tients to the training cohort and 501 patients to the validation
cohort.

This studywas approved by local ethics committee, andwrit-
ten informed consent was obtained from all individuals. The
study was registered at http://clinicaltrials.gov/ (NCT04937192).

Demographic and clinical data

The demographic and clinical data on the patients’ medical his-
tory, kidney-stones risk factors, current condition, laboratory re-
sults, medications at admission and discharge, and imaging in-
formationwere collected. Stoneswere removed by percutaneous
nephrolithotomy or flexible ureteroscopy. Stone analyses were
performed by infrared spectroscopy. Post-operative stone-free
status was assessed by low-dose CT scans obtained approxi-
mately 3 months after surgery. Stone-free status was defined as
no stone of any size by CT scans and during endoscopy. The pa-
tients were followed for at least 5 years. The standard follow-
up was updated at 6-month intervals through onsite interview
or direct calling. The latest follow-up data in our analysis were
obtained in January 2022. Recurrence was considered to be ei-
ther silent or symptomatic. Silent recurrences were diagnosed
on the basis of renal ultrasound, and kidney, ureter and bladder
imaging (KUB) performed at 6-month intervals. If renal stones
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were detected, a low-dose CT scan was also performed. A symp-
tomatic recurrence was defined as typical renal colic, an episode
of macroscopic hematuria or spontaneous stone passage. If a
symptomatic recurrence was documented on the basis of renal
colic or hematuria, the recurrence had to be confirmed by CT
scans.

SNP selection and genotyping

The candidate SNPs were selected by manual searching PubMed
using the keywords “kidney stone, nephrolithiasis, urolithia-
sis” for phenotypes and the keywords “polymorphism, SNP,
mutation, variant” for polymorphisms. Only articles in English
were considered. The potential functional SNPs were selected
based on previously published GWAS studies, and their respec-
tive functional effect, such as those with a formerly known
modification at transcription, translation, protein activity or an
amino acid substitution–based hypothetic modification. We fi-
nally identified 49 SNPs in 37 genes selected from the literature
related to kidney-stone formation [11–22] (Supplementary data,
Table S1).

The genotyping in the study has been presented elsewhere in
detail. Briefly, genomic DNAwas extracted from the whole blood
by using customized multiple targeted capture reagents. After
amplifying with PCR, the products were genotyped by using the
Illumina Nextseq CN500 platform and following its manufac-
turer’s protocol. The quality control was performed using Bbduk
software (v37.48). Contamination detection was performed on
data that passed quality control using BLAST+ (v2.7.1).

Statistical methods

The numbers are presented asmean ± standard deviation or the
number and percentage. Categorical variables were compared
by χ2 analysis or Fisher’s exact test. Normally distributed scale
variables were analyzed with Student’s t-test for independent
variables. Statistical significance for each SNP was assessed by
Kaplan–Meier curves using the Cox model. The Cox regression
model was used for multivariate survival analysis. Hazard ratios
(HRs) and 95% confidence intervals (CIs) are reported. The LASSO
Cox regression model was used to construct an SNP-based clas-
sifier.A simplifiednomogrambased on the final statisticalmodel
was developed to predict the probability of stone recurrences at
3, 5 and 7 years. Finally, calibration curves were the assessing
method to evaluate whether the actual outcomes predicted out-
comes for the nomogram, with prognostic accuracy assessed by
time-dependent receiver operating characteristic (ROC) curves
and areas under the curves (AUCs). All statistical tests were con-
ducted using R software (version 3.5.0) and statistical signifi-
cance was set at P-values <.05.

RESULTS

Characteristics of the study population

The distributions of 1001 patients’ demographic and clinical
characteristics are summarized in Table 1. Some 61.5% of pa-
tients had complex stones. Of these, 314 were multiple stones
and 301 were staghorn stones. During the median follow-up
time of 7 years (range 5–10 years), 787 patients (78.6%) developed
recurrence. The recurrence rates at 3, 5 and 7 years were 46.8%,
71.2% and 78.4%, respectively.

Kidney-stone recurrence clinical predictor

Univariate analysis identified nine clinical variables nominally
associated with the kidney-stone recurrence (P < .05). Sig-
nificantly higher recurrence risks were observed in male pa-
tients, and patients with hyperparathyroidism, history of recur-
rent stone episode, bilateral stones, multiple stones, stone size
>20 mm, urinary tract infection or infected stone. Patients with
calciumoxalate stoneswere negatively associatedwith stone re-
currence as compared with other stone compositions (Table 1).
A multivariable Cox model in the training cohort including the
11 clinical variables with P < .1 was established to predict the
stone recurrence. The AUC at 3, 5 and 7 years of the model was
0.596, 0.661 and 0.695, respectively (Fig. 2).

The associations between SNPs and kidney-stone
recurrence

After excluding 1 SNP (rs184187143 in SLC26A6) as all cases were
homozygous wild type, we eventually analyzed 48 SNPs in 36
genes (Table 2). We assessed the association of each individ-
ual SNP with kidney-stone recurrence by Cox regression. The
characteristics and association results of the 48 variants are dis-
played in Table 3. There were three SNPs (rs1544935 in KCNK5,
rs11746443 in RGS14 and rs56235845 in SLC34A1) that exhibited
significant association with increased kidney-stone recurrence
risk. In addition, we found that two SNPs (rs10735810 in VDR
and rs3798519 in TFAP2B) had negative association with kidney-
stone recurrence risk.

The LASSO Cox regression model was used to select
the most useful prognostic markers among the 48 SNPs in
training cohort and to construct an SNP-based classifier for
prediction of kidney-stone recurrence. The SNP-based classifier
comprised 14 of the 48 SNPs in the regions of the following
genes: rs10735810 (in VDR), rs11746443 (in RGS14), rs13003198 (in
DGKD), rs13041834 (in BCAS1), rs1544935 (in KCNK5), rs2043211
(in CARD8), rs2286526 (in LOC645722), rs3798519 (in TFAP2B),
rs4793434 (in SOX9), rs56235845 (in SLC34A1), rs6464214 (in
HIPK2), rs7057398 (in CLDN2), rs755622 (in MIF-AS) and rs780093
(inGCKR). Using the LASSOCox regressionmodels,we calculated
a risk score for each patient based on the 14-SNP status:

Risk score = (0.0632 × rs11746443) − (0.0611 × rs10735810)

+ (0.0026 × rs13003198) − (0.0384 × rs13041834) + (0.1157 × rs1544935)

− (0.0563 × rs2043211) − (0.0194 × rs2286526) − (0.0065 × rs3798519)

− (0.0361 × rs4793434) + (0.0160 × rs56235845) − (0.0070 × rs6464214)

+ (0.0104 × rs7057398) + (0.0455 × rs755622) − (0.0399 × rs780093)

The risk scores of the 500 patients in the training cohort range
from −0.4576 to 0.2414. We assessed the distribution of risk
scores for the 14-SNP-based classifier and recurrence status in
the training cohort. Patients in the training cohort were divided
into high-risk (n = 250) and low-risk (n = 250) groups, with the
median risk score (of −0.1567) as the cutoff. Compared with
patients in the low-risk group, patients in the high-risk group
had shorter recurrence-free survival [HR 1.38 (95% CI 1.13–1.69),
P = .0014] (Fig. 2). The AUC at 3, 5 and 7 years of the classi-
fier was 0.594, 0.632 and 0.636, respectively. The risk score for
each patient in the validation cohort (n = 501) was calculated
with the same formula as that used in the training cohort. The
SNP classifier achieved similar predictive ability in the validation
cohort (the AUC at 3, 5 and 7 years were 0.523, 0.572 and 0.588,
respectively) (Fig. 4).
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Table 1: Baseline clinical variables for patients with recurrence of kidney stones.

95% CI

Characteristic Total No recurrence Recurrence HR Lower Upper P-value

n (%) 1001 214 (21.4) 787 (78.6)
Age (years) 48.93 ± 13.12 49.6 ± 13.28 48.75 ± 13.08 0.99 0.94 1.04 .655
Gender (male) 577 (57.6) 104 (48.5) 473 (60.2) 1.22 1.05 1.4 .008
BMI (kg/m2) 23.44 ± 3.75 23.58 ± 3.73 23.4 ± 3.75 0.99 0.97 1.01 .453
Recurrent stone episode, n (%) 204 (20.4) 7 (3.3) 197 (25.1) 1.9 1.62 2.24 <.001
Urinary tract infection, n (%) 224 (22.4) 33 (15.4) 191 (24.3) 1.25 1.06 1.48 .007
Comorbidities, n (%)

Hyperternsion 265 (27.5) 66 (30.8) 209 (26.6) 0.88 0.75 1.03 .111
Diabetes 141 (14.1) 36 (16.8) 105 (13.4) 0.84 0.68 1.03 .092
Gout 10 (0.9) 2 (0.9) 8 (1.1) 1.27 0.68 2.36 .458
Hyperparathyroidism 44 (4.4) 6 (2.8) 38 (4.8) 1.45 1.05 2.01 .025
Hyperlipidemia 21 (2.1) 2 (0.9) 19 (2.5) 1.14 0.72 1.79 .578

Imaging, n (%)
Stone number

Single 386 (38.5) 114 (53.2) 272 (34.5)
Multiple or staghorn stone 615 (61.5) 100 (46.8) 515 (65.5) 1.36 1.18 1.58 <.001

Stone laterality, n (%)
Unilateral 635 (63.5) 163 (76.2) 472 (59.9)
Bilateral 366 (36.5) 51 (23.8) 315 (40.1) 1.44 1.25 1.66 <.001

Stone diameter, n (%)
<20 mm 430 (42.9) 127 (59.3) 303 (38.5)
≥20 mm 571 (57.1) 87 (40.6) 484 (61.5) 1.39 1.2 1.61 <.001

Grade of hydronephrosis, n (%)
None or mild 650 (64.9) 144 (67.3) 506 (64.3)
Moderate or severe 351 (35.1) 70 (32.7) 281 (35.7) 1.11 0.96 1.29 .157

Laboratory parameters, n (%)
ALT >40 U/L 91 (9.1) 20 (9.4) 71 (9.1) 0.98 0.77 1.25 .867
ALB <30 g/L 239 (23.8) 49 (22.8) 190 (24.2) 1.09 0.93 1.28 .308
Serum Cr >133 μmol/L 114 (11.4) 19 (8.9) 95 (12.1) 1.22 0.99 1.51 .068

Stone composition, n (%)
Calcium oxalate 438 (43.7) 111 (51.8) 327 (41.6) 0.75 0.65 0.87 <.001
Calcium phosphate 7 (0.7) 1 (0.5) 6 (0.7) 1.11 0.5 2.47 .807
Infection stone 220 (21.9) 33 (15.45) 187 (23.7) 1.35 1.14 1.59 <.001
Uric acid 72 (7.2) 16 (7.4) 56 (7.1) 1 0.76 1.31 1
Unknown 264 (26.4) 53 (24.8) 211 (26.8)

Data are mean ± standard deviation or n (%).
BMI, body mass index; Cr, creatinine.

Figure 2: Kaplan–Meier curves for patients stratified into low-risk and high-risk
groups according to the 14-SNP-based risk score.

Nomogram construction

As the clinical factors–based model and SNP-based classifier
both showedpoor predictive ability for stone recurrence,we con-
structed a nomogram that combined the 14-SNP-based classifier
with the clinical risk factors to ascertain how the 14-SNP-based
classifier added prognostic value to the clinical risk factors and
to provide clinicians with a quantitative method to predict the
probability of recurrence in a patient with kidney stones. The
nomogramwas developed with data from 500 cases in the train-
ing cohort (Fig. 3). The AUC at 3, 5 and 7 years of this nomogram
in the training cohort was 0.645, 0.723 and 0.75, respectively. The
AUC at 3, 5 and 7 years of the classifier or clinical risk factors
ranged from 0.579 to 0.688 in the training cohort. The predictive
accuracy of the nomogram was significantly higher than that of
the classifier or clinical risk factors alone in the training cohort
(Fig. 4). A total of 501 cases in the validation cohort were used
to validate the predictive accuracy of the nomogram; the AUC at
3, 5 and 7 years was 0.631, 0.708 and 0.727, respectively, in the
validation cohort (Fig. 4).
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Table 2: The percentage of 1001 patients with wild-type homozygous/heterozygous/variant-type homozygous genotypes.

SNP status (%)

dbSNP rs ID Chr Physical position Associated gene WT (0) HT (1) VT-HO (2)

rs1010269 17 59 448 945 BCAS 14.49 48.15 37.36
rs1037271 13 42 779 410 DGKH 20.58 52.25 27.17
rs10735810 12 48 272 895 VDR 20.08 52.65 27.27
rs10917002 1 21 836 340 ALPL 50.45 39.16 10.39
rs1155347 6 39 146 230 KCNK5 70.13 27.57 2.30
rs11746443 5 176 798 306 RGS14 72.63 24.08 3.30
rs12539707 7 27 626 165 HIBADH 0.30 9.99 89.71
rs1260326 2 27 730 940 GCKR 23.78 52.35 23.88
rs12626330 21 37 835 982 CLDN14 27.47 51.75 20.78
rs12666466 7 30 916 430 AQP1 79.72 19.38 0.90
rs12837024 X 106 911 003 CLDN2 49.95 22.48 27.57
rs13003198 2 234 257 105 DGKD 39.56 48.55 11.89
rs13041834 20 52 703 284 BCAS1 56.84 38.36 4.80
rs13054904 22 23 410 918 BCR 88.31 10.99 0.70
rs1481012 4 89 039 082 ABCG2 47.85 42.46 9.69
rs1544935 6 39 124 448 KCNK5 70.83 26.77 2.40
rs17216707 20 52 732 362 CYP24A1 94.21 5.49 0.30
rs184187143 3 48 666 132 SLC26A6 100 0 0
rs2043211 19 48 737 706 CARD8 23.78 49.75 26.47
rs2058265 7 139 462 249 HIPK2 58.14 35.16 6.69
rs2231142 4 89 052 323 ABCG2 46.65 43.06 10.29
rs2286526 17 59 472 057 LOC645722 38.56 48.85 12.59
rs35747824 16 20 393 308 PDILT 70.73 27.17 2.10
rs3752472 13 33 629 393 Klotho 85.21 13.89 0.90
rs3760702 19 14 588 237 GIPC1 56.14 39.76 4.10
rs3798519 6 50 788 778 TFAP2B 58.24 35.46 6.29
rs4529910 11 111 243 102 POU2AF 33.97 48.95 17.08
rs4793434 17 70 352 537 SOX9 10.99 44.36 44.66
rs56235845 5 176 798 040 SLC34A1 65.23 24.08 10.69
rs578595 15 53 997 089 WDR72 70.33 26.87 2.80
rs6123359 20 52 714 706 BCAS1 18.78 49.65 31.57
rs6464214 7 139 454 165 HIPK2 57.64 35.36 6.99
rs6667242 1 21 826 566 ALPL 51.75 37.86 10.39
rs6928986 6 131 323 992 EPB41L2 15.48 49.45 35.06
rs6975977 7 30 917 831 INMT-FAM188B 75.42 23.18 1.40
rs7057398 X 106 901 299 CLDN2 44.96 23.28 31.77
rs7206790 16 53 797 908 FTO 71.33 26.47 2.20
rs7277076 21 37 836 973 CLDN14 21.28 52.05 26.67
rs731236 12 48 238 757 VDR 91.41 8.39 0.20

rs73247968 X 106 911 865 CLDN2 70.83 15.18 13.99
rs7456421 7 139 415 775 HIPK2 57.34 35.46 7.19
rs74956940 19 14 571 966 PKN1 59.74 36.36 3.90
rs755622 22 24 236 392 MIF-AS 63.14 34.57 2.30
rs7652589 3 121 889 088 CaSR 47.75 42.86 9.39
rs77648599 6 160 624 115 SLC22A2 89.31 10.19 0.50
rs77924615 16 20 392 332 UMOD 70.43 27.47 2.10
rs780093 2 27 742 603 GCKR 22.48 51.05 26.47
rs7975232 12 48 238 837 VDR 44.36 47.25 8.39
rs889299 16 23 381 914 SCNN1B 43.46 46.45 10.09

dbSNP, Database for SNPs; Chr, chromosome; WT, wild-type homozygous; HT, heterozygous; VT-HO, variant-type homozygous.

DISCUSSION

In this study, we evaluated the effect of SNPs on the recurrence
prediction of 1001 patients. Five SNPs were identified as being
closely related to the recurrence of kidney stones. We further
developed a 14-SNP-based classified to complement the clini-
cal factors for prediction of kidney-stone recurrence, which can
enable physicians to make more informed treatment decision
about recurrence prevention. To the best of our knowledge, this

study was the first to comprehensively assess the association
between genetic background and kidney-stone recurrence with
a large number of cases.

Personalized medicine has widely accepted the role of
investigating the genetic makeup of an individual patient in
achieving optimized medical care. In turn, the clarification of
gene polymorphism contribution to kidney-stone recurrence
will be advantageous in clinics to improve diagnosis of at-
risk patients as well as to provide treatment with maximum
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Table 3: Association between SNPs and stone recurrence.

95% CI

ID (SNP status) Associated gene HR Lower Upper P-value aAdjusted P-value

rs1010269 (2 vs 1 vs 0) BCAS 1.05 0.947 1.16 .358 .818
rs1037271 (2 vs 1 vs 0) DGKH 1.02 0.925 1.14 .637 .983
rs10735810 (2 vs 1 vs 0) VDR 0.868 0.784 0.96 .006 .265
rs10917002 (2 vs 1 vs 0) ALPL 1.03 0.929 1.15 .558 .983
rs1155347 (2 vs 1 vs 0) KCNK5 1.05 0.92 1.21 .451 .934
rs11746443 (2 vs 1 vs 0) RGS14 1.17 1.03 1.32 .018 .265
rs12539707 (2 vs 1 vs 0) HIBADH 0.972 0.778 1.22 .805 .983
rs1260326 (2 vs 1 vs 0) GCKR 0.947 0.856 1.05 .285 .818
rs12626330 (2 vs 1 vs 0) CLDN14 1.08 0.974 1.19 .149 .587
rs12666466 (2 vs 1 vs 0) AQP1 1.02 0.864 1.19 .849 .983
rs12837024 (2 vs 1 vs 0) CLDN2 1.01 0.926 1.09 .883 .983
rs13003198 (2 vs 1 vs 0) DGKD 1.08 0.97 1.2 .159 .587
rs13041834 (2 vs 1 vs 0) BCAS1 0.898 0.796 1.01 .079 .473
rs13054904 (2 vs 1 vs 0) BCR 1.02 0.841 1.25 .809 .983
rs1481012 (2 vs 1 vs 0) ABCG2 0.96 0.861 1.07 .467 .934
rs1544935 (2 vs 1 vs 0) KCNK5 1.19 1.04 1.36 .013 .265
rs17216707 (2 vs 1 vs 0) CYP24A1 0.937 0.71 1.24 .647 .983
rs2043211 (2 vs 1 vs 0) CARD8 0.917 0.832 1.01 .079 .473
rs2058265 (2 vs 1 vs 0) HIPK2 1 0.896 1.12 .947 .983
rs2231142 (2 vs 1 vs 0) ABCG2 0.94 0.844 1.05 .265 .818
rs2286526 (2 vs 1 vs 0) LOC645722 0.969 0.874 1.07 .544 .983
rs35747824 (2 vs 1 vs 0) PDILT 1.12 0.974 1.28 .113 .493
rs3752472 (2 vs 1 vs 0) Klotho 0.975 0.817 1.16 .782 .983
rs3760702 (2 vs 1 vs 0) GIPC1 1.06 0.939 1.2 .338 .818
rs3798519 (2 vs 1 vs 0) TFAP2B 0.873 0.777 0.981 .022 .265
rs4529910 (2 vs 1 vs 0) POU2AF 1.04 0.944 1.15 .409 .892
rs4793434 (2 vs 1 vs 0) SOX9 0.908 0.818 1.01 .072 .473
rs56235845 (2 vs 1 vs 0) SLC34A1 1.12 1.01 1.23 .030 .283
rs578595 (2 vs 1 vs 0) WDR72 1.03 0.908 1.18 .616 .983
rs6123359 (2 vs 1 vs 0) BCAS1 1.01 0.911 1.11 .890 .983
rs6464214 (2 vs 1 vs 0) HIPK2 0.999 0.892 1.12 .988 .988
rs6667242 (2 vs 1 vs 0) ALPL 1.03 0.924 1.14 .625 .983
rs6928986 (2 vs 1 vs 0) EPB41L2 1 0.906 1.11 .963 .983
rs6975977 (2 vs 1 vs 0) INMT-FAM188B 1.01 0.874 1.18 .847 .983
rs7057398 (2 vs 1 vs 0) CLDN2 1.01 0.93 1.09 .833 .983
rs7206790 (2 vs 1 vs 0) FTO 0.934 0.814 1.07 .337 .818
rs7277076 (2 vs 1 vs 0) CLDN14 1.06 0.954 1.17 .295 .818
rs731236 (2 vs 1 vs 0) VDR 0.848 0.657 1.09 .206 .706
rs73247968 (2 vs 1 vs 0) CLDN2 0.997 0.905 1.1 .958 .983
rs7456421 (2 vs 1 vs 0) HIPK2 1.01 0.904 1.13 .849 .983
rs74956940 (2 vs 1 vs 0) PKN1 1.04 0.919 1.18 .538 .983
rs755622 (2 vs 1 vs 0) MIF-AS 1.11 0.977 1.27 .108 .493
rs7652589 (2 vs 1 vs 0) CaSR 0.994 0.894 1.11 .918 .983
rs77648599 (2 vs 1 vs 0) SLC22A2 1.05 0.849 1.3 .655 .983
rs77924615 (2 vs 1 vs 0) UMOD 1.12 0.975 1.28 .109 .493
rs780093 (2 vs 1 vs 0) GCKR 0.953 0.863 1.05 .344 .818
rs7975232 (2 vs 1 vs 0) VDR 1.02 0.912 1.14 .746 .983
rs889299 (2 vs 1 vs 0) SCNN1B 1.02 0.92 1.14 .677 .983

aBenjamini–Hochberg procedure.

efficacy. Accumulating evidence has suggested that genetic
backgrounds affect the risk of kidney-stone formation. Previous
GWAS analyses with large size samples have reported that SNPs
in metabolism-related genes are linked to stone formation [11,
12]. However, there is limited evidence to show that these SNPs
are associated with stone recurrence. On the other hand, these
genetic variations likely will contribute to the recurrence of
kidney stones as the remaining underlying metabolic basis of
kidney-stone formation after surgical removal of prior mineral
accumulations. Therefore, our choice of SNPs for this study

can identify those genetic variations that persist and influence
kidney-stone development even after likely lifestyle changes.
Our effort thus represents an effective means to determine
critical genetic contributions to kidney-stone recurrence with-
out resort to de novo identification of recurrence SNPs with a
required much larger patient population.

In our study, five SNPs in five genes were shown to be
associated with the recurrence of kidney stones. Consistent
with previous studies, the genetic polymorphisms of RGS14
and SLC34A1 were associated with the risk of kidney-stone for-
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Figure 3: Nomogram predicting stone recurrence probability. (A) Determination of the total points based on the sum of 12 predicts. (B) Estimate of recurrence risk at

3, 5 and 7 years based on the total points.

Figure 4: Better nomograms for predicting stone recurrence. Time-dependent ROC curves at 3, 5 and 7 years were used to assess the prognostic accuracy of the

nomogram.

mation. Mutation in SLC34A1, encoding the proximal tubular
sodium-phosphate transporter NaPi-lla,may cause infantile hy-
percalcemia, hypophosphatemic kidney stone and osteoporosis
[23].RGS14 encodes a complex scaffolding protein, known as reg-
ulator of G protein signaling 14, which is enriched in hippocam-
pal area CA2 dendritic spines. Several studies report that the
rs11746443 of RGS14was associated with calcium-containing re-
nal stones due to its position in the upstream of the SLC34A1
and AQP1 genes, which may be crucial for urine concentration
[24, 25]. Vitamin D is a hormone that plays a critical role in the
metabolismof calcium through binding to the VDR.Genetic vari-
ations in the VDR gene have been shown to influence the in-
teractions of the vitamin D/VDR, modulating the susceptibility

risk for several pathologic conditions. A series of studies investi-
gated the association between these polymorphisms of the VDR
gene and the risk of urolithiasis, but the findingswere conflicting
[26–29]. In our study, we found that rs10735810 was associated
with stone recurrence while two other SNPs in VDR (rs7312366
and rs7975232) were not associated with stone recurrence. It
has been reported that VDR variants have different effects on
the receptor activity. In particular, the FokI isoform is synthe-
sized from different start sites in the VDR gene and therefore
it is involved in transcriptional activation [30]. Along this line, a
potential start site of the FokI polymorphism (rs10735810) pro-
duces an altered VDR protein by generating an additional start
codon, which results in proteins containing fewer amino acids,
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which likely are more active in terms of their transactivation
capacity [31].

Improving the prediction of kidney-stone recurrence follow-
ing initial surgical interventions would undoubtedly contribute
to more effective symptom management and patient care. Sev-
eral studies have reported some clinical factors can be used
for evaluating the risk of kidney-stone recurrence. Andrew D
Rule et al. [7, 9] found a series of clinical risk factors for stone
recurrence, such as younger age, male sex, family history of
stones and uric acid stone compositions. Based on these clini-
cal risk factors, they constructed a nomogram (called the ROKS
nomogram) to predict stone recurrence, which could be help-
ful for better centralizedmanagement and early intervention. In
our study, we identified 11 clinical factors associated with stone
recurrence. Most of them were similar to those reported in the
literature [7]. Such a constructed a nomogram based on the clin-
ical risk factors did not perform well in predicting stone recur-
rence risk, with AUC values <0.7. Further improvement of this
kind of nomogram will make it a practical tool in the routine
clinical use to benefit kidney-stone patients.

One of the aspects to consider for improvements could
be to include genetic information in the nomogram model.
Indeed, genetic risk factors alone or in combination with
clinical factors can be used for risk stratification and to guide
strategies for treatment in various type of diseases [32, 33].
Kidney stone is generally acknowledged as a disorder caused by
the interaction of multiple genetic and environmental factors.
Therefore genetic signature alone is unlikely to predict kidney-
stone recurrence risk. On the other hand, inclusion of genetic
information likely will improve the accuracy of prediction
based on clinical factors. Indeed, we built a nomogram using
genetic factors combined with clinical factors to predict the
stone recurrence. We found that the addition of SNP infor-
mation to the nomogram improved the predictive accuracy,
reflecting the contribution of inherent genetic predisposition
in stone recurrence. Thus, our nomogram provides a simple,
accurate and improved method for predicting kidney-stone
recurrence risk.

In our study we found that the addition of SNPs to the clini-
calmodel did not significantly improve the clinicalmodel AUC in
the validation cohort. The possible reasons are many: first, the
sample size of the validation set is relatively small. Increasing
the sample size may reveal that SNPs can improve the clinical
model AUC. Second, the clinical variations may partially reflect
genetic variations, and the predictive value of genetic variation
may overlap with clinical variations. Therefore, addition of SNPs
did not significantly improve the accuracy of clinical model for
predicting stone recurrence. This indirectly confirms the effec-
tiveness of constructing stone recurrence prediction models us-
ing clinical variations, such as the ROKS nomogram [7], as pre-
viously discovered by other researchers. Finally, this study only
tested 49 SNP loci based on previous GWAS results. If more ge-
netic information is detected through whole-genome survey, it
might identify novel genetic loci to significantly improve the pre-
dictive value of the clinical model.

Our study has several limitations. First, the cohort was of
Chinese origin, therefore the generalizability to other ethnic
background needs confirmation. Second, the AUC of 0.631–0.645
in 3-year recurrence for the nomogram was relatively low for
a prediction tool, even though it was an improvement over the
0.579–0.614 for the nomogram based on clinical factors. Future
studies may be needed to better identify predictors. Third,
although no stone formers received stone prevention medica-

tions, most of them did receive dietary recommendations that
might have influenced natural stone recurrence. Fourth, surgical
interventions to remove renal stones were performed in all pa-
tients in our study, which might affect the natural history of
renal stone recurrence. Thus, the recurrence findings seen in
this study are most applicable to those with moderate to large
sized stones who required surgical intervention at baseline.
Fifth, silent recurrence was determined by KUB and renal ultra-
sound, which might miss smaller stones. It was reported that
the sensitivity of KUB and ultrasound combined was 78% for
renal calculi [34]. Finally, this nomogram needs to be evaluated
externally in other community-based settings with a larger
proportion of residents.

CONCLUSION

Our study indicates that genetic variations are significantly as-
sociatedwith kidney-stone recurrence, and should add prognos-
tic value to the traditional clinical risk factors used to assess
kidney-stone recurrence. The generation of a nomogram using
clinical and genetic variables to predict kidney-stone recurrence
has revealed its potential in the future as an assessment tool
during the follow-up of kidney-stone patients.

SUPPLEMENTARY DATA

Supplementary data are available at ckj online.

ACKNOWLEDGEMENTS
This work was financed by grants from the National Natu-
ral Science Foundation of China [grant number 82070721 and
82270822], the Young Talent Support Project of Guangzhou
Association for Science and Technology, the Guangzhou Sci-
ence Technology and Innovation Commission [grant number
202102010214 and 202102010150], and theNational Key Research
and Development Program [grant number 2020YFC2002700]. We
would like to thank the research team from GloriousMed Clini-
cal Laboratory Co., Ltd (Shanghai, China) for their support to this
work in sequencing and bioinformatics analysis.

AUTHORS’ CONTRIBUTIONS
G.Zeng had full access to all the data in the study and takes
responsibility for the data and the accuracy of the data analy-
sis. G.Zeng and Y.S. contributed to the conception and design
of the study. W.Zhu, X.Z., Z.Zhou, G.Zhang, X.D., Y.L., Z.Zhao,
W.Zhong,Z.H. andG.A. contributed to acquisition of data.W.Zhu,
X.Z. and Z.Zhou contributed to the analysis and interpretation of
the data.W.Zhu and G.Zeng drafted the manuscript. Y.S. partici-
pated in the critical revision of the manuscript for important in-
tellectual content.W.Zhu, X.Z. and Z.Zhou carried out the statis-
tical analysis. G.Zeng and W.Zhu contributed to the acquisition
of funding. X.D. andW.Zhong provided administrative, technical
or material support.W.Zhu, X.Z. and Z.Zhou contributed equally
to the work. All authors contributed to reading the manuscript
and approved the submitted version.

DATA AVAILABILITY STATEMENT
All data used to support the findings of this study are
available from the corresponding author (Guohua Zeng,
gzgyzgh@vip.sina.com) upon request.

https://academic.oup.com/ckj/article-lookup/doi/10.1093/ckj/sfad119#supplementary-data
mailto:gzgyzgh@vip.sina.com


2214 W. Zhu et al.

CONFLICT OF INTEREST STATEMENT
The authors declare that there is no conflict of interest that
could be perceived as prejudicing the impartiality of the research
reported.

REFERENCES

1. Scales CD, Tasian GE, Schwaderer AL et al. Urinary stone
disease: advancing knowledge, patient care, and population
health.Clin J Am Soc Nephrol 2016;11:1305–12. https://doi.org/
10.2215/CJN.13251215

2. Zeng G, Mai Z, Xia S et al. Prevalence of kidney stones in
China: an ultrasonography based cross-sectional study. BJU
Int 2017;120:109–16. https://doi.org/10.1111/bju.13828

3. Zhu W, Liu Y, Lan Y et al. Dietary vinegar prevents kidney
stone recurrence via epigenetic regulations. EBioMedicine
2019;45:231–50. https://doi.org/10.1016/j.ebiom.2019.
06.004

4. Pearle MS, Goldfarb DS, Assimos DG et al. Medical manage-
ment of kidney stones: AUA guideline. J Urol 2014;192:316–
24. https://doi.org/10.1016/j.juro.2014.05.006

5. Skolarikos A, Straub M, Knoll T et al. Metabolic evaluation
and recurrence prevention for urinary stone patients: EAU
guidelines. Eur Urol 2015;67:750–63. https://doi.org/10.1016/
j.eururo.2014.10.029

6. Hsi RS, Sanford T, Goldfarb DS et al. The role of the 24-hour
urine collection in the prevention of kidney stone recur-
rence. J Urol 2017;197:1084–9. https://doi.org/10.1016/j.juro.
2016.10.052

7. Rule AD, Lieske JC, Li X et al. The ROKS nomogram for
predicting a second symptomatic stone episode. J Am
Soc Nephrol 2014;25:2878–86. https://doi.org/10.1681/ASN.
2013091011

8. D’Costa MR, Haley WE, Mara KC et al. Symptomatic and ra-
diographic manifestations of kidney stone recurrence and
their prediction by risk factors: a prospective cohort study.
J Am Soc Nephrol 2019;30:1251–60. https://doi.org/10.1681/
ASN.2018121241

9. Vaughan LE, Enders FT, Lieske JC et al. Predictors of symp-
tomatic kidney stone recurrence after the first and subse-
quent episodes. Mayo Clin Proc 2019;94:202–10. https://doi.
org/10.1016/j.mayocp.2018.09.016

10. Santoro G, Lombardi G, Andreola S et al. Association anal-
ysis of 10 candidate genes causing mendelian calcium
nephrolithiasis in the INCIPE study: a South European gen-
eral population cohort. Clin Kidney J 2023;16:521–7. https:
//doi.org/10.1093/ckj/sfac225

11. Howles SA, Wiberg A, Goldsworthy M et al. Genetic vari-
ants of calcium and vitamin D metabolism in kidney stone
disease. Nat Commun 2019;10:5175. https://doi.org/10.1038/
s41467-019-13145-x

12. Tanikawa C, Kamatani Y, Terao C et al. Novel risk loci iden-
tified in a genome-wide association study of urolithiasis
in a Japanese population. J Am Soc Nephrol 2019;30:855–64.
https://doi.org/10.1681/ASN.2018090942

13. Zhang K, Li C. ABCG2 gene polymorphism rs2231142 is as-
sociated with gout comorbidities but not allopurinol re-
sponse in primary gout patients of a Chinese Han male
population. Hereditas 2019;156:26. https://doi.org/10.1186/
s41065-019-0103-y

14. Ma G, Yuan Q, Wang Q et al. Association between MIF-AS
rs755622 and nephrolithiasis risk in a Chinese population.
Med Sci Monit 2016;22:563–8. https://pubmed.ncbi.nlm.nih.
gov/26895959/

15. Li H, Zhang J, Long J et al. Calcium-sensing receptor
gene polymorphism (rs7652589) is associated with cal-
cium nephrolithiasis in the population of Yi nationality in
Southwestern China. Ann Hum Genet 2018;82:265–71. https:
//pubmed.ncbi.nlm.nih.gov/29682741/

16. Chen Y, Ren X, Li C et al. CARD8 rs2043211 polymor-
phism is associated with gout in a Chinese male popula-
tion.Cell Physiol Biochem 2015;35:1394–400.https://doi.org/10.
1159/000373960

17. Curry JN, Saurette M, Askari M et al. Claudin-2 deficiency
associates with hypercalciuria in mice and human kidney
stone disease. J Clin Invest 2020;130:1948–60. https://doi.org/
10.1172/JCI127750

18. Lin H, Zhu X, Long J et al. HIPK2 polymorphisms rs2058265,
rs6464214, and rs7456421were associatedwith kidney stone
disease in Chinese males not females. Gene 2018;653:51–6.
https://pubmed.ncbi.nlm.nih.gov/29428801/

19. Xu C, Song R, Yang J et al. Klotho gene polymorphism of
rs3752472 is associated with the risk of urinary calculi in
the population of Han nationality in Eastern China. Gene
2013;526:494–7. https://doi.org/10.1016/j.gene.2013.06.001

20. Yang Z, Wang Q, Zhong JF et al. Polymorphisms of the VDR
gene in patients with nephrolithiasis in a Han Chinese pop-
ulation. Urolithiasis 2019;47:149–54. https://doi.org/10.1007/
s00240-018-1053-y

21. Urabe Y, Tanikawa C, Takahashi A et al. A genome-wide as-
sociation study of nephrolithiasis in the Japanese popula-
tion identifies novel susceptible loci at 5q35.3, 7p14.3, and
13q14.1.PLOS Genet 2012;8:e1002541.https://doi.org/10.1371/
journal.pgen.1002541

22. Oddsson A, Sulem P, Helgason H et al. Common and
rare variants associated with kidney stones and biochem-
ical traits. Nat Commun 2015;6:7975. https://doi.org/10.1038/
ncomms8975

23. Fearn A, Allison B, Rice SJ et al. Clinical, biochemical, and
pathophysiological analysis of SLC34A1 mutations. Physiol
Rep 2018;6:e13715. https://doi.org/10.14814/phy2.13715

24. Hashim S, Omran R, Mahmood AH. Association of
rs11746443 (RGS14) polymorphism with susceptibility
to calcium kidney stones disease. Ann Romanian Soc Cell Biol
2021;25:11337–47.

25. Guan F, Han W, Ni T et al. Genetic polymorphisms of RGS14
and renal stone disease. Arch Med Res 2021;52:332–8. https:
//doi.org/10.1016/j.arcmed.2020.11.011

26. ChenWC, Chen HY, Lu HF et al.Association of the vitamin D
receptor gene start codon Fok I polymorphismwith calcium
oxalate stone disease.BJU Int 2001;87:168–71.https://doi.org/
10.1046/j.1464-410x.2001.02074.x

27. Nishijima S, Sugaya K, Naito A et al. Association of vi-
tamin D receptor gene polymorphism with urolithi-
asis. J Urol 2002;167:2188–91. https://doi.org/10.1016/
S0022-5347(05)65126-9

28. Imani D, Razi B, Khosrojerdi A et al.Vitamin D receptor gene
polymorphisms and susceptibility to urolithiasis: a meta-
regression and meta-analysis. BMC Nephrol 2020;21:263.
https://doi.org/10.1186/s12882-020-01919-1
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