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A previous genome-wide association study (GWAS) reported several novel loci for nephrolithiasis in British and Japanese population, some of which were predicted to influence CaSR signaling. In this study, we aimed to evaluate the association of these loci with calcium nephrolithiasis in Chinese Han population. We performed a case-control association analysis involving 691 patients with calcium nephrolithiasis and 1008 control subjects. We were able to genotype a total of 17 single-nucleotide polymorphisms (SNPs), which were previously reported to be significantly associated with nephrolithiasis in GWAS. rs578595 at WDR72 was significantly associated with calcium nephrolithiasis in Chinese Han population (p < 0.001, OR = 0.617). Moreover, rs12654812 at SLC34A1 (p = 0.0427, OR = 1.170), rs12539707 at HIBADH (p = 0.0179, OR = 0.734), rs1037271 at DGKH (p = 0.0096, OR = 0.828) and rs12626330 at CLDN14 (p = 0.0080, OR = 1.213) indicated suggestive associations with calcium nephrolithiasis. Our results elucidated the significance of genetic variation at WDR72, DGKH, CLDN14, SLC34A1, and HIBADH in Chinese patients with nephrolithiasis. Since polymorphisms of WDR72, DGKH, and CLDN14 are predicted to influence in CaSR signaling, our results emphasized the role of abnormal calcium homeostasis in calcium nephrolithiasis.
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INTRODUCTION
Nephrolithiasis is one of the most frequent disorders affecting almost all populations. Epidemiological studies have reported that the incidence of nephrolithiasis is about 5% among females and 12% among males (Lewandowski and Rodgers, 2004), and almost 70% of all kidney stones are composed of calcium oxalate and/or phosphate (Croppi et al., 2012; Liu et al., 2021). In recent years, the incidence and prevalence of nephrolithiasis is increasing globally. Nephrolithiasis is commonly recurrent, with up to 50% of individuals experiencing a second episode within 10 years of the initial presentation, and recurrent stone disease has been linked to renal function decline (Pearle et al., 2014; Yan et al., 2021). The cause of nephrolithiasis is considered multifactorial, including but not limited to diet, ethnic, climate, and genetic factors. Recent studies estimated that up to 65% of kidney stone formers have a family history of nephrolithiasis (Stechman et al., 2007). Moreover, twin studies have reported a heritability of >45% for nephrolithiasis, and a strong family history of nephrolithiasis, including a parent and two siblings, have a standard incidence ratio for stone formation of >50 (Hemminki et al., 2018).
Up till now, six genome-wide association studies (GWAS) in different ethnicity have identified about 25 loci associated with nephrolithiasis (Thorleifsson et al., 2009; Gudbjartsson et al., 2010; Urabe et al., 2012; Oddsson et al., 2015; Howles et al., 2019; Tanikawa et al., 2019). Loci identified by GWAS in patients with nephrolithiasis could provide possible insight into the pathogenesis of the disorder. Howles et al. (2019) reported a trans-ethnic GWAS meta-analysis of British and Japanese cohorts, which identified 7 novel loci associated with nephrolithiasis. Among them, five of the loci, WDR72, GPIC1, DGKD, DGKH, and BCR, were predicted to influence calcium-sensing receptor (CaSR) signaling. The CaSR is a G protein-coupled receptor, which is highly expressed in the kidneys and parathyroid (Litvinova et al., 2021). CaSR has a central role in calcium hemostasis, including increasing kidney calcium reabsorption while stimulating parathyroid hormone (PTH) release to enhance bone resorption, urinary calcium reabsorption and 1,25-dihydroxyvitamin D3 synthesis in the kidney (Hannan et al., 2016). In this study, we conducted the research regarding the association between polymorphisms of those CaSR-related genes and calcium nephrolithiasis in Chinese Han population.
MATERIALS AND METHODS
Subjects
In total, 691 unrelated Chinese Han patients with nephrolithiasis (467 males and 224 females, mean aged 50.47 years) were recruited at Huashan Hospital of Fudan University. Patients with nephrolithiasis secondary to known causes, such as chronic kidney disease, renal failure, chronic diarrhea, gout, renal tubular acidosis, primary and secondary hyperparathyroidism, osteoporosis, or cancer were excluded. Patients with radioparent stones, including struvite, uric acid and cystine stones were excluded. We also excluded patients with history of medications that affected urinary calcium excretion or taking vitamin D and/or calcium supplements. The control group consisted of 1008 subjects were age/gender matched individuals without a history of nephrolithiasis or a family history of kidney stone disease. Nephrolithiasis was diagnosed clinically either with plane radiography of kidney-ureter-bladder (KUB) or non-contrast computed tomography (CT) scan. All the patients with nephrolithiasis and the control subjects were of the same racial, ethnic, geographical and environmental strata.
We assessed the effect of genetic variations on serum calcium, sodium, potassium, magnesium, phosphorus, chloride, carbon dioxide (CO2), creatinine, urea, uric acid, alkaline phosphatase (ALP), parathyroid hormone (PTH), serum 25-hydroxycholecalciferol, albumin, glucose, cholesterol, triglycerides, low-density lipoprotein (LDL), high-density lipoprotein (HDL) levels; urine calcium and phosphorus levels; estimated glomerular filtration rate (eGFR); and body mass index (BMI). Laboratory measurements were performed within 2 weeks preoperatively.
Blood Sample Collection and DNA Extraction
Peripheral blood samples were collected by venipuncture in a tube containing EDTA and was stored at −80°C. Genomic DNA was extracted using QiAamp DNA Blood Midi Kit (Qiagen, Germany). The concentration and quality of DNA was quantified by Qubit dsDNA HS Assay Kit (Promega, United States).
SNP Selection and Genotyping
Genotyping was performed using the Illumina Asian Screening Array (ASA) BeadChip platform covering ∼660k variants across the genome. Imputation was performed with the IMPUTE computer program using the 1000 Genomes Project Han Chinese in Beijing (CHB) population as the reference, with imputation information score >0.90. We intended to replicate 20 single-nucleotide polymorphisms (SNPs) which were identified in the transethnic GWAS by Howles et al. (2019). We also evaluated the association of other 5 SNPs (rs1256328 at ALPL, rs7627468 at CASR, rs12654812 at SLC34A1, rs199565725 and rs219780 at CLDN 14) and calcium nephrolithiasis, which were identified in GWAS but not replicated in Chinese Han population (Thorleifsson et al., 2009; Oddsson et al., 2015). A standard quality control procedure was applied to select SNPs for further analysis. SNPs were excluded if they had: 1) genotype call rate <90% or 2) p < 0.001 for the Hardy-Weinberg Equilibrium (HWE) test. Therefore, eight SNPs were excluded because of low call rate of genotyping (<90%) and we were able to genotype a total of 17 SNPs. Population stratification analysis was performed by using an ancestry informative marker panel (UT-AIM250) (Wang et al., 2019).
Statistical Analysis
Quantitative variables were presented as mean ± standard deviation (SD). An independent t test was used to compare the differences between the means of continuous variables. Categorical variables were analyzed using the Chi-square test. Genotype distributions for the SNP were tested for Hardy-Weinberg equilibrium (HWE). The association of SNPs with nephrolithiasis was tested by a Cochran-Armitage trend test. Results are expressed as odds ratio (OR) and 95% confidence intervals (CI). A p value lower than 2.94E-03 (0.05/17) was considered statistically significant. SNPs with p value less than 0.05 were also considered of interest. Multiple linear regression analyses were used to test association between genotype and clinical parameters, including serum calcium, phosphorus, creatinine, urea, uric acid, etc. with relevant covariates. We conducted association and QTL analyses using the PLINK-1.07 toolset. p-values were two tailed. An α of 0.05 was used to claim statistical significance.
RESULTS
The clinical characteristics of case and control samples were shown in Table 1. Compared with the healthy controls, body mass index (BMI) was significantly higher in patients with calcium nephrolithiasis (p = 0.003). There showed no significant difference in the distribution of serum calcium, phosphorus, magnesium, creatinine, and uric acid among the patients and controls.
TABLE 1 | Baseline characteristics of the study population.
[image: Table 1]Population stratification analysis indicated that data of both cases and controls overlapped with Asian populations (Supplementary Figure S1). Therefore, no population stratification was detected between cases and controls. We were able to genotype a total of 17 SNPs (Supplementary Table S1), which were previously reported to be significantly associated with nephrolithiasis in GWAS. Table 2 shows the genotype frequencies of polymorphism among all subjects. The genotype frequencies of 17 SNPs among case and control subjects were distributed in accordance with the Hardy-Weinberg equilibrium (Supplementary Table S2). SNP rs578595 at WDR72 was significantly associated with calcium nephrolithiasis in Chinese Han population (p < 0.001, OR = 0.617). Four SNPs at 4 loci—— rs12654812 at SLC34A1 (p = 0.0427, OR = 1.170), rs12539707 at HIBADH (p = 0.0179, OR = 0.734), rs1037271 at DGKH (p = 0.0096, OR = 0.828) and rs12626330 at CLDN14 (p = 0.0080, OR = 1.213) indicated suggestive associations with calcium nephrolithiasis.
TABLE 2 | Results of association analysis for calcium nephrolithiasis in Chinese Han population.
[image: Table 2]As shown in Table 3, the A allele of rs12654812 was significantly correlated with lower level of serum glucose (p = 0.0384). The C allele of rs1037271 was significantly correlated with higher level of serum phosphorus (p = 0.0002). The C allele of rs578595 was significantly correlated with higher level of serum creatinine (p = 0.0018) and serum glucose (p = 0.0085). The G allele of rs12626330 was significantly correlated with higher level of serum uric acid (p = 0.0248) and serum carbon dioxide (p = 0.0265).
TABLE 3 | Multiple linear regression analyses for clinical parameters.
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In Howles study, which is the largest nephrolithiasis GWAS to date and integrates data from 12,123 stone formers and 417,378 controls from British and Japanese populations, identified 20 loci associated with nephrolithiasis, 7 of which have not previously been reported to associate with nephrolithiasis (Howles et al., 2019). In this study, we evaluated the association of 17 SNPs of 16 loci identified in former GWAS with nephrolithiasis in Chinese Han population. Our results indicated that rs578595 at WDR72, rs1037271 at DGKH, rs12654812 at SLC34A1, rs12539707 at HIBADH, and rs12626330 at CLDN14 were associated with the risk of calcium nephrolithiasis in Chinese Han population. Among them, WDR72 and DGKH were predicted to influence calcium-sensing receptor (CaSR) signaling.
WDR72 encodes WD repeat containing protein 72 (WDR72), an intracellular protein of 1102 amino acids with no known functional domains except a β-propeller structure composed of WD40 repeat domains in its N-terminus. This domain organization is the characteristic of vesicle coat proteins that mediate membrane deformation complexes to regulate intracellular vesicle trafficking (Katsura et al., 2014). Mutations in WDR72 have been previously identified as the cause of amelogenesis imperfecta (AI), a hereditary disease that affect tooth enamel formation (El-Sayed et al., 2009). Okada et al. (2012) reported that loss-of-function mutations of WDR72 result in AI, whereas missense mutations of WDR72 cause distal renal tubular acidosis (dRTA), possibly without the presence of AI. dRTA is characterized by an impairment of urinary acidification resulting in metabolic acidosis, hypokalemia, and inappropriately elevated urine pH. If not treated, this chronic condition eventually leads to nephrocalcinosis, nephrolithiasis and impaired renal function (D'Ambrosio et al., 2021). Recently, a trans-ethnic GWAS in British and Japanese populations identified that rs578595, an intronic variant in WDR72, was significantly associated with nephrolithiasis (Howles et al., 2019). WDR72 are thought to play a role in Clathrin-mediated endocytosis, a process central to sustained intracellular CaSR signaling (Wang et al., 2015). Our results demonstrated that rs578595 was significantly associated with nephrolithiasis in Chinese Han ethnicity. The risk allele of rs578595 was significantly correlated with higher level of serum creatinine, but not correlated with estimated-GFR or level of serum urea. A GWAS in Caucasian population indicated that WDR72 was associated with renal function and chronic kidney diseases (Kottgen et al., 2010). SNPs on WDR72 were also found to be associated with the estimated-GFR variance in American Indians (Franceschini et al., 2014). Patients with chronic kidney disease are more likely to develop nephrolithiasis. Moreover, impaired renal function and nephrolithiasis may both probably caused by a dRTA-related mechanism. It is not surprising that rs578595 is correlated with higher level of serum glucose, since WDR72 has been reported to be associated with higher HbA1c level and poorer blood glucose control (Paterson et al., 2010). Patients with diabetes mellitus are at increased risk for nephrolithiasis, since diabetes might cause stone formation by affecting the composition of urine. It is reported that patients with diabetes excrete more oxalate and have lower urine pH than non-diabetic people (Eisner et al., 2010). Howles et al. (2019) identified rs3760702, ∼300 bp upstream of GIPC1, as a significant locus associated with nephrolithiasis. GIPC1 encodes Regulator of G-protein signaling 19 interacting protein 1 (GIPC1), which is also postulated to play a role in clathrin-mediated endocytosis in CaSR signaling (Shang et al., 2017). In the current study, however, rs3760702 showed insignificant association with nephrolithiasis in Chinese Han population.
DGKH encodes for diacylglycerol kinase eta (DGKH), and DGKD encodes for diacylglycerol kinase delta (DGKD). DGKD and DGKH phosphorylates diacylglycerol, a component of the intracellular CaSR-signaling pathway inducing CaSR-mediated membrane ruffling and activating protein kinase C (PKC) signaling cascades including mitogen-activated protein kinase (MAPK) and intracellular calcium release (Schlam and Canton, 2017; Gorvin et al., 2018). SNPs of DGKH was predicted to promote kidney stone formation by influencing CaSR signaling. In a genome-wide association meta-analysis, DGKH was identified to be associated with serum calcium concentrations (O'Seaghdha et al., 2013). In our study, rs1037271, an intronic variant in DGKH, showed suggestive association with nephrolithiasis in Chinese Han ethnicity. The risk allele of rs1037271 was significantly correlated with higher level of serum phosphorus. Previously, DGKD was identified as a new loci associated with serum calcium in a genome-wide association meta-analysis in Europeans. They characterized the expression of in kidney, and demonstrated that both DGKD and DGKH were significantly upregulated in response to low calcium diet, which suggested specific involved of these genes in calcium homeostasis (O'Seaghdha et al., 2013). In a GWAS in British and Japanese populations, rs13003198, ∼6 kb upstream of DGKD, was identified as a significant locus for calcium nephrolithiasis. Moreover, they verified that DGKD knockdown could impair CaSR-signal transduction pathway in vitro, and this effect can be rectified with the calcimimetic cinacalcet (Howles et al., 2019). In the current study, SNP rs13003198 was not successfully replicated in Chinese Han population.
BCR encodes Breakpoint Cluster Region (BCR) protein, which is a GTPase-activating protein for RAC1 (Rac Family Small GTPase 1). RAC1 activation was postulated to mediate CaSR-induced membrane ruffling (Schlam and Canton, 2017). SNP rs13054904 located ∼110 kb upstream of BCR, which was identified to be associated with nephrolithiasis in British population but not Japanese population through GWAS (Howles et al., 2019). We failed to replicate rs13054904 in Chinese Han population, which suggested that this locus predisposed to nephrolithiasis in European rather than East Asian populations.
The CLDN14 gene encodes claudin-14, which belongs to the claudin family of membrane proteins. Claudin-14, a 239-amino acid protein with 4 transmembrane domains and intracellular N and C termini, is an important component of epithelial tight junctions (Tsukita and Furuse, 2000). In the kidney, claudin-14 is predominantly expressed in the thick ascending limb of the Henle’s loop (TALH) where a quarter of filtered calcium is reabsorbed through a passive paracellular pathway involving claudin-14, claudin-16 and claudin-19 (Olinger et al., 2018). CaSR activation is thought to increase expression levels of claudin-14 in the TALH and thereby decrease paracellular calcium reabsorption (Dimke et al., 2013). Moreover, genetic variants may attenuate claudin-14 activity and lead to enhanced paracellular divalent cation reabsorption in the TALH. The first GWAS on nephrolithiasis was reported in 2009, which identified CLDN14 as a significant locus for nephrolithiasis. Howles et al. (2019) demonstrated that rs12626330, an intronic variant in CLDN14, was associated with nephrolithiasis. In this study, rs12626330 showed suggestive association with nephrolithiasis, and rs12626330 was correlated with higher level of serum uric acid and lower level of serum CO2. It has been reported that serum CO2 level was negatively correlated with the risk of uric acid stone formation (Moreira et al., 2015). Our results suggested that the risk allele of rs12626330 might increase the risk of calcium nephrolithiasis through abnormal metabolism associated with hyperuricemia.
SLC34A1 gene encodes NPT2a, which is a member of the type II a sodium-phosphate co-transporter family. The NPT2a expressed in the brush border membrane of proximal tubular cells where the bulk of phosphate reabsorption takes place. Mutations in SLC34A1 have been reported to cause hypophosphatemic nephrolithiasis and osteoporosis in human (Prie et al., 2002). In knockout mice, severe renal phosphate wasting, hypercalciuria and skeletal abnormalities were observed (Beck et al., 1998). In 2012, a GWAS in a Japanese population identified SLC34A1 as a novel locus associated with nephrolithiasis (Urabe et al., 2012). In 2015, a GWAS in Icelanders reported that common variants of rs12654812 was associated with nephrolithiasis, and rs12654812 associated significantly with decreased serum PTH levels and serum phosphate (Oddsson et al., 2015). In GWAS of Howles et al. (2019) identified rs56235845 as a significant SNP associated with nephrolithiasis in both British and Japanese populations. In our results, we discovered a suggestive correlation between rs12654812, whereas rs56235845 was not significantly associated with nephrolithiasis. The risk allele of rs12654812 was associated with lower level of serum glucose. Presumably, reduction in serum PTH levels associated with rs12654812 may result from a decrease in serum phosphate levels caused by diminished renal reabsorption. Since patients with hyperparathyroidism are usually associated with impair glucose tolerance (Aojula et al., 2021), that kidney stone variance may negatively correlated with serum glucose level through decreased serum PTH.
HIBADH encodes 3-hydroxyisobutyrate dehydrogenase (HIBADH). HIBADH is an NAD+ -dependent mitochondrial enzyme that catalyzes oxidation of 3-hydroxyisobutyrate, an intermediate of valine catabolism, to methylmalonate semialdehyde. HIBADH is considered as a key enzyme in the gluconeogenesis pathway (Tasi et al., 2013). HIBADH gene was identified as a candidate gene for type 2 diabetes mellitus (Chen et al., 2013). However, its involvement in nephrolithiasis has not been fully elucidated. Howles et al. (2019) first identified rs12539707, an intronic variant in HIBADH, as a significant SNP associated with nephrolithiasis in British and Japanese populations. Our results showed suggestive association between rs12539707 and nephrolithiasis in Chinese Han population, which suggests that genes related to glucose metabolism might be involved in the mechanism of nephrolithiasis formation.
To conclude, the results of the present study elucidate that rs578595 at WDR72 is significantly associated with calcium nephrolithiasis, whereas rs1037271 at DGKH, rs12626330 at CLDN14, rs12654812 at SLC34A1 and rs12539707 at HIBADH show suggestive associations with nephrolithiasis in Chinese Han population. As mentioned above, the expression of CLDN14 localized to the TALH of the kidney was demonstrated to be regulated via the calcium-sensing receptor (CaSR) signaling. Moreover, WDR72 and DGKH are predicted to influence CaSR signaling, but it remains to be confirmed in the kidney. Although further investigation is required, we assumed that the polymorphism of WDR72, DGKH, and CLDN14 could increase the risk of calcium nephrolithiasis by influencing the CaSR signaling. Our results emphasized the role of abnormal calcium homeostasis in Chinese patients with calcium nephrolithiasis.
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