
genes
G C A T

T A C G

G C A T

Article

Polymorphism in the GATM Locus Associated with
Dialysis-Independent Chronic Kidney Disease but Not
Dialysis-Dependent Kidney Failure

Špela Šalamon 1 , Sebastjan Bevc 2,3, Robert Ekart 3,4 , Radovan Hojs 2,3 and Uroš Potočnik 1,5,*
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Abstract: The ten most statistically significant estimated glomerular filtration rate (eGFRcrea)-
associated loci from genome-wide association studies (GWAs) are tested for associations with chronic
kidney disease (CKD) in 208 patients, including dialysis-independent CKD and dialysis-dependent
end-stage renal disease (kidney failure). The allele A of intergenic SNP rs2453533 (near GATM) is
more frequent in dialysis-independent CKD patients (n = 135, adjusted p = 0.020) but not dialysis-
dependent kidney failure patients (n = 73) compared to healthy controls (n = 309). The allele C
of intronic SNP rs4293393 (UMOD) is more frequent in healthy controls (adjusted p = 0.042) than
in CKD patients. The Allele T of intronic SNP rs9895661 (BCAS3) is associated with decreased
eGFRcys (adjusted p = 0.001) and eGFRcrea (adjusted p = 0.017). Our results provide further evidence
of a genetic difference between dialysis-independent CKD and dialysis-dependent kidney failure,
and add the GATM gene locus to the list of loci associated only with dialysis-independent CKD.
GATM risk allele carriers in the dialysis-independent group may have a genetic susceptibility to
higher creatinine production rather than increased serum creatinine due to kidney malfunction, and
therefore, do not progress to dialysis-dependent kidney failure. When using eGFRcrea for CKD
diagnosis, physicians might benefit from information about creatinine-increasing loci.

Keywords: chronic kidney disease (CKD); kidney failure; rs2453533; rs4293393; GATM; UMOD;
SNP; eGFR

1. Introduction

Chronic kidney disease (CKD) is “the most neglected chronic disease” according to
the World Health Organization, and is often treated as just a comorbidity of other diseases.
In high-income countries, 2–3% of annual healthcare budgets are spent on 0.03% of the
total population—patients whose disease progresses to end-stage renal disease/failure
(dialysis-dependent kidney failure) requiring replacement therapy [1]. Current guidelines
define CKD as a glomerular filtration rate (GFR) of less than 60 mL/min per 1.73 m2,
kidney damage markers, or both, for at least three months [2]. The age- and sex-adjusted
CKD prevalence in Europe varies widely, between <7% and >20% in the adult population
aged 65–74 years [3]. Traditionally, CKD is tracked using estimated GFR (eGFR; usually
calculated based on serum creatinine value, then also known as eGFRcrea, or less fre-
quently based on serum cystatin C, then also known as eGFRcys [4]) values and clinical,
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laboratory and imaging features at a given point in time. CKD risk factors are classified
into initiating and perpetuating factors with only a partial overlap. Known risk factors
for CKD progression include albuminuria, hypertension, hyperglycemia, smoking, obe-
sity and history of cardiovascular disease [2]. CKD patients often suffer from common
comorbidities including arterial hypertension, diabetes mellitus and cardiovascular dis-
ease. These conditions result in a harmful internal environment, especially when they
coexist [5]. Initiating factors contribute predominantly to starting the cycle of nephron
loss while perpetuating factors mainly contribute to disease progression [6]. Consensus
on a definition of CKD progression has not been established and reliable biomarkers for
early CKD progression prediction are still lacking. Development of dialysis-dependent
kidney failure, often defined by requirement for dialysis or transplantation, is the only
universally recognized clinical endpoint for CKD [7]. Therefore, comparing clinically
similar groups of dialysis-dependent kidney failure against CKD patients with similar char-
acteristics who have not developed dialysis-dependent kidney failure, is an indirect way to
study CKD progression. Proteinuria or albuminuria (even more relevantly measured as
change in albuminuria) [8] is also a popular surrogate clinical endpoint for CKD due to its
well-established association with kidney function decline.

Genome-wide association studies (GWAs) search for associations between genetic loci
and CKD-defining traits (CKD-dt) [9] including eGFRcrea measurements or CKD based on
the definition of eGFRcrea under 60 mL/min per 1.73 m2 [10]. The latest and largest GWA
meta-analysis of eGFRcrea-associated loci on over a million individuals has identified
308 eGFR variation loci that collectively explain about 7% of eGFR heritability in the
general population [11]. Some of the most statistically significant CKD-dt single nucleotide
polymorphisms (SNPs) from GWAs lack replications in CKD patient cohorts, especially in
studies that distinguish between dialysis-independent CKD and dialysis-dependent kidney
failure, or include measures of disease progression or other relevant clinical parameters.
Böger et al. [12] suggested differences in genetic architecture between dialysis-dependent
kidney failure and dialysis-independent CKD patients and reported a few candidate
genes associated only with dialysis-independent CKD but not dialysis-dependent kidney
failure. Surprisingly, so far, very few GWAs and candidate gene association studies have
compared genetic risk factors separately in dialysis-dependent kidney failure and dialysis-
independent CKD to verify this initial finding. To further investigate the potential difference
in genetic architecture between subgroups of CKD patients, in this study, we compare
the genotypes of 12 leading GWAs’ SNPs from 10 loci in cohorts of Slovenian dialysis-
independent CKD and dialysis-dependent kidney failure patients and Slovenian disease-
free control individuals. Additionally, we interrogate the same SNPs for associations with
eGFR in dialysis-independent CKD. We aim to make the dialysis-independent and dialysis-
dependent groups comparable to each other in terms of age, sex, comorbidity, systolic
blood pressure, extent of edema and body mass index (BMI).

2. Materials and Methods

We enrolled 208 Slovenian CKD patients, including 73 dialysis-dependent kidney
failure patients receiving hemodialysis and 135 dialysis-independent patients treated in the
outpatient nephrology clinic of the University Medical Centre Maribor (UMCM), Slovenia.
As the control group, 309 healthy Slovenian blood donors from the UMCM were available.
The inclusion criteria for patients were a CKD diagnosis of any CKD stage ranging from
one to five according to the KDOQI Clinical Practice Guidelines [13] for Chronic Kidney
Disease (or dialysis-dependent kidney failure requiring dialysis) and that the patients
must be of Slovenian origin. Patients with missing patient records were excluded. Clinical
information was extracted from UMCM patient clinical records. Retrospective values
for eGFRcrea, eGFRcys, albuminuria, systolic blood pressure and BMI were recorded
over a period of 5 ± 3 years. eGFRcrea and eGFRcys were measured at recruitment and
then within three months of regular one-year intervals. After five such measurements,
all values were averaged for each patient to generate eGFR values that were normalized
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over time. The most common comorbidities—arterial hypertension, diabetes mellitus and
cardiovascular disease—were also recorded [5]. Presence of arterial hypertension and/or
diabetes mellitus was defined as a diagnosis of arterial hypertension/diabetes mellitus
in the patient records wherein we included both T1D (type 1 diabetes) and T2D (type
2 diabetes) patients. Presence of cardiovascular disease was determined as any of the
following in the records: diagnosis of coronary heart disease or heart failure, descriptions
of cardiac events including all aspects of acute coronary syndrome, history of arrhythmias
that required hospital treatment or pacemaker implantation, sonographic evidence of
heart failure or unequivocal post-ischemic ECG changes. Albuminuria was measured
with dipsticks on a semi-quantitative scale from zero to four, where zero is 0 g/L, one is
0.3 g/L, two is 1.0 g/L, three is 3.0 g/L and four is > 3.0 g/L of urinary albumin. Numeric
parameters were averaged over each individual’s respective observation period. The
mean observation period for clinical parameters was 5±3 years for each patient unless
otherwise indicated. Serum creatinine was measured using the kinetic method according
to the Jaffé method without deproteinization (isotope dilution mass spectrometry traceable
method; Roche Diagnostics, Mannheim, Germany). This is a compensated method based
on manufacturer instructions as described previously [14]. Serum cystatin C was measured
using the particle-enhanced immunonephelometric method (Dade Behring, Marburg,
Germany). The values were recalculated to the certified reference standard using the
multiplication factor according to the manufacturer’s specifications.

We recruited the individuals in this study during routine control visits to the outpatient
nephrology clinic (dialysis-independent) and dialysis center (dialysis-dependent) of the
UMCM between 10.2.2015 and 19.5.2016.

We included patients:

1. With the clinical diagnosis of CKD, regardless of the severity of kidney function impairment
2. Of local ancestral background
3. Able to understand and sign informed consent

We excluded patients:

1. With active malignant disease (patients with a history of malignant disease considered
cured or in remission were included)

2. Aged below 18 years
3. With missing medical records

Participant data acquisition and processing were performed at the UMCM. Laboratory
analyses were performed at the Center for Human Molecular Genetics and Pharmacoge-
nomics, Faculty of Medicine, University of Maribor, Slovenia.

Ethics approval and consent to participate: All patients and healthy individuals agreed
to participate prior to inclusion in the study with signed informed consent. The study was
in accordance with The Code of Ethics of the World Medical Association (Declaration of
Helsinki) and approved by the Republic of Slovenia National Medical Ethics Committee,
Ministry of Health, with the reference number 110/02/15.

The characteristics of the included individuals and their clinical parameters are pre-
sented in Table 1.

We isolated the DNA from 9 mL peripheral blood. The peripheral blood lymphocytes
were collected using density cell separation media. Subsequently, DNA was isolated from
lymphocytes using a monophase solution containing phenol and guanidine thiocyanate.
All nucleic acid samples were quantified and diluted to equal concentrations using a BioTek
Synergy2 Microplate Reader (BioTek, Winooski, VT, USA).
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Table 1. Demographics and clinical phenotypes in the examined patient groups.

Characteristics Dialysis-Independent CKD Dialysis-Dependent Kidney Failure p

n mean/% SD n mean/% SD
Age (in years) 135 69.9 15.3 73 68.5 14.0 0.517 *

Sex (male/female) % 135 45 / 55 73 59/41 0.058 #
BMI (kg/m 2) 42 28.4 5.2 53 27.7 5.9 0.547 *

eGFRcrea (ml/min/1.73 m2) 135 30.3 16.7 / / /
eGFRcys (ml/min/1.73 m2) 135 30.9 19.7 / / /

Albuminuria (0–4) 135 0.8 0.9 73 1.7 0.7 <0.001 *
Systolic blood pressure (mmHg) 135 152.4 17.4 73 154.0 13.5 0.460 *

N. of AH, DM, CVD 135 1.6 0.7 73 1.6 0.8 1.000 *
Edema 135 0.9 0.9 73 0.8 0.9 0.445 *

Arterial hypertension (AH) % 135 88 ** / 73 85 ** / 0.523 #
Diabetes mellitus (DM) % 135 36 ** / 73 32 ** / 0.520 #

Cardiovascular disease (CVD) % 135 39 ** / 73 38 ** / 1.000 #

N, the number of individuals with non-missing measurements; mean, the mean value in each individual’s retrospective observation period;
SD, standard deviation; * t-test for independent samples; ** count; # Fisher’s exact test. Significant Bonferroni adjusted p-values are shown
in bold.

2.1. SNP Selection and Genotyping

The ten most significant eGFRcrea loci from the largest GWA meta-analysis [11] (ac-
cording to the meta-analysis p-values) were chosen for replication. Where genotypes
for selected SNPs were not available, the SNPs were substituted with high-linkage dise-
quilibrium (high-LD) SNPs (calculated with LDlink software) for European populations.
The SNPs with their D’ and R2 values are shown in (Supplementary Table S1) [15]. In
the case of the GATM and UMOD/PDILT loci, we also included the following additional
SNPs near our lead SNPs: a lower LD SNP rs2453533-GATM, because the SNP has been
known as a significant CKD-related polymorphism since the historic pair of CKD GWAs by
Köttgen et al. [16,17] and a suitable digestion enzyme was readily available; and a higher
LD SNP rs11864909 UMOD/PDILT for calculation control purposes. Therefore, our analysis
included 12 SNPs. The selected SNPs and their LD relation to the SNPs from the largest
GWA meta-analysis [11] are presented in (Supplementary Table S1).

Genotyping was performed on 208 patients, including 73 dialysis-dependent kidney
failure and 135 dialysis-independent CKD patients. For SNPs rs2453533-GATM, rs4293393-
UMOD/PDILT, rs1047891-CPS1 and rs989566-BCAS3, 309 genotypes of healthy unrelated
control individuals were available. For all other SNPs, 125 genotypes of healthy unrelated
control individuals were available.

Genotyping of rs2453533-GATM was performed by polymerase chain reaction (PCR)
followed by restriction fragment length polymorphism (RFLP). We selected the primers
and restriction enzymes using the freely available software GeneRunner (Hastings Software
Inc.). The PCR conditions were as follows: initial denaturation 95 ◦C for 10 min followed
by 35 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s and 72 ◦C for 30 s. PCR products were
incubated with the restriction enzyme ApoI (Thermo Scientific, Waltham, MA, USA ) at
37 ◦C overnight. Digested products were resolved in 2% agarose gel.

Genotyping of rs4293393-UMOD/PDILT, rs1047891-CPS1 and rs989566-BCAS3 was
performed using PCR followed by high-resolution melting (HRM), using the LightCycler
480 instrument for both steps (Roche Diagnostics, Indianapolis, IN, USA). Primers were
designed using Primer3web (http://primer3.ut.ee/, accessed on 18 September 2016) and
checked for potential primer dimer formation using OligoAnalyzer (http://eu.idtdna.com/
calc/analyzer, accessed on 18 September 2016). We used 10-µL reaction volumes with
30 ng of DNA and LightCycler 480 High-Resolution Melting Master (Roche Diagnostics,
Mannheim, Germany). The concentration of MgCl2 was optimized for each individual
primer and was in the range of 2–3 mM. Cycling conditions were as follows: initial
denaturation at 95 ◦C for 10 min, 40 cycles of denaturation (95 ◦C, 10s), annealing (58 ◦C,
15s) and extension (72 ◦C, 10 s). After amplification, the samples were heated to 95 ◦C for

http://primer3.ut.ee/
http://eu.idtdna.com/calc/analyzer
http://eu.idtdna.com/calc/analyzer
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1 min and rapidly cooled to 40 ◦C for 1 min at the rate of 1 ◦C/s, to induce heteroduplex
formation before melting. Melting curve data were obtained from continuous fluorescence
readings from 55 to 90 ◦C with a thermal transition rate of 0.02 ◦C/s. We based the
genotype readings on negative first-derivate melting curves and comparison to reference
samples (CEPH-Centre d’etude du polymorphisme humaine, Foundation Jean Dausset,
Paris, France). We analyzed the data using the LightCycler 480 instrument software via
two methods: gene scanning and Tm-calling.

Genotypes for other selected SNPs were extracted from our genotype data bank. All
genotypes were checked for Hardy-Weinberg equilibrium, and there were no deviations
from it for any SNP in the control group. The reference alleles are presented as the effect
allele defined by Wuttke et al. where the SNPs were identical, and as alleles in LD with the
effect allele as defined by Wuttke et al. where the SNPs were not identical. All patient and
control samples were processed together in the same workflows in the case of all respective
genotyping methods to avoid batch effects.

2.2. Statistical Analysis

We reported numeric parameters as mean ± standard deviation (SD). We performed
four case-control association analyses: all CKD patients versus controls, dialysis-independent
patients versus controls, dialysis-dependent kidney failure patients versus controls and
dialysis-dependent kidney failure versus dialysis-independent CKD patients. The case-
control association analyses were performed using Fisher’s exact test. eGFRcrea and
eGFRcys genetic association analysis was performed using multiple linear regression.
Clinical parameter measurements were not available for control individuals; therefore,
control individuals are excluded from this analysis. The statistical analysis was performed
using SPSS software, version 26 (IBM Corp., Armonk, NY, USA). We used the Bonferroni
correction for multiple testing with 12 comparisons; the corrected p (significance threshold,
0.05) was set to 0.004.

Using multiple linear regression, an α of 0.004 (Bonferroni correction for 12 SNPs–α
= 0.05 / 12), a large effect size and 19 predictors, along with a sample size of at least
110 participants are needed to detect a significant association with a power of at least 80%.

Using Fisher’s exact test, an α of 0.004 (Bonferroni correction for 12 SNPs–α = 0.05/12),
an odds ratio of approximately three or difference in proportions of approximately 0.25, a
sample size of at least 70 cases and at least 200 controls are needed to detect a significant
association with a power of at least 80% [18].

3. Results
3.1. Cohort Characteristics

There were no statistically significant differences in the distributions of age, sex, body
mass index (BMI), systolic blood pressure, comorbidities or extent of edema between the
dialysis-independent CKD and dialysis-dependent kidney failure groups. The dialysis-
dependent kidney failure patients had higher albuminuria levels (p = 1.0 × 10−6). The
309 control individuals had a mean age of 42 years with an SD of 14.55 years, and there
were 40% males and 60% females in the control group. The controls, like the patients, were
of Slovenian origin. All control individuals were disease-free at the time of recruitment in
the study. No other demographic information was available for the control individuals.
The patient demographics and clinical phenotypes are shown in Table 1.

3.2. Case-Control Association Analysis

We found a higher frequency of allele A of SNP rs2453533-GATM in dialysis-independent
(non-dialysis) CKD patients (41%) compared to healthy controls (33%, corrected p = 0.020).
Interestingly, the frequency of allele A was not significantly increased in dialysis-dependent
kidney failure patients requiring hemodialysis. Additionally, we found a lower frequency
of allele C of SNP rs4293393-UMOD/PDILT in CKD patients (15%) than in healthy controls
(23%, corrected p = 0.042). Other associations with unadjusted p values lower than 0.05
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did not remain significant after Bonferroni correction for multiple testing. We found no
statistically significant differences between the genotypes of CKD patients and controls for
the other investigated SNPs. Associations with adjusted p values < 0.05 are presented in
Table 2. The complete results of this analysis are available in (Supplementary Table S2).

Table 2. Associations in Fisher’s exact case-control analysis between CKD patient groups and the healthy control group
with unadjusted p values below 0.05.

Test SNP Gene EA f(p) f(c) p p(B)

All CKD patients vs. controls rs1047891 CPS1 A 0.33 0.25 0.012 0.143
rs2453533 GATM C 0.59 0.67 0.013 0.154
rs1145084 GATM G 0.59 0.67 0.037 0.448
rs4293393 UMOD/PDILT C 0.15 0.23 0.004 0.042
rs11864909 UMOD/PDILT C 0.75 0.65 0.008 0.091

CKD dialysis-independent
vs. controls rs1047891 CPS1 A 0.35 0.25 0.007 0.078

rs2453533 GATM C 0.56 0.67 0.002 0.020
rs1145084 GATM G 0.57 0.67 0.006 0.076
rs4293393 UMOD/PDILT C 0.15 0.23 0.009 0.108

Kidney failure vs. controls rs11864909 UMOD/PDILT C 0.78 0.65 0.006 0.067
Kidney failure (f(p)) vs. CKD

dialysis-independent (f(c)) rs1145084 GATM G 0.65 0.55 0.045 0.416

EA, effect allele; f(p), frequency of the effect allele in patients; f(c), frequency of the effect allele in controls; p, Fisher Exact p-value; p(B),
Bonferroni adjusted Fisher Exact p-value; kidney failure, dialysis-dependent kidney failure. Significant Bonferroni adjusted p-values are
shown in bold.

3.3. Genotype/Phenotype Analysis: Multiple Linear Regression Tests of Clinical Phenotypes

We tested the average eGFRcrea and eGFRcys against all dialysis-independent CKD
patient genotypes. The eGFRcrea and eGFRcys were lower in carriers of the T allele of
rs9895661-BCAS3. The results are presented in Table 3.

Table 3. Associations with average eGFRcys and eGFRcrea in the dialysis-independent group.

Variable Linear Regression Result

eGFRcys B SE β p p(B)

Sex (female vs male) −4.45 2.28 −0.11 0.052 ns
Age (in years) −0.28 0.08 −0.21 <0.001 0.008

Arterial hypertension −7.26 3.65 −0.12 0.048 ns
Diabetes mellitus 0.71 2.64 0.02 0.788 ns

Cardiovascular disease −2.04 2.50 −0.05 0.414 ns
Edema −2.61 1.22 −0.13 0.033 ns

Systolic blood pressure 0.02 0.07 0.02 0.730 ns
rs1047891 A vs C −1.00 2.57 −0.02 0.697 ns
rs11746443 A vs G −2.89 2.58 −0.07 0.264 ns
rs2279463 C vs T −7.23 4.12 −0.10 0.081 ns
rs10275044 T vs A −3.30 3.21 −0.06 0.304 ns
rs7805747 G vs A −6.68 2.56 −0.16 0.010 ns
rs685270 C vs T −6.06 2.45 −0.15 0.014 ns

rs2453533 C vs A −0.96 13.0 −0.02 0.941 ns
rs1145084 G vs A 1.94 12.97 0.05 0.881 ns
rs4293393 C vs T −1.21 3.38 −0.02 0.720 ns
rs11864909 C vs T −3.60 2.66 −0.08 0.178 ns
rs9895661 T vs C 11.05 2.79 −0.24 <0.001 0.001
rs8091180 A vs G −0.14 2.52 0.00 0.955 ns

eGFRcrea
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Table 3. Cont.

Variable Linear Regression Result

eGFRcys B SE β p p(B)

Sex (female vs male) −3.01 1.98 −0.09 0.129 ns
Age (in years) −0.23 0.07 −0.21 0.001 0.016

Arterial hypertension −4.34 3.16 −0.08 0.171 ns
Diabetes mellitus 2.73 2.29 0.07 0.233 ns

Cardiovascular disease −3.58 2.16 −0.10 0.099 ns
Edema −1.93 1.05 −0.11 0.069 ns

Systolic blood pressure 0.02 0.06 0.02 0.754 ns
rs1047891 A vs C −2.47 2.23 −0.07 0.269 ns
rs11746443 A vs G −1.16 2.23 −0.03 0.605 ns
rs2279463 C vs T −6.07 3.57 −0.10 0.090 ns
rs10275044 T vs A −3.01 2.78 −0.07 0.280 ns
rs7805747 G vs A −4.01 2.22 −0.11 0.072 ns
rs685270 C vs T −3.88 2.12 −0.11 0.069 ns

rs2453533 C vs A −0.59 11.26 −0.02 0.958 ns
rs1145084 G vs A 0.36 11.23 0.01 0.974 ns
rs4293393 C vs T −2.07 2.93 −0.04 0.480 ns
rs11864909 C vs T −3.98 2.30 −0.11 0.085 ns
rs9895661 T vs C −7.83 2.41 −0.20 0.001 0.017
rs8091180 A vs G 2.06 2.19 0.06 0.347 ns

B: unstandardized coefficient, SE: standard error, β: standardized coefficient, p: unadjusted p-value, p(B): Bonferroni adjusted p-value.
Significant Bonferroni adjusted p-values are shown in bold.

4. Discussion

In the present study, we demonstrate for the first time that the risk allele A of
rs2453533-GATM is significantly more frequent in dialysis-independent CKD but not
dialysis-dependent kidney failure patients. Böger et al. [12] previously identified loci that
are significant in dialysis-independent CKD but not dialysis-dependent kidney failure pa-
tients, which could suggest differences in genetic architecture between dialysis-dependent
kidney failure and dialysis-independent CKD patients. Surprisingly, few association stud-
ies have compared dialysis-independent CKD to dialysis-dependent kidney failure patients
to replicate this observation. In our study, we provide further evidence for genetic differ-
ences between dialysis-independent CKD and dialysis-dependent kidney failure patients,
and add the glycine amidinotransferase (GATM) gene locus to the loci associated with
dialysis-independent CKD but not dialysis-dependent kidney failure patients. It is not
unusual for an association to be present in dialysis-independent CKD, but not dialysis-
dependent kidney failure patients. In a previous larger study, 11 of the 16 investigated
eGFR-associated loci were also associated with CKD initiation risk, but only two with
dialysis-dependent kidney failure. Differences in the genetic architectures of CKD and
dialysis-dependent kidney failure resulting in differential mechanisms contributing to
kidney disease initiation, incidence and progression, as well as premature cardiovascular
mortality in CKD patients prior to dialysis-dependent kidney failure onset and the impact
of non-genetic factors, have been suggested as possible explanations by Böger et al. [12].
General population eGFRcrea-associated SNPs have previously been linked to incident
CKD in case-controlled association studies [12,16,17,19]. In most CKD GWAs, the “CKD”
phenotype is defined as individuals in the general population with an eGFRcrea under 60
ml/min per 1.73 m2, and there is often no comparison between dialysis-independent CKD
and dialysis-dependent kidney failure patients, measures of kidney disease progression,
biopsy results or other markers of kidney pathology. Genetic association studies comparing
dialysis-independent CKD and dialysis-dependent kidney failure as separate groups are
still rare [12,20,21], even if dialysis-dependent kidney failure represents a widely used
clinical CKD endpoint. In our study, the frequency of allele A of rs2453533-GATM was
increased in the dialysis-independent CKD group compared to the healthy control group;
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however, the frequency of the allele was not significantly increased in a comparable dialysis-
dependent kidney failure group. Allele A of rs2453533-GATM has been linked to decreased
eGFRcrea (increased serum creatinine) on a population level, but no effect on eGFRcys has
been identified [16,22]. According to Köttgen et al. this suggests that it is primarily a locus
which affects creatinine production rather than a kidney function [16]. Our study has also
not identified any associations of rs2453533-GATM with CKD-related clinical phenotypes.
As eGFRcrea measurement is a principal part of the CKD diagnostic workup, patients
with genetically increased serum creatinine levels could be diagnosed with CKD as false
positives. In this case, we would not expect carriers of A of rs2453533-GATM to progress
to dialysis-dependent kidney failure since they have no significant underlying kidney
disease, and this would explain the lack of association in the dialysis-dependent kidney
failure group. The influence of allele A of rs2453533-GATM on serum creatinine levels
requires further investigation. GATM encodes a mitochondrial enzyme that belongs to the
amidinotransferase family and is involved in creatine biosynthesis, whereby it catalyzes
the transfer of a guanidino group from L-arginine to glycine, resulting in guanidinoacetic
acid, the immediate precursor of creatine. Since rs2453533 is located in the non-coding
region near the GATM gene, it most likely influences GATM gene expression, resulting
in higher creatine and consequently creatinine production rates. Indeed, the increased
expression of GATM in skeletal muscle was associated with the A allele of rs2453533 in
an eQTL analysis [23]. Unfortunately, no eQTL analysis for allele A of rs2453533 has been
reported for the most relevant tissues (kidney, liver, pancreas) where GATM is most highly
expressed and most of the body’s creatine is produced. Our study warrants such studies. In
addition, the traditional notion that creatine is almost exclusively produced in major organs
such as the kidney, liver and pancreas, and then utilized in muscle, has been challenged
most recently, suggesting that skeletal muscle, and some other tissues where GATM is
significantly expressed, could have their own active creatine-producing machinery [24].

However, we are not able to completely exclude the possibility that allele A of
rs2453533-GATM has a role in CKD pathology. After all, our results associate this long-
known eGFRcrea-associated locus with clinically manifest CKD. GATM is highly expressed
in the kidney tubule and mutation in the GATM gene causes a recessive disorder of cre-
atine deficiency and the autosomal dominant Renal Fanconi syndrome, which includes
kidney failure [25]. Fully penetrant heterozygous missense mutations in GATM cause
fibrillary deposition of GATM inside the mitochondria and lead to elongated, abnormal
and dysfunctional mitochondria [25]. Kidney biopsies of affected patients have shown
fibrosis and enlarged proximal tubule mitochondria with pathological GATM aggregates.
Overexpression of mutant GATM and subsequent aggregation in mitochondria leads to
oxidative damage, inflammation, fibrosis and increased cell death [26]. On the other hand,
GATM knockout mice were viable and no aminoaciduria or glucosuria was observed, indi-
cating that a lack of GATM did not directly affect the function of proximal tubules. Rather,
Reichold et al. suggest that an excess of mutant GATM proteins in the mitochondria trig-
gers a pathologic cascade that eventually leads to the signs and symptoms in the patients
with Fanconi syndrome due to a chronic inflammatory response as a reaction to impaired
mitochondrial degradation [25]. Creatine, which enables the recycling of ATP molecules,
is primarily synthesized in the kidneys and the liver, and primarily stored in skeletal
muscle [27]. The turnover of creatine to creatinine is about 2g daily in a 70 kg male [28].
The normal expression of GATM, the first enzyme in creatine biosynthesis, is higher in
the kidney (specifically in the proximal tubular cells (PTCs)) than in most other human
tissues [29]. PTCs have one of the largest mitochondrial compartments because their trans-
port activity requires great amounts of energy [30]. Evidence about the effect of rs2453533
on GATM or involvement in kidney dysfunction is lacking, and to our knowledge, this
locus was not previously replicated in any case-control study of clinically diagnosed CKD
patients compared to healthy controls. To summarize, GATM has a known role in CKD
pathology in the case of a known missense gain-of-function mutation, while loss of function
in knockout mouse experiments shows no influence on kidney function. It is likely that in
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contrast with missense mutations causing GATM structural changes, mutations causing
slight changes in GATM expression have no influence on kidney function. However, the
functional role of allele A of rs2453533-GATM on kidney pathology and its relationship to
creatine and creatinine production still require further investigation.

Our case-control analysis also identified an association between a lower frequency
of allele C of SNP rs4293393-UMOD/PDILT and CKD. The association was significant
after adjustment only in the combined group of all CKD patients. This is consistent
with Böger et al. [12], who identified the association of LD SNP rs12917707 with incident
CKD, but not dialysis-dependent kidney failure. Of note, rs4293393-UMOD/PDILT and
rs11864909-UMOD/PDILT are located relatively close to each other (~326 kbp), but outside
of reliable LD. In both cases, the frequency of the minor allele is lower in affected indi-
viduals. Our findings are consistent with previous studies of the better-known rs4293393-
UMOD/PDILT, the minor allele C, which decreases the odds of developing CKD [16]. In
our study, rs4293393-UMOD/PDILT correlates with CKD. A previous much larger study by
Böger et al. has described CKD risk variants that correlate with dialysis-independent CKD
but not dialysis-dependent kidney failure, including in UMOD [12]. According to Gorski
et al. the minor T allele of the SNP rs12917707-UMOD was associated with a reduced risk
of incident CKD [12] and was later shown to affect eGFR decline [31]. In the CKDGen
consortium, the same allele was associated with higher eGFR [17].

Köttgen et al. [17] and Okada et al. [32] have previously identified the association
between allele C of rs9895661-BCAS3 and decreased eGFRcrea. However, several newer
population-based studies, including Wuttke et al. [11] and another large recent study
Hellwege et al. [33] describe T as the risk allele for eGFRcrea. In the CKDGen consortium,
rs9895661 was classified under creatinine production loci [17]. In our study, both eGFRcrea
and eGFRcys were decreased in CKD patients who were carriers of allele T. Thus we provide
replication of this SNP’s effects in a patient-based cohort and contribute an additional
CKD-related parameter (eGFRcys) associated with this risk allele.

The advantages of our study were good patient group comparability (no significant
differences between the dialysis-independent CKD and dialysis-dependent kidney failure
groups in age, sex, BMI, systolic blood pressure, presence of comorbidities or extent of
edema), availability of clinical parameters and relatively long retrospective observation
periods. Sample size represents a major limitation of our study. This is especially true for
the dialysis-dependent kidney failure group, which was the smallest (n = 73). In addition,
clinical parameter measurements were only available for patients, and in the case of eGFRs,
only for dialysis-independent CKD patients (and not controls or dialysis-dependent kidney
failure patients). The dialysis-dependent kidney failure and dialysis-independent CKD
patient groups were matched by age; however, the control group individuals were on
average younger than the patients (see Results section). Assuming about a 10% lifetime risk
of CKD incidence in the general population (mainly in later life), this is also a limitation of
our case/control analysis. However, since genotypes generally do not change throughout
life, and we can assume that the majority of our control group will not develop CKD in the
coming few years, we have considered this an adequate approximation. A limitation of our
analysis when studying the correlations between polymorphisms in/near the analyzed
genes with eGFR in the group of dialysis-independent CKD patients (Table 3) is that we
could not include a control group in this analysis, as we have no eGFR data available for
controls. To compensate for a lack of a control group-based correction of eGFR values, we
used the normalization of eGFR values by averaging several eGFR measurements over time
in each patient, as well as age adjustment of these values in the linear regression. Following
the great recent successes in mapping eGFR loci in the general population, we encourage
researchers to further focus on phenotypes related to CKD progression and pathology
using parameters beyond serum creatinine measurements. We also advise clinicians to
interpret serum creatinine measurements with caution and with the knowledge that certain
genetic markers might correlate with increased serum creatinine values in the absence of
kidney disease.
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5. Conclusions

We independently replicated GWAs’ results for rs2453533-GATM in a Slovenian clini-
cally diagnosed CKD patient cohort and demonstrated for the first time that the frequency
of the risk A allele of rs2453533-GATM is increased in dialysis-independent CKD but not
in dialysis-dependent kidney failure patients. Because GATM is an enzyme in the creati-
nine production chain, and it could only be associated with eGFRcrea but not eGFRcys
in population-based GWAs, it was previously assumed that its polymorphisms likely
have no influence on kidney function. Our results could be interpreted as showing a
higher likelihood of individuals with genetically increased serum creatinine levels but
no significant underlying kidney disease being diagnosed with CKD as false positives.
The association was notably absent in a comparable dialysis-dependent kidney failure
group. This would mean that physicians might benefit from having access to genetic
information on these individuals when interpreting serum creatinine measurements. To
avoid false-positive CKD diagnoses, eGFRcrea should be interpreted with caution, and
other diagnostic criteria including eGFRcys should be preferred in the carriers of creatinine-
increasing variants. However, our replication of this SNP in a case-control study between a
clinically diagnosed CKD patient group and healthy controls might warrant further study
of this polymorphism’s influence on kidney function, and the investigation of clinical
features and structural changes on larger patient samples. A decrease in GATM showed
no effect in knockout mouse studies, while a known GATM missense mutation causes
excessively expressed mutant GATM proteins to deposit in mitochondria and interfere with
their function. Interpreting general population-based eGFRcrea associations in relation to
CKD pathology can often prove challenging. By focusing on clinical phenotypes related
to disease manifestation and progression rather than just eGFR variation in the healthy
population, researchers in the field of CKD genetics should be able to discover markers
with stronger connections to CKD pathology. In the meantime, clinicians should keep in
mind that certain polymorphisms may affect the levels of serum creatinine in the absence
of kidney disease, and interpret eGFRcrea results with caution.
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