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Abstract

Chronic kidney disease (CKD) is a complex disease affecting >10% of the global
population, with large between- and within-continent variability reflecting major envi-
ronmental determinants. To identify molecular targets for treatment and prevention,
genome-wide association study meta-analyses (GWAMASs) of CKD-defining traits
have identified hundreds of genetic loci in aggregated population samples. However,
while GWAMASs estimate the average allelic effect across studies, single popula-
tion studies may be relevant to unravel specific mechanisms. To assess whether a
study sample from a specific population could extend existing knowledge on kidney
function genetics, we selected 147 kidney function relevant loci identified by a large
GWAMA, assessing their association with the glomerular filtration rate estimated
from serum creatinine (eGFRcrea) in 10,146 participants to the Cooperative Health
Research In South Tyrol (CHRIS) study, conducted in an Alpine region where thyroid
dysfunction is common. We identified associations with single nucleotide polymor-
phisms (SNPs) at 11 loci, showing up-to-5.4 times larger effect sizes than in the
corresponding GWAMA, not explainable by allele frequency differences. Systematic
mediation analysis across 70 quantitative traits identified serum magnesium and the
activated partial thromboplastin time as partial mediators of the eGFRcrea associ-
ations at SHROOM3 and SLC34A1, respectively. Given that free triiodothyronine
and thyroxine acted as effect modifiers across all loci, we conducted SNP-by-thyroid
stimulating hormone (TSH) interaction analyses, identifying significant interactions at
STC1: SNPs had larger effects on eGFRcrea at higher TSH levels, possibly reflecting
stanniocalcin-1 autocrine and paracrine role. Individual population studies can help
characterize genetic associations. The interplay between phenotypes at SHROOM3
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and SLC34A1 and the role of thyroid function as a genetic effect modifier warrant
further investigations.

Introduction

Chronic kidney disease (CKD) is a common complex disease that increases the risk
of kidney failure, cardiovascular mortality, and all-cause mortality [1]. CKD is pre-
dicted to become the 5" leading cause of death by 2040 [2]. While affecting >10% of
the population globally, CKD prevalence shows marked variability across countries,
both between and within continents [3]. Between-continent variability is likely guided
by combinations of environmental and genetic differences, such as is the case with
sickle cell trait and albuminuria [4]. Within-continent variability could be more related
to environmental differences, including lifestyle, public health policies, and assess-
ment methods [4,5].

To unravel the genetic basis of CKD, several genome-wide association study
meta-analyses (GWAMAs) were conducted that analyzed the CKD-defining marker
glomerular filtration rate (GFR) estimated from serum creatinine (eGFRcrea) [6].
More than 1000 associated loci have been identified to date [7]. While GWAMAs
estimate the average allelic effect across studies, evidence shows that individual
population studies may be extremely relevant to advance discoveries not only in the
field of rare diseases [8] but also with regard to markers of common chronic diseases
such as triglycerides and low density lipoprotein (LDL) cholesterol [9], age at diabetes
onset [10], and mood disorders [11]. The evidence accumulated so far suggests that
there is no general rule and that the contribution of an individual study to the dissec-
tion of common phenotypes’ biological basis depends on study-specific characteris-
tics and, as such, it can only be assessed on a case-by-case basis.

Here we analyzed genetic associations with eGFRcrea in the Cooperative Health
Research In South Tyrol (CHRIS) study, a general population study conducted in a
mountainous region of central Europe [12]. A sample from this same population was
previously instrumental to identify genetic linkage of serum creatinine with the APOL 1-
MYH9 locus [13] and to replicate common variants associated with eGFRcrea [14].
Characteristics of the geographical region where the study was conducted include the
demographic stability over time [15], the rural environment, and a high frequency of
hypothyroidism, typical of mountainous regions [16]. Aim of our analysis was to assess
whether this particular study sample could provide information that extend current
knowledge on kidney function genetics, by leveraging on local specific characteristics.

We focused our investigation on 147 loci identified by a large GWAMA of the CKD-
Gen Consortium with proven kidney function relevance [17]. In the cited work, the CKD-
Gen identified 308 loci associated with eGFRcrea at genome-wide significance level; of
them, 264 were replicated in an independent population study and thus validated; but
given eGFRcrea might also reflect creatinine metabolism in addition to kidney function,
the authors further filtered their results for direction-consistent association with blood
urea nitrogen (BUN), an alternative marker of kidney function [17]. These loci were
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tested for association with eGFRcrea in the CHRIS study. The purpose of this analysis was to identify those loci for which a
study of limited size like CHRIS could try to contribute new information. We conveniently applied a multiple-testing penalty that
subsets 11 loci with most convincing relevance for the CHRIS study. The features of such 11 loci were then assessed against
corresponding European ancestry CKDGen GWAMA results. Given that several of these loci exhibited larger effects in CHRIS
than in the European ancestry GWAMA, we examined the possible reasons of such larger effects by conducting extensive
mediation analyses across 70 quantitative biochemical and anthropometric traits, reflecting multiple health conditions. Further,
after observing a systematic modification of the genetic association with eGFRcrea when adjusting for thyroid-related traits,
we conducted SNP-by-thyroid function interaction analyses. The aims of the mediation and the interaction analyses were to
identify the presence of intermediate phenotypes and effect modifiers, respectively, that were specific of the study sample.

Methods
Study sample

The present analyses were based on 10,146 individuals with complete genotype data who participated to the CHRIS
study, a population-based study conducted in South Tyrol, Italy, between 2011 and 2018, which was approved by the
Ethics Committee of the Healthcare System of the Autonomous Province of Bolzano-South Tyrol, protocol no. 21/2011 (19
Apr 2011). All participants provided written informed consent.

CHRIS has been extensively described elsewhere [12,18]. Briefly, participants underwent blood drawing, urine collec-
tion, anthropometric measurements, and clinical assessments early in the morning, after an overnight fast. Medical history
was reconstructed through interviewer- and self-administered standardized questionnaires. Drug treatment was identified
via barcode scan of the drug containers that participants were instructed to bring at the study center visit, with the drug
code linked to an official drug databank [12].

eGFRcrea estimation

Serum creatinine (SCr) was measured with a colorimetric assay on Roche Modular PPE (n=4,176) and Abbott Diagnostic
Architect c16000 (n=5,970) instrumentations. According to previous analyses [18], SCr was normalized by instrument
(fixed effect) and participation period (random effect) using a linear mixed model implemented in the ‘ime4’ R package
[19]. To reflect the same methods used in the CKDGen Consortium meta-analysis [17], eGFRcrea was estimated using
the 2009 CKD-EPI equation [20] implemented in the R package ‘nephro’ v1.2 [21] and winsorized at 15 and 200 ml/
min/1.73m?2. Finally, the natural logarithm transformation was applied.

Genotype imputation

Genotyping was performed in two batches using genotyping array chips based on the lllumina Human Omni Microarray
platform. Following quality control analysis, the two data batches were merged, phased with SHAPEIT2 v2.r837, using the
duoHMM method (--duohmm -W 5) with 800 states and 30 rounds [22], and imputed based on the TOPMed r2 standard
reference panel on the Michigan Imputation Server [23]. We obtained 34,084,280 SNPs with minimum imputation quality
index Rsq20.3 and minor allele count (MAC) 21, aligned with human genome assembly GRCh38. A genetic relatedness
matrix (GRM) was obtained from the autosomal genotyped SNPs using EPACTS v3.2.6 modified for compatibility with
assembly GRCh38. Genetic principal components (PCs) were estimated based on the genotyped variants data with minor
allele frequency (MAF) >0.05 using GCTA [24].

Genetic principal component analysis (PCA)

We performed PCA on autosomal variants from the 1000 Genomes Project Phase 3 (1000GPh3) and the CHRIS study
to assess population structure. 1000GPh3 VCF files for chromosomes 1-22 were downloaded, and a list of target variant
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sites was extracted from the CHRIS study genotype dataset. Variants from the 1000GPh3 dataset matching these sites
were extracted using vcftools, and chromosome-specific VCF files were merged into a single dataset. To obtain a set of
independent SNPs, linkage disequilibrium (LD) pruning was conducted using PLINK (--indep-pairwise 100kb 5 0.1), retain-
ing variants with r2<0.1 within 100-kb windows. PCA was conducted on the pruned dataset, extracting per-SNP weights
for the first 20 PCs. Individuals from both datasets were projected onto the PC space using PLINK's --score function,
generating scores for each individual for the first four PCs.

Identification of locally relevant loci

We conducted a GWAS of age- and sex-adjusted residuals of In(eGFRcrea) using the EMMAX method [25] implemented
in EPACTS v3.2.6, including the GRM to model the sample structure. After the analysis, we removed variants with minor
allele frequency (MAF) <0.005, leaving 10,158,100 SNPs for further characterization. Genomic inflation was assessed on
this set of SNPs by estimating the genomic control factor A [26].

Summary statistics from the CKDGen GWAMA [17] were downloaded from the publicly available repository at https://
ckdgen.imbi.uni-freiburg.de. Given a subset of 4661 samples from the CHRIS study was previously included in such
GWAMA, to ensure sample independence we removed CHRIS data from the GWAMA summary statistics using Meta-
Subtract v1.60 [27]. Removing CHRIS did not alter the CKDGen results of the 147 variants. We lifted the CKDGen
genomic positions from the GRCh37 to the GRCh38 map, using CrossMap v0.5.3 [28].

Given small-sample bias can cause large effect estimate fluctuations and given it is not uncommon to observe small
studies with opposite effect directions compared to large GWAMA results, to ensure consistency of the effect direction,
the association testing of the 147 loci in CHRIS was based on a one-sided test, following common practice [29]. Statisti-
cal significance was set at the Bonferroni-corrected level of 0.00034 (0.05/147), for any variant in strong LD (r>>0.8) with
a lead CKDGen variant. LD was estimated using emeralLD v0.1 [30]. The total number of SNPs within the 147 loci was
6337. Adjustment for 147 independent tests covered 98% of the SNP’s cumulative variance (S1 Fig in S1 File).

We compared the variance of In(eGFRcrea) explained by SNPs in CHRIS versus CKDGen European ances-
try analysis. To allow comparison, we used the approximate formulas bZ,pge, X 2Pckpcen(1 — Pckpsen)/var(y) versus
biiris % 2PcHris(1 — PcHris)/var(y) [17], where b is the estimated SNP effect, p is the SNP allele frequency, and var(y) is
the variance of the age- and sex-adjusted In(eGFRcrea) in CHRIS.

Mediation analysis

The In(eGFRcrea)-SNP associations identified in the CHRIS study were submitted to mediation analysis across 70 quan-
titative anthropometric, blood pressure and biochemical traits (S1 Table in S2 File), following the flowchart represented

in Fig 1. SCr was included as a positive control. To prevent potential measurement instrument effects [18], we applied
quantile normalization to each trait (Supplementary Methods in S1 File). Mediation analysis was conducted for each trait
following the established 4-step framework and fitting linear regression models throughout:

1. In(eGFRcrea)= 8; SNP +3-K0,X+ &

2. In(eGFRcrea)= 8y SNP + 7 trait + Z,K 0:.X; + €2
3. trait= 33 SNP + S-K9.X; + <3

4. trait= 8, SNP + §, In(eGFRcrea) + K 0,X; + &4

where ¢ to ¢4 refer to Gaussian error terms, and Z,K&,-X,- indicate the inclusion of K covariates, namely age, sex,
the first 10 genetic PCs and an intercept. Fitting PC-adjusted simple linear models came for practical reasons after
observing substantial equivalence with kinship-adjusted linear mixed models obtained with EMMAX (S2 Fig in S1
File). Step 1 corresponds to the GWAS results, with 3, (b,) being always significant given the selection process.
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147 loci previously associated
with kidney function

Step 1
SNPs associated with
eGFRcrea in CHRIS?

163 SNPs at 11 loci:
CASZ1, DDX1, SHROOM3, DAB2, SLC34A1, TMEM60,
STC1, PIP5K1B, GAB2, IGF1R, UMOD-PDILT

Does the effect of SNP on
eGFRcrea change when adjusting
for 70 moderator traits?

Loci (no. of traits):

CASZ1 (4), DDX1 (5), SHROOMS3 (5), DAB2 (4),
SLC34A1 (5), TMEMG60 (6), STC1 (5), PIP5K1B (6),
GAB2 (7), IGF1R (10), UMOD-PDILT (5)

Step 3
Are the traits associated
with SNPs in CHRIS?

Identified mediations
SHROOMS3, Mg
SLC34A1, aPTT

Fig 1. Flowchart of the SNP and trait selection leading to mediation analysis. Abbreviations: Mg, serum magnesium; aPTT, activated partial throm-
boplastin time.

https://doi.org/10.1371/journal.pone.0323057.9001

We defined two criteria that must be satisfied in order for a trait to be considered at least a partial mediator of the
In(eGFRcrea)-SNP relation: (i) evidence of a substantial alteration of the SNP effect on In(eGFRcrea) when adjust-
ing for the trait (step 2) and (ii) the SNP is also associated with the trait (step 3) at a multiple-testing corrected level
of 6.5%107% (corresponding to 0.05/ (70 traits x 11 independent loci)). Criterion (i) was assessed by analyzing the
distribution of the estimate of 3, (b,): for a specific trait, b, was classified as an outlier according to the rule b, <P, —
1.5 (P, —-P,)orb,>P, +1.5 (P, —-P,), where P, , P, P, and P, indicate the 10", 25", 75", and 90" percentile
of the distribution of b, across all traits. This is essentially a more stringent version of the Tukey’s rule for outlier
detection.

To support associations in step 3 and assess whether lack of mediation evidence might have been due to lack of
power in the CHRIS study, we interrogated the SNP-trait associations that passed the mediation analysis step 2 on the
PhenoScanner v2 [31] (interrogated on 31-Jan-2023), GWAS Catalog [32] (https://www.ebi.ac.uk/gwas/docs/api; 24-Feb-
2023), and the ThyroidOmics Consortium summary statistics [33] (https://www.thyroidomics.com), for associations at
P<5.0x10¢.
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We queried variants for which we observed potentially mediated effects in the European ancestry datasets of the GTEx
Consortium v10 database (https://gtexportal.org/home/; 1-Mar-2025) across 49 tissues (n=65-573 samples per tissue)
using GTEx API v2 and in the Human Kidney eQTL data [34] (n=686), to assess association with gene expression (eQTL)
at P<5x10. To identify protein quantitative trait loci (pQTLs) at P<5x 108, we interrogated GWAS summary results for
2923 plasma proteins on 54,219 UK Biobank participants [35] and 4502 whole blood proteins from the deCODE genetics
study [36] (n=35,559; htips://decode.com/summarydata; 1-Mar-2025).

Interaction with thyroid function phenotypes

Free triiodothyronine (FT3) and thyroxine (FT4) did not qualify as mediators but caused a major departure of b, from its
expected distribution (see Results). These traits may reflect thyroid gland issues. Given the relevance of hypothyroidism in
the region, we analyzed these traits in detail. Because FT3 and FT4 levels were measured only when the thyroid stimulat-
ing hormone (TSH) level was<0.4 or >3.8 pUI/mL, we started with a series of sensitivity analyses to exclude the presence
of underlying sample stratification. First, we tested whether the distribution of the genotypes was different between indi-
viduals with and without measured FT3 and FT4, using a two-sided Wilcoxon test at a significance level of 0.05. Second,
to verify whether there was any geographical cluster of individuals with extreme TSH levels (and so measured FT3 and
FT4 levels), which might have implicated population stratification, we further adjusted the In(eGFRcrea)-SNP association
model in step 1 for municipality of residence.

After excluding the presence of sample stratification, we tested the interaction between the SNPs and TSH levels, which
were measured in the whole sample. We excluded 416 individuals reporting any condition among thyroid cancer (n=16),
kidney cancer (n=1), goiter (n=277), having undergone surgery to the thyroid gland (n=312), or having both missing TSH
measurement and therapy information (n=4), leaving 9730 individuals for the interaction analysis. Regression models
included both the main and the interaction effect terms and were adjusted for the same covariates used in the step 1 model.
In addition to quantitative TSH levels, we also tested interaction with broadly defined hyper- and hypothyroidism. Hyperthy-
roidism was defined as a TSH level of <0.4 pyUl/mL or use of thiamazole (n=3) or propylthiouracil (n=1). Hypothyroidism
was defined as TSH levels >3.8 pUIl/mL or reported use of levothyroxine sodium (n=512). No other thyroid-related treat-
ment was reported. The statistical significance level for interaction testing was set at 0.0045=0.05/11 loci.

Results

In the study sample, the median age was 46.5 years (interquartile range, IQR: 32.8, 57.6), females were 55%, and the
median eGFRcrea level was 92.2 (IQR: 81.3, 103.2) ml/min/1.73m? (Table 1; additional clinical characteristics are reported
in S1 Table in S2 File). The genomic inflation factor A was 1.02 (S3 Fig in S1 File), supporting appropriate modeling of

the sample structure. In the CHRIS study, 11 of the 147 CKDGen loci were associated with eGFRcrea (1-sided P-value
between 3.34x10™* and 4.51x 1077; Table 2; S2 Table in S2 File). For each such locus we retained all variants in LD
(r?>0.8) with the lead SNP, totaling 163 mostly intronic or non-coding exonic variants over the 11 loci (S3 Table in S2 File).
All 11 loci exhibited very similar LD pattern in CHRIS as in CKDGen (S4 Fig in S1 File), consistent with shared European-
ancestry background (Fig 2A). Among them, variants’ effect magnitude at CASZ1, DDX1, PIP5K1B, GAB2, and IGF1R
was significantly larger in CHRIS than in CKDGen (Fig 2B; Table 2). Consistently, they explained a larger proportion

of In(eGFRcrea) variance (Fig 2C). The CHRIS-to-CKDGen effect ratio varied between 1 and 5.4 and was not entirely
explained by MAF differences (Fig 2D; S3 Table in S2 File). Three broad groupings characterized by MAF and effect size
differences could be distinguished:

1. at UMOD-PDILT, SLC34A1 and SHROOMS3, we observed similar effect magnitude, regardless whether MAF was sim-
ilar or lower in CHRIS, consistent with the fact that these loci were amongst the ones identified by the earliest GWAS
thanks to their large effects, counterbalancing the still relatively limited sample sizes and the coarser genomic imputa-
tion [37,38];
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Table 1. Main characteristics of the 10,146 individuals included in this analysis. Additional clinical
characteristics are described in S1 Table in S2 File.

Participants’ characteristics Median (IQR) or N (%)
Age, years 46.5 (32.8-57.6)
Females 5,585 (55.1%)
eGFRcrea, ml/min/1.73 m? (n=10,141) 92.2 (81.3-103.2)
Mg, mg/dl (n=10,143) 2.0 (1.9-2.1)
aPTT, seconds (n=6,369) 29.9 (28.6-31.4)
TSH, pUl/mL (n=10,142) 1.38 (0.98-1.93)
FT3, pg/ml (n=466) 3.00 (2.70-3.30)
FT4, ng/dl (n=469) 0.98 (0.87-1.08)
Hyperthyroidism (TSH<0.4 or drug treatment) 172 (1.7%)
Normal (0.4 <TSH<3.8 and no drug treatment) 8,972 (88.5%)
Hypothyroidism (TSH> 3.8 or drug treatment) 998 (9.8%)

Abbreviations: IQR, Interquartile range; TSH, Thyroid-stimulating hormone; FT3, Free triiodothyronine;
FT4, Free thyroxine; Mg, serum magnesium; aPTT, activated partial thromboplastin time.

https://doi.org/10.1371/journal.pone.0323057.t001

2. at DAB2, TMEM®60, PIP5K1B, GAB2, and IGF1R, MAF was similar or slightly larger in CHRIS (effects in CHRIS were
1.3-to-5 times larger than in CKDGen);

3. at STC1, DDX1, and CASZ1, we observed lower MAF in CHRIS and about 1.8-to-5.4 times larger effects in CHRIS.

Mediation analysis

To identify possible reasons for observed larger effects, we conducted mediation analysis of the association between
eGFRcrea and each of the 163 variants at the 11 loci across 70 quantitative health traits available in CHRIS (S1 Table in
S2 File). Adjusting the eGFRcrea-SNP association for each trait in turn (step 2 of the mediation analysis; see Methods)
resulted in a substantial change of the eGFRcrea-SNP association coefficient in 4-to-12 variant-trait associations per
locus (Fig 3). As expected, adjustment for the positive control SCr resulted in the nearly complete knockdown of the SNP
effect at all loci. Often, the effect change happened when adjusting for traits closely related to kidney function such as
urate (GAB2, IGF1R, PIP5K1B, SHROOMS3, and STC1), urinary creatinine (SHROOM3), and urinary albumin (/IGF1R).
Serum electrolytes such as magnesium (SHROOMS3), corrected calcium (PIP5K1B), and sodium (DDX1, GAB2, RSBN1L,
SLC34A1, and STC1) were also widely involved. Of note was the widespread effect of FT3, FT4, and the activated partial
thromboplastin time (aPTT) across all loci. When adjusting for FT3 and FT4, the SNP effect on In(eGFRcrea) was often
completely altered. This behavior across all loci may suggest the presence of either a measurement artifact or a general
related condition affecting the underlying population.

In the 3 mediation analysis step, we evaluated whether the traits identified as effect modifiers in step 2 were associ-
ated with the SNP of which they modified the association with eGFRcrea (Table 3; S4 Table in S2 File): SNP rs3812036
at SLC34A1 was associated with aPTT levels (P=3.54 x 10°) and five SNPs at SHROOM3 were associated with serum
magnesium levels (P-values between 5.33 x 10 and 6.12 x 10-®°). Three of our associations reproduce previously reported
associations found using Phenoscanner: at SLC34A1, Tang et al. [39] reported association of rs3812036 with aPTT
(P=2.88x107"), and at SHROOMS3, Meyer et al. [40] reported associations of magnesium with rs4859682 (P=2.39 x 10)
and rs13146355 (P=6.27 x 10°'3).

All SNP-trait associations that successfully passed the 2™ mediation analysis step were also interrogated against the Phe-
noscanner, GWAS Catalog, and ThyroidOmics consortium results (Methods) to identify associations that might have been
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Fig 2. CHRIS study results in the context of European-ancestry GWAS meta-analyses. Panel A: Genetic overlap between CHRIS and 1000
Genomes project samples, showing that the CHRIS study matches the European ancestry (more extensive comparisons are provided in S6 Figin S1°
File). Continental origins are abbreviated as: AFR, Africa; AMR, Americas; EAS, East Asia; EUR, Europe; SAS, South Asia. Panel B: Effects of the lead
variants at the 11 loci on eGFRcrea, in CKDGen-EUR and CHRIS, showing larger effects in CHRIS for variants at CASZ1, DDX1, PIP5K1B, GAB2, and
IGF1R. Effects are meant per copy of the effect allele on the natural logarithm of eGFRcrea in ml/min/1.73m? (y-axis), following harmonization to the
eGFRcrea-lowering allele. 95% confidence intervals are reported. For CASZ1, DDX1, PIP5K1B, GAB2, and IGF1R the magnitude of the effect in CHRIS
was larger than in CKDGen. Panel C: Comparison of the In(eGFRcrea) variance explained in CHRIS versus CKDGen-EUR by the lead variants at each
of the 147 loci. The 11 loci significantly associated with In(eGFRcrea) in CHRIS are colored in darker blue and labeled by gene name. Panel D: Ratio
between CHRIS and CKDGen minor allele frequencies (MAF, x-axis) plotted against the ratio between CHRIS and CKDGen effect estimates (y-axis),
for all 163 variants at the 11 loci that were significantly associated with eGFRcrea in CHRIS. Effects are expressed in terms of change of the natural
logarithm of eGFRcrea in ml/min/1.73m? per copy of the effect allele.

https://doi.org/10.1371/journal.pone.0323057.9002

missed by the 3 step of the mediation analysis in CHRIS due to lack of power (S4 Table in S2 File). In addition to support-
ing our findings at SHROOM3 and SLC34A1, this interrogation also revealed associations between variants at /IGF1R and
serum urate, unraveling how this additional mediation was likely missed by our investigation due to lack of power.

At SHROOMS3, the partial mediation of Mg corresponded to about 11% effect attenuation (Table 3). eQTL investigation
across all genes located in the SHROOMS3 locus did not identify any genome-wide significant association with SHROOM3
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Fig 3. Results of the 2™ step of the mediation analysis for the most associated variants at each locus. SNP effect size and their 95% confidence
intervals are reported. Effects are expressed in terms of change of the natural logarithm of eGFRcrea in ml/min/1.73m? per copy of the effect allele.
Large departures from the expected effect size (‘outlier’, see Methods) are indicated in red. The vertical dashed lines identify the null. While adjustment
for most of the 70 traits did not alter the locus-eGFRcrea association (grey dots), large effect changes were observed when adjusting for SCr (positive
control; all loci), FT3 (all loci), FT4 (10 loci), aPTT (10 loci), sodium (5 loci), homocysteine (3 loci), SBP (2 loci), and urate (2 loci), as well as cortisol,
DBP, lipase, magnesium, pulse rate, UACR, urinary albumin and urine pH (1 locus each). These traits were candidate to be classified as mediators at
the respective loci, as tested in the 3™ step of the mediation analysis.

https://doi.org/10.1371/journal.pone.0323057.9003

expression (Table 4), as it would be expected given the developmental nature of the gene [41,42]. However, SHROOMS3
resulted being the most associated gene in the kidney tissue. The variants involved in the mediation were also associated
with cystatin C protein levels and with other kidney-function relevant proteins such as NAR3 and CXCL11 (I-TAC) [43]
(Table 4).

At SLC34A1, the partial mediation of aPTT corresponded to a 21% larger effect of the SNP on In(eGFRcrea). eQTL
investigation highlighted association with RGS74 expression across most tissues (Table 4). The involved genetic variant
was an eQTL for coagulation factor 12 (F12) in the esophagous mucosa and a pQTL for kininostatin, a fragment of kinino-
gen 1 (KNG1), and coagulation factor 2 (F2), all involved in the coagulation cascade (Table 4).

Interaction with thyroid dysfunction

Despite the pervasive effect change caused by FT3 and FT4 in step-2 analysis, these two traits did not result in significant
step-3 associations and so did not qualify as mediators. However, motivated by the fact that hypothyroidism is amongst
the leading causes of hospitalization in the region [44], thyroid problems are common in Alpine areas, and the FT3 and
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FT4 adjustment affected the SNP-eGFRcrea association at all 11 loci, we considered it reasonable to evaluate a potential
role of thyroid dysfunction as a modifier of the SNP-eGFRcrea relation.

Preliminarily, given that in the CHRIS study FT3 and FT4 were measured only in individuals with TSH levels above or
below specific thresholds, we conducted sensitivity analyses to exclude the presence of artifacts. We did not observe any
genotype stratification by measured versus unmeasured FT3 and FT4 levels (S5 Table in S2 File). Adjustment for munic-
ipality of residence, to exclude the presence of local clusters of thyroid dysfunction, did not alter the results either (S5 Fig
in S1 File).

We then tested for the presence of linear interaction with TSH levels, which identified a significant interaction at STC1
SNPs rs819185 (P=0.00177) and rs819196 (P=0.00154) both below the multiple testing threshold of 0.05/11 loci (Fig 4;
S6 Table in S2 File). Since for most loci the adjustment both for FT3 and for FT4 were causing an increase of the effect
magnitude, we also postulated a U-shaped interaction model, with the SNP effects on In(eGFRcrea) being larger both in
hyper- and hypothyroidism. We classified individuals as healthy (88.5%), with hypothyroidism (9.8%) or with hyperthyroid-
ism (1.7%; Table 1). Results did not support the presence of interaction with these two conditions at any locus after multi-
ple testing control, despite nominally significant P-values observed for SNP interaction with hyperthyroidism at SHROOMS3
(P=0.03) and with hypothyroidism at PIP5K1B (P=0.03) and GAB2 (P=0.04; S7 Table in S2 File).

Discussion
Out of 147 loci known for their association with kidney function, we identified 11 loci that were more strongly associated
with eGFRcrea in the CHRIS study sample than in average European-ancestry population samples. Observed differences
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Fig 4. Interaction of In(eGFRcrea)-associated variants at STC7 with TSH levels. The effect of STC7 SNPs rs819196 (P=0.00154; left panel) and
rs819185 (P=0.00177; right panel) on eGFRcrea was stronger at lower TSH levels. P-values for interaction were 0.00177 and 0.01154 for rs819185
and rs819196, respectively. Using Im function, In(eGFRcrea) was regressed on SNP dosage, TSH levels, their interaction, and covariates (sex, age, and
the first 10 genetic principal components). The plots, generated using the interact_plot function in the R ‘interactions’ package (https://doi.org/10.32614/
CRAN.package.interactions), show predicted In(eGFRcrea) values with 95% confidence intervals for TSH levels one standard deviation below (low),

above (high), and near the mean (average).

https://doi.org/10.1371/journal.pone.0323057.9004
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in effect magnitude could not be explained by MAF differences. Extensive mediation analysis identified serum magnesium
and aPTT as partial mediators of the association of eGFRcrea with variants at SHROOMS3 and SLC34A1, respectively.
SNP-by-TSH interaction analysis highlighted that the effect of variants at STC7 on eGFRcrea may vary by TSH levels.

UMOD-PDILT, SHROOM3, and SLC34A1 explained about the same fraction of eGFRcrea variance in CHRIS and
CKDGen. This could have been expected as these historical loci were already detected by old GWAS studies with rel-
atively small sample sizes [37,38]. For all other loci, the significant association was due to an interplay between allele
frequency differences and effect estimate differences. Fig 2 demonstrates that the effect differences were probably
more relevant than the allele frequency differences. But the question remains as to why precisely these and no other
loci showed such large effects in CHRIS. SNPs may show larger effects at lower MAF. This was observed at DDX1 and
CASZ1, whose larger effects corresponded to smaller CHRIS-to-CKDGen MAF ratio. However, the MAF difference was
unrelated to the effect magnitude at GAB2, TMEMG60, PIP5K1B, and IGF1R: in these cases, MAF was similar or even
smaller in CKDGen than in CHRIS (Fig 2D). The presence of un-modeled sample structure causing genomic inflation can
be excluded as relatedness was appropriately modeled. We can also exclude the presence of genetic admixture as the
CHRIS study was conducted in a small area, on a local population of homogeneous ancestry [15,45—-47]. LD structure dif-
ferences between the local and the overall population can also be excluded as regional association plots showed similar
shapes between CHRIS and CKDGen. Epistatic gene-gene interaction would be a further possibility that cannot be easily
verified. The most plausible remaining reasons would be the presence of local effect modifiers or gene-by-environment
interaction. Mediation analysis based on commonly measured biochemical and anthropometric traits provided limited
answers in this respect.

Statistical mediation observed at SHROOM3 and SLC34A1 is compatible with different causal scenarios (Fig 5). First,
given several established connections between both loci and eGFRcrea, it looks implausible that genes and eGFRcrea
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Fig 5. Causal scenarios underlying the observed statistical mediations. The observed mediations of Mg on the SHROOM3-eGFRcrea association
and aPTT on the SLC34A1-eGFRcrea association, may be the result of different causal pathways, including the presence of collider bias, confounding,
or genuine biological mediation. The six scenarios illustrated here are not mutually exclusive and probably do not cover the spectrum of possibilities.

https://doi.org/10.1371/journal.pone.0323057.9005
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may independently affect the mediators, generating apparent mediation (Fig 5, scenario 1). Moreover, given similar allele
frequencies between CHRIS and CKDGen, collider bias acting through population selection seems implausible (Fig 2A
and 2D). At SHROOMS3, apparent mediation due to LD confounding is possible: there are several haplotypes spanning
all genes in the locus that were jointly associated with eGFRcrea and Mg [43]. However, it is unclear which of such genes
might affect Mg without jointly affecting eGFRcrea. Known biology should also bring to exclude a causal effect of Mg on
eGFRcrea. For SHROOMS3, the most likely scenario looks like that of SHROOMS3 having independent causal effects on
eGFRcrea and Mg levels. Genetic variants at SHROOM3 have been associated with CKD [8,9], reduced eGFRcrea [9],
increased albumin-to-creatinine ratio [10], and low serum magnesium levels [11]. SHROOMS3 is necessary to maintain
the glomerular filtration barrier integrity [41]. Variants in this gene have been shown to be associated with increased risk
of CKD through disruption of the transcription factor TCF7L2 in podocyte cells [48]. The nearby CCDC158 is involved

in renal proximal tubular endocytosis and is expressed in renal proximal tubular cells and in glomeruli of individuals free
from nephrocalcinosis [49]. There is thus support for a causal role of the SHROOMS3 locus on kidney function, at least
through SHROOMS3 itself, but not excluding CCDC158. On the magnesium side, one can note that SHROOMS3 is also
expressed in the epithelia morphogenesis of the gut [50], which has a crucial role in Mg absorption and regulation. This
evidence would be compatible with a previous observation that Mg association with the SHROOMS3 locus did not change
when adjusting for eGFRcrea, suggesting pleiotropic independent effects [40]. However, being serum magnesium a poor
marker of dietary magnesium [51] this hypothesis should be considered with caution. On the other hand, our observation
of a partial mediation (Mg adjustment caused 11% reduction of SHROOMS3 effect on eGFRcrea), would be compatible
with the kidney’s role on Mg regulation, through excretion and reabsorption. By this reasoning, high Mg levels could be
partially determined by long-term lower kidney function levels due to SHROOMS3 variations affecting embryonal kidney
development. Altogether, combining Fig 5’s possible scenario 3 and likely scenario 6 would imply the partial mediation as
the result from both a direct effect of SHROOM3 on Mg and an indirect effect of SHROOMS3 on Mg through lower kidney
function.

At SLC34A1, confounding by LD seems the most likely possibility. Both RGS74 [52] and SLC34A1 [53] are involved
in phosphate handling that is critically dealt by the kidney, also in response to parathyroid hormone (PTH) regulation, as
confirmed by our pQTL lookup that identified association with PTH in the deCODE proteomics data. The association with
eGFRcrea [38] likely reflects causal involvement of this locus in kidney function regulation. In addition, the locus was pre-
viously associated with aPTT in 9240 European ancestry individuals [39] including participants from the same area where
the CHRIS study was sampled. By quantifying the clotting time from the activation of factor Xl (F72) until the formation
of a fibrin clot, aPTT is a measure of the integrity of the intrinsic and common coagulation pathways [54]. The observed
mediation, in which adjustment for aPTT increased the SNP-eGFRcrea association by 21%, is likely related to the proxim-
ity between SLC34A1 and the coagulation factor gene F12. F12 initiates the coagulation cascade, which in turn involves
kininogen 1 (KNG1) and coagulation factor 2 (F2), both of which were identified in our pQTL lookup. Results are thus
compatible with the presence of common haplotypes partially tagging both RGS14/SLC34A1 and F12, inducing partially
overlapping effects on eGFRcrea and aPTT.

An additional, relevant finding was the presence of an interaction between two SNPs at STC7 and TSH levels. This
result deserves replication in independent populations both to validate it and to assess the degree of generalizability of our
results, which might be conditioned on specific environmental exposures. STC1 is chiefly expressed in the thyroid gland
(https://gtexportal.org/home/gene/STC1) but also highly expressed in the kidney’s collecting duct [55]. Evidence from a
nomad population sample in Kenya, suggested that STC1 is associated with urate and urea levels and is involved in the
physiological response to dehydration and protein-rich diet [56]. The STC7-encoded protein, stanniocalcin-1, is involved in
phosphate reabsorption in the kidney proximal tubules and in multiple pathophysiological mechanisms including ischemic
kidney injury [57]. Stanniocalcin-1 behaves like an endocrine hormone, with both autocrine and paracrine functions. Our
finding of a SNP effect on eGFRcrea dependent on TSH levels would suggest that altered thyroid function levels might
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affect Stanniocalcin-1 with consequent effect on kidney function phenotypes. While intriguing, this hypothesis should be
verified by appropriate studies.

Our analysis has strengths and limitations. The analysis of a local homogeneous population sample was at the same
time the most relevant strength and limitation of our investigation. While homogeneity may enhance the identification of
specific genetic associations, it may also hinder the possibility to explain the underlying reasons of the observed larger
effects compared to the average European ancestry population. The availability of a very large number of clinical param-
eters has allowed us to conduct an exhaustive and unbiased screening on potential mediation mechanisms. However, the
analyzed traits lacked molecular specificity to identify underlying mechanisms. In addition to kidney function, eGFRcrea
may partially reflect creatinine metabolism. Unfortunately, the CHRIS study did not measure alternative kidney function
markers such as cystatin C or BUN. For this reason, we limited our analyses to loci whose kidney function relevance was
already demonstrated by previous studies [17]. Assessing environmental exposures may also help explain the observed
larger effects and would be ground for further research. Finally, our choice of adjustment for multiple testing is worth a
brief reflection. We considered 147 loci that were already validated by at least one previous study through discovery and
independent replication [17,38,58,59]. As such, they wouldn’t need further validation and a nominal significance level
would be commonly accepted for hypothesis testing. However, the aim of our analysis was to identify loci with substantial
effects in the CHRIS study to allow conducting meaningful mediation analyses. For this reason, we choose to penalize the
significance level by the number of independent loci. This seems a sensible choice also by the fact that 147 independent
tests covered 98% of the total variability of the 6337 SNPs in strong LD observed overall.

In conclusion, we identified loci with particularly large effect on kidney function in this specific Alpine population sample,
namely CASZ1, IGF1R, GAB2, and DDX1. Allele frequency and LD analyses did not explain the observed larger effects
nor did the extensive mediation analyses conducted. On the other hand, we showed that the effects of SHROOM3 and
SLC34A1 on eGFRcrea are partially mediated by serum magnesium and aPTT, respectively. Finally, the observed STC1-
TSH interaction implicates thyroid function involvement, which might have been favored by the high burden of thyroid-
related diseases in the region. Further investigations are warranted to link these findings to environmental and molecular
characteristics of specific population samples that may elucidate mechanisms not otherwise identifiable in large genetic
meta-analyses.
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