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Abstract
Background: Distal renal tubular acidosis (dRTA) is charac-
terized by an impairment of urinary acidification resulting in 
metabolic acidosis, hypokalemia, and inappropriately ele-
vated urine pH. If not treated, this chronic condition eventu-
ally leads to nephrocalcinosis, nephrolithiasis, impaired re-
nal function, and bone demineralization. dRTA is a well-de-
fined entity that can be diagnosed by genetic testing of 5 
genes known to be disease-causative. Incomplete dRTA 
(idRTA) is defined as impaired urinary acidification that does 
not lead to overt metabolic acidosis and therefore can be 
diagnosed if patients fail to adequately acidify urine after an 
ammonium chloride (NH4Cl) challenge or furosemide and 
fludrocortisone test. It is still uncertain whether idRTA repre-
sents a distinct entity or is part of the dRTA spectrum and 
whether it is caused by mutations in the same genes of overt 
dRTA. Methods: In this cross-sectional study, we investigat-
ed a group of 22 stone formers whose clinical features were 
suspicious of idRTA. They underwent an NH4Cl challenge 

and were found to have impaired urinary acidification abili-
ty. These patients were then analyzed by genetic testing 
with sequencing of 5 genes: SLC4A1, ATP6V1B1, ATP6V0A4, 
FOXI1, and WDR72. Results: Two unrelated individuals were 
found to have two different variants in SLC4A1 that had nev-
er been described before. Conclusions: Our results suggest 
the involvement of other genes or nongenetic tubular dys-
function in the pathogenesis of idRTA in stone formers. How-
ever, genetic testing may represent a cost-effective tool to 
recognize, treat, and prevent complications in these pa-
tients. © 2021 The Author(s)

Published by S. Karger AG, Basel

Introduction

One of the main functions of the kidney is to maintain 
the acid-base balance. This task is carried out by tubules 
that are responsible for urinary acidification and elimina-
tion of nonvolatile acids. When the kidney is no longer 
able to eliminate acidic metabolism waste products, a 
normal serum anion gap or hyperchloremic metabolic 
acidosis can develop; this condition is called renal tubular 
acidosis (RTA).

This is an Open Access article licensed under the Creative Commons 
Attribution-NonCommercial-4.0 International License (CC BY-NC) 
(http://www.karger.com/Services/OpenAccessLicense), applicable to 
the online version of the article only. Usage and distribution for com-
mercial purposes requires written permission.
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Of the 4 types of RTA [1], type 1 or distal RTA (dRTA) 
is characterized by an impairment of urinary acidification 
resulting in a hyperchloremic nonanion gap metabolic 
acidosis, hypokalemia, and inappropriately elevated 
urine pH [2, 3]. If not treated, this chronic condition 
eventually leads to nephrocalcinosis and recurrent neph-
rolithiasis, impaired renal function, and bone demineral-
ization due to reabsorption of bicarbonate and phosphate 
complexed with calcium from the bone as a buffer for 
metabolic acidosis [4]. Acquired dRTA may result from 
different kinds of tubulointerstitial damage (Table 1) [5]. 
Hereditary dRTA can be diagnosed by genetic testing of 
5 genes known to be disease-causative (ATP6V1B1,  
ATP6V0A4, FOXI1, SLC4A1, and WDR72) [6].

Urinary acidification takes place primarily in the alpha 
intercalated cells (alpha-ICs) of the collecting duct, which 
are responsible for H+ and HCO3

– secretion. In the lumi-
nal membrane of alpha-ICs, vacuolar H+-ATPase and 
H+/K+-ATPase are involved in luminal H+ secretion. At 
the same time, intracellular HCO3

– formed by the cyto-
solic carbonic anhydrase II leaves the cell by a Cl–/HCO3

– 
anion exchanger (AE1 or band 3 protein) located in the 
basolateral membrane [7], the exchange of Cl– for HCO3

– 
allows the reabsorption of bases, but most importantly 
plays a crucial role in urinary acidification. However, 
pathogenic variants in genes coding for the aforemen-
tioned transporters have been identified as causes of in-
herited (primary) dRTA resulting in secretory defects. 
Genetic dRTA can be transmitted in an autosomal domi-
nant or recessive manner depending on the gene in-
volved. Pathogenic variants in ATP6V0A4, ATP6V1B1, 
FOXI1, and WDR72 are associated with autosomal reces-
sive inheritance, while pathogenic variants in SLC4A1 are 
associated with both autosomal dominant and recessive 
inheritance [8].

ATP6V0A4 (7q34) and ATP6V1B1 (2p13.3) encode 
for the alpha-4 subunit and the beta-1 subunit of the vac-
uolar H+-ATPase [9]. FOXI1 (5q35.1) encodes for a tran-

scription factor (forkhead box protein I1) that regulates 
the function of AE1 and AE4 and V-ATPase subunits. 
SLC4A1 (17q21.31) encodes for AE1 located on the baso-
lateral membrane of alpha-IC. Both dominant and reces-
sive SLC4A1 variants have been described [9–11]. The 
most recent gene to be identified as a cause of dRTA is 
WDR72 (15q21.3). This gene encodes for an intracellular 
protein whose function is still not very clear. Although 
other genes may be involved in distal tubular acidification 
[12], currently, these 5 genes are the only ones whose de-
fects are known to be disease causative in humans.

The term “incomplete distal renal tubular acidosis” 
(idRTA) was first coined in 1959 by Wrong and Davies 
[13] referring to patients who could not maximally lower 
urine pH after an ammonium chloride [NH4Cl] loading 
test and yet did not present with overt metabolic acidosis 
[13–16]. idRTA is characterized by a similar but less se-
vere clinical phenotype than overt dRTA and is defined 
as an impaired urinary acidification that does not lead to 
overt metabolic acidosis. Since the clinical features are 
not well-defined, it can be diagnosed if, after an NH4Cl 
challenge or other acid load tests, patients fail to ade-
quately acidify their urine [15–18]. Whether this condi-
tion is a distinct clinical entity, a part of the dRTA spec-
trum or simply a variant of the ability to acidify urine was 
and still is uncertain. Although quite rare, cases of con-
version from incomplete to complete dRTA have been 
reported proving the existence of a pathophysiological 
continuum between the two entities [9]. Variants in the 
same genes known to be disease-causative for dRTA have 
been described (Table 2). Heterozygous truncating muta-
tions and subunit polymorphisms of ATP6V1B1 have 
been linked to idRTA in patients who presented with nor-
mal blood pH, urinary acidification defect, and elevated 
stone risk [19, 20]. In a recent case report, Imai et al. [21] 
described an adult patient who was found to have an in-
complete and late-onset form of dRTA and whose genet-
ic testing was positive for a mutation of ATP6V0A4. Het-
erozygous ATP6V1B1 and ATP6V0A4 pathogenic vari-
ants have been linked to idRTA, as well as mutations in 
SLC4A1.

Incomplete dRTA has been reported to be frequent in 
“primary” osteoporosis, particularly in men [22, 23], and 
in calcium nephrolithiasis. In addition, up to 13% of re-
current “idiopathic” calcium stone formers have idRTA 
[16, 18, 24, 25].

So far, no studies have systematically investigated the 
prevalence of variants in genes known to cause dRTA in 
a cohort of patients diagnosed with idRTA. In fact, the 
majority of the previous studies were case series or case 

Table 1. Secondary forms of dRTA

Sjögren syndrome and other autoimmune diseases
Kidney transplantation
Medullary sponge kidney
Chronic obstructive uropathy
Drugs (amphotericin B, foscarnet, and lithium)
Cirrhosis
Sickle cell anemia

dRTA, distal renal tubular acidosis.
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reports, from which an estimate of prevalence could not 
be determined. This study has been performed to inves-
tigate whether gene mutations in the 5 aforementioned 
genes are also causing the frequently observed idRTA in 
nephrolithiasis, using a gene panel approach.

Materials and Methods

Patients
In this cross-sectional study, we enrolled the calcium stone 

formers followed at the Klinik Im Park stone clinic in Zurich 
who tested positive to an acidification test, had a definite family 
history of nephrolithiasis during the period from 2012 to 2017 
and in whom secondary forms of RTA were ruled out (see online 
suppl. Table 1; see www.karger.com/doi/10.1159/000516389 for 
all online suppl. material). All were of Caucasian descent. Ele-

ments of suspicion to undergo the test were a history of nephro-
lithiasis or nephrocalcinosis with morning urinary pH >5.8 in 
the absence of metabolic acidosis. To establish the diagnosis, 
these patients underwent a simplified 1-day NH4Cl challenge as 
previously described [23]. The test consists in the oral ingestion 
of NH4Cl at a dose of 50 mg/kg body weight in 3 doses before 
main meals given as 400 mg capsules, over 1 h and with water to 
attenuate gastric irritation. After ≥12 h overnight fast, the sec-
ond morning urine is then collected. The diagnostic success of a 
test is bound to its power in inducing systemic acidosis to inves-
tigate whether this is coped by urine acidification in the distal 
nephron. In the series of patients described by Sromicki and 
Hess [23], this test was able to induce an acidemic response 
(within normal limits) in all patients and controls as shown not 
only by decreases in venous pH and bicarbonate but also by the 
drop in urinary citrate, an important marker of renal intracel-
lular acidosis [26]. The test is considered positive (e.g., the pa-
tient affected with idRTA) if urine pH measured with a pH me-

Table 2. Variants in the genes known to be disease-causative for dRTA associated with idRTA

Gene Chromosome  
locus

Protein Mutation

ATP6V0A4 7q34 V type H+-ATPase alpha 4 subunit Heterozygous p.S544L [21]
ATP6V1B1 2p13.3 V type H+-ATPase beta 1 subunit Heterozygous truncation mutation p.F468fsX487 [27]
ATP6V1B1 2p13.3 V type H+-ATPase beta 1 subunit Heterozygous nonsynonymous polymorphism p.E161K [20]
SLC4A1 17q21.31 AE1 PRIBRAM mutation [11]
SLC4A1 17q21.31 AE1 Erythroid intron 3 (promoter region) mutation rs999716 [30]

dRTA, distal renal tubular acidosis; idRTA, incomplete distal renal tubular acidosis; AE1, anion exchanger 1.

Table 3. Demographic and clinical characteristics of patients who tested positive to the simplified 1-day NH4Cl 
challenge

N (out of 22 patients) Prevalence (%)

Nephrocalcinosis 7 32
Hypercalciuria 6 27
Hyperoxaluria 7 32
Hypocitraturia 9 41
DXA

Reduced bone density (osteoporosis or osteopenia) 10 45
Normal bone density 1 5
No DXA available 11 50

Gender
Male 15 68
Female 7 32

Recurrent stone formers (>1 episode) 20 91

Mean SD

Age, years 50.8 15.3
Height, cm 169 20
Weight, kg 70.8 17.2
BMI, kg/m2 24.6 4.2

DXA, dual-energy X-ray absorptiometry.
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ter after the NH4Cl load fails to drop below 5.45 or if serum bi-
carbonate drops below 20.5 mmol/L [23].

According to this test, 22 patients were found to have an im-
paired urinary acidification ability (Table 3). These patients were 
then analyzed by genetic testing with sequencing of 5 genes:  
SLC4A1, ATP6V1B1, ATP6V0A4, FOXI1, and WDR72. All pa-
tients in the study submitted an informed consent. This study was 
carried out according to the Declaration of Helsinki. The study is 
exempt from ethical committee approval since genetic testing was 
part of clinical practice.

Gene Panel Testing
Three genes have been selected to be analyzed by next-gener-

ation sequencing based on their previous association with dRTA, 
SLC4A1 (OMIM 109270), ATP6V1B1 (OMIM 192132), and  
ATP6V0A4 (OMIM 605239). Libraries, emulsion PCR, sample 
enrichment, and sequencing were performed on an Ion Torrent 
platform, using Life Technologies reagents (Thermo Fisher Scien-
tific), following manufacturer recommendations. For each sam-
ple, an average coverage of 500X for 98% of the exons was ob-
tained. Reads alignment, variant calling, and annotation were 
done using the Ion Reporter software. For most variants, a confir-
mation by Sanger sequencing was not deemed necessary, how-
ever the 2 variants in SLC4A1 were confirmed by Sanger analysis. 
Sanger sequencing was also done on a few variants to confirm they 
were sequencing artifacts. Variant frequency and significance 
were evaluated on different database: gnomAD, ClinVar, and 
Varsome until May 2020.

Sanger Sequencing of FOXI1 and WDR72
Recent reports highlighted a potential role in dRTA for 

FOXI1(OMIM 601093) and WDR72(OMIM 613214). Those genes 
were not included in the original gene panel and for this reason 
were sequenced by Sanger sequencing.

Intronic primers flanking coding exons were designed using 
Primer3 application on the UCSC genome browser (primer se-
quences will be provided upon request). Each amplicon was PCR 
amplified using the following standard cycles: 95°C 5 min, 95°C 30 
s, 60°C 30 s, 72°C 15 s, for 34 cycles, and final extension at 72°C for 
15 min. From each amplicon, 2.5 μL was purified with 0.5 μL of a 
1:1 mixture of exonuclease III and shrimp alkaline phosphatase at 
37°C for 15 min followed by heat inactivation at 80°C. Cleaned up 
PCR product was sequenced using a BigDye terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, Foster City, CA) in a final 
volume of 10 μL and run on a 3130 Genetic Analyzer (Applied 
Biosystems, Foster City, CA). The electropherograms were ana-
lyzed by Sequencing Analysis v5.2 software (Applied Biosystems, 
Foster City, CA).

Results

We identified 22 stone formers with an impaired uri-
nary acidification ability and a positive family history of 
nephrolithiasis. In order to test whether idRTA is re-
lated to dRTA, we tested all 5 genes previously involved 
in familial and sporadic cases of RTA, SLC4A1 (OMIM 
109270), ATP6V1B1 (OMIM 192132), ATP6V0A4 

(OMIM 605239), FOXI1 (OMIM 601093), and WDR72 
(OMIM 613214). We considered potentially “pathogen-
ic or of uncertain clinical significance” all variants with 
a frequency in the gnomAD database of less than 1/1,000. 
Because 3 genes (SLC4A1, ATP6V1B1, and ATP6V0A4) 
have been firmly implicated in the pathogenesis of RTA, 
there are records of variants in ClinVar that helped to 
assess the variants newly discovered. We identified in 2 
patients of our cohort 2 heterozygous variants in the SL-
C4A1 gene. This gene has been implicated both in a dom-
inant and recessive form of dRTA. The first variant was 
a c.92T>G predicting a p.(Met31Arg) in a 44-year-old 
man, recurrent stone former (mainly apatite, but also 
some calcium oxalate), with hypercalciuria, but normal 
bone mineral density. His family history revealed 1 uncle 
with kidney stones. The second variant was a c.1976T>C 
predicting a p.(Phe659Ser) in a 56-year-old woman with 
a history of reduced bone mineral density and severe re-
strictive ventilation disorder who passed 1 stone (35% 
apatite, 65% calcium oxalate). She was found to have bi-
lateral nephrocalcinosis and hypocitraturia. Her family 
history revealed 1 sister with kidney stones.

Variant p.(Met31Arg) has a frequency in gnomAD of 
1/1,00,000 because it has been reported only 3 times in the 
whole gnomAD population, two of them in the Latino 
population and one in “other,” and never reported in the 
European population. To perform the functional evalua-
tion of the aminoacidic change, we submitted to Varsome 
that considered this variant overall benign, given the out-
come of 11 computational predictions. Moreover, this 
variant is located in the amino terminal portion of the 
protein in a region without a specific secondary structure 
that is not conserved across the evolution (online suppl. 
Table 2).

Variant p.(Phe659Ser) has never been reported in gno-
mAD and, according to several computational in silico 
predictions in Varsome, has only pathogenic predictions 
versus no benign (online suppl. Table 3). The phenyl-
amine residue is highly conserved across the evolution, 
and even though it is not part of a well-defined secondary 
structure, it is located in proximity of Arg589 that is the 
most common pathogenic variant in autosomal domi-
nant cases of RTA.

Discussion

To estimate the prevalence of genetic defects in idRTA, 
we investigated stone formers whose clinical features 
were suspicious of idRTA and in whom secondary causes 
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of dRTA were excluded. They were analyzed by sequenc-
ing 5 genes: SLC4A1, ATP6V1B1, ATP6V0A4, FOXI1, 
and WDR72.

In our study, out of all the patients for whom there was 
a clinical suspicion of having idRTA and who had a defi-
nite family history positive for nephrolithiasis [27], only 
two were found to have genetic variants of SLC4A1, lead-
ing to a prevalence of genetic mutations of 10%. Although 
we did not investigate the relatives of the 2 subjects, the 
clinical pattern of nephrolithiasis inheritance is consis-
tent with an autosomal dominant segregation as expected 
for dRTA caused by mutations in SLC4A1. This finding 
extends to variants in SLC4A1, the possibility to cause in-
complete forms of dRTA. Since one of the two SLC4A1 
mutations has never been reported before and the other 
one was found only in few cases, we hereby describe the 
mutations suggesting a possible pathogenetic role in 
idRTA.

The first variant c.92T>G predicting a p.(Met31Arg) 
was classified according to ClinVar, functional predic-
tions on Varsome and gnomAD frequency. This is a vari-
ant with a very low frequency in the general population 
(3/248.470). It has never been reported in ClinVar, but at 
the same nucleotide position, there is a change in c.92T>C 
predicting a p.(Met31T) that is considered likely benign. 
In Varsome, this variant has overall a benign evaluation 
because it is likely located in a nonconserved amino acid 
residue.

For the second variant c.1976T>C predicting a p.
(Phe659Ser), we followed the same scheme. In ClinVar 
and in gnomAd, this variant has never been reported, 
and all functional predictions in Varsome point to a 
pathogenic role for this aminoacidic substitution. 
Moreover, this variant is in the same functional domain 
of the protein of the most common variant found in 
SLC4A1.

The low prevalence of mutations that we have ob-
served in stone formers with idRTA is a much lower fig-
ure than overt dRTA, in which 70% of patients with a 
clinical diagnosis of hereditary dRTA has identified caus-
ative mutations in the currently known genes [28]. How-
ever, this study highlights that a specific role in idRTA 
might be played by the SLC4A1 gene, among the 5 genes 
known so far in dRTA. More patients with idRTA should 
be tested to confirm these data.

Other genetic and nongenetic causes are involved in 
the majority of idRTA cases observed in stone formers. 
Among the former causes, mutations in other genes may 
interfere with and reduce the function of the alpha-IC 
transporters. In a recent article, Merkulova et al. [29] re-

ported that targeted deletion of the nuclear receptor co-
activator 7 gene, encoding for a protein that interacts and 
is co-expressed with vacuolar-ATPases in alpha-ICs, in 
mice leads to a persistently high urine pH and hypobicar-
bonatemia after an NH4Cl test. Single-nucleotide poly-
morphisms in intron 3 of SLC4A1 have also the potential 
to interfere with AE1 mRNA transcription in kidney cells, 
therefore leading to idRTA [30]. In reference to possible 
nongenetic causes, although we carefully ruled out typical 
secondary causes of dRTA, the occurrence of other subtle 
secondary damages of the distal tubule might still be pos-
sible.

In conclusion, variants in the SLC4A1 gene may be re-
sponsible for cases of idRTA in renal stone formers. Al-
though the prevalence of known monogenic forms among 
idRTA is relatively low and other genetic and nongenetic 
causes should be considered in patients affected by idRTA, 
it should be noted that idRTA is more frequent than 
dRTA and its diagnosis is more complicated. This sug-
gests that idRTA prevalence may be higher in the general 
population than currently known. Moreover, it is impor-
tant to note that bone metabolism also appears to be in-
volved in idRTA: 91% of our patients who had undergone 
dual-energy X-ray absorptiometry had reduced bone 
mass, most likely due to bone buffering of chronically re-
tained H+ ions [23]. Therefore, early recognition, appro-
priate treatment with alkali, and prevention of complica-
tions are crucial in these patients, and genetic testing may 
represent a cost-effective tool to overcome practical limi-
tations of such goals. In addition, this may allow nephrol-
ogists to provide idRTA patients with a more personal-
ized care.
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