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Abstract

Distal renal tubular acidosis is a rare renal tubular disorder characterized by hyperchloremic 

metabolic acidosis and impaired urinary acidification. Mutations in three genes (ATP6V0A4, 
ATP6V1B1 and SLC4A1) constitute a monogenic causation in 58–70% of familial cases of distal 

renal tubular acidosis. Recently, mutations in FOXI1 have been identified as an additional cause. 

Therefore, we hypothesized that further monogenic causes of distal renal tubular acidosis remain 

to be discovered. Panel sequencing and/or whole exome sequencing was performed in a cohort of 

17 families with 19 affected individuals with pediatric onset distal renal tubular acidosis. A 

causative mutation was detected in one of the three “classical” known distal renal tubular acidosis 

genes in 10 of 17 families. The seven unsolved families were then subjected to candidate whole 

exome sequencing analysis. Potential disease causing mutations in three genes were detected: 

ATP6V1C2, which encodes another kidney specific subunit of the V-type proton ATPase (1 

family); WDR72 (2 families), previously implicated in V-ATPase trafficking in cells; and SLC4A2 
(1 family), a paralog of the known distal renal tubular acidosis gene SLC4A1. Two of these 

mutations were assessed for deleteriousness through functional studies. Yeast growth assays for 

ATP6V1C2 revealed loss-of-function for the patient mutation, strongly supporting ATP6V1C2 as a 

novel distal renal tubular acidosis gene. Thus, we provided a molecular diagnosis in a known distal 

renal tubular acidosis gene in 10 of 17 families (59%) with this disease, identified mutations in 

ATP6V1C2 as a novel human candidate gene, and provided further evidence for phenotypic 

expansion in WDR72 mutations from amelogenesis imperfecta to distal renal tubular acidosis.
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INTRODUCTION

Distal renal tubular acidosis (dRTA) is a rare renal tubular disorder characterized by 

hyperchloremic, hypokalemic metabolic acidosis accompanied by impaired urinary 

acidification. In many cases, this metabolic condition leads to growth retardation, 

osteomalacia, severe muscle weakness, nephrolithiasis, nephrocalcinosis (NC), and, if 

untreated, progression to renal failure.1, 2 While the major causes of dRTA in adults are 

autoimmune diseases, childhood onset dRTA is mainly due to monogenic mutations. 
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Mutations in the genes ATP6V0A4 and ATP6V1B1, both encoding subunits of the V-type 

proton ATPase, are causative in the majority of recessive cases of dRTA and are often 

accompanied by sensorineural deafness (SD) due to gene co-expression in the inner ear.1, 3, 4 

Mutations in SLC4A1 have been identified as causative for autosomal recessive as well as 

dominant cases of dRTA without SD.5 These 3 “classical genes” account for 58–70% of 

familial dRTA cases,1, 6 suggesting the existence of yet undefined monogenic causes of 

dRTA. Accordingly, mutations in the gene FOXI1 have been identified in 2 families with 

dRTA and functional studies of the mutation show loss-of-function of the variant.7 

Furthermore, very recently WDR72 mutations have been proposed to expand the human 

phenotype of amelogenesis imperfecta (AI) by dRTA,8, 9 underlining the potential for further 

identification of novel dRTA disease genes.

In order to identify novel monogenic causes for dRTA, we performed panel sequencing 

and/or whole exome sequencing (WES) in a cohort of 19 affected individuals from 17 

families diagnosed with pediatric onset dRTA of unassigned molecular diagnosis. 10 of the 

17 families had been prescreened for the 3 classical dRTA genes by gene panel sequencing. 

The unsolved cases, and all patients recruited subsequently, were subject to WES. This 

sequential procedure allowed diagnosis of mutations in 1 of the 3 classical dRTA genes in 

10/17 families (59%). Furthermore, we identified novel mutations in WDR72 in 2 families 

with dRTA and AI, and in 2 potential novel dRTA genes in 2 families: ATP6V1C2, and 

SLC4A2. Functional studies for ATP6V1C2 and SLC4A2 were performed, and were 

conclusive for loss-of-function for the ATP6V1C2 mutation.

RESULTS

We evaluated 19 affected individuals from 17 families with clinically diagnosed dRTA that 

presented before the age of 25 years (Fig. 1). Among these 19 individuals, 17 had NC or 

renal stones and 8 presented with SD (Table 1). 10 families were reported to be 

consanguineous. Initial panel screening was performed by multiplex PCR in 11 individuals 

from 10 families for the 3 classical dRTA genes (ATP6V0A4, ATPV1B1, SLC4A1). 

Genomic DNAs of the 3 families not solved by panel sequencing and 7 additional families 

subsequently recruited were then subjected to WES (Fig. 1).

Known genes

Using our established evaluation based on ACMG criteria for deleteriousness for alleles of 

monogenic disease genes10 we identified likely causative mutations in 10/17 families (59%) 

in 1 of the 3 classical dRTA genes (Figure 1, Table 1). Specifically, we identified recessive 

mutations in ATP6V0A4 (NM_020632.2) in 3 families (4 individuals) and in ATP6V1B1 
(NM_001692.3) in 4 families (4 individuals), and SLC4A1 (NM_000342.2) mutations in 3 

families (3 individuals, 1 recessive homozygous, 1 recessive compound heterozygous, 1 

dominant heterozygous mutation) (Table 1). 9 of the 10 identified mutations had been 

previously reported. The homozygous mutation in ATP6V0A4 in family F589 (c.2446A>G, 

p.Lys816Glu) is a novel mutation affecting a lysine that has been conserved throughout 

evolution starting from yeast. The mutation has strong prediction scores and is unreported in 
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either homozygous or heterozygous state in the healthy exome and genome database 

gnomAD (Table 1).

ATP6V1C2

In the 7 dRTA cases in whom no causative mutation was found, we performed WES analysis 

and utilized the WES datasets for homozygosity mapping to evaluate consanguineous cases 

for homozygous recessive mutations within homozygous haplotypes.11 We identified a very 

likely deleterious recessive mutation in the gene ATP6V1C2 (NM_001039362.1) in family 

F588 (Fig. 2A, Table 2, Suppl. Fig. S1A). Like ATP6V0A4 and ATP6V1B1, ATP6V1C2 
encodes a subunit (subunit C) of the V-type proton ATPase (Fig. 3A).12 In contrast to its 

paralog ATP6V1C1, ATP6V1C2 is predominantly expressed in the kidney with high 

expression in renal intercalated cells (IC) (Fig. 2D).13, 14 The gene has been implicated as a 

human candidate disease gene for dRTA but no mutations have been identified so far.14 The 

mutation c.503T>C, p.Ile168Thr changes the nonpolar aa residue Ile to the polar Thr. 

Alignment of the orthologs protein sequences reveals evolutionary conservation of Ile or the 

biochemically similar Leu from yeast to humans (Fig. 2A). Ile168 is located in a 

hydrophobic knuckle (Suppl. Fig. S2) that slides against another hydrophobic surface of the 

C-subunit during the ATPase catalytic cycle.15 We modeled this human mutation in the yeast 

ortholog VMA5 (YKL080W) that encodes the yeast V-ATPase C subunit and introduced the 

corresponding mutation (p.Ile178Thr) into the genomic copy of VMA5 to obtain vma5 
p.Ile178Thr mutant strains. Thermal protein stability was predicted for the 3 states of Vma5 

reported by Zhao et al.15 Protein stability prediction (CUPSAT) suggests stabilization of 

state 1 (Suppl. Fig. S3A) but destabilization of state 2 (Suppl. Fig. S3B) and state 3 (Suppl. 

Fig. S3C).16 These results predict stabilization of the protein in state 1, possibly preventing 

the dynamic conformational changes likely required for stable function of the active ATPase.

To further assess loss-of-function of the p.Ile168Thr mutation in ATP6V1C2 (p.Ile178Thr in 

yeast vma5), we tested the growth of 3 independent mutant isolates compared to wild-type 

(WT) cells grown on YEPD medium buffered to pH 5 and on YEPD medium buffered to pH 

7.5 containing 60 mM CaCl2 (Fig. 3B). Vma mutants with no V-ATPase activity are able to 

grow at pH 5, while an elevated pH or Ca2+ concentration is lethal to yeast mutants lacking 

the V-ATPase activity.17, 18 Here, we showed that vma5 (Ile178Thr) mutant indeed failed to 

grow on YEPD, pH 7.5 +CaCl2 plates, suggesting a significant loss of V-ATPase function 

(Fig. 3B).

To further explore the source of the growth defect, we isolated vacuolar vesicles from WT 

and mutant yeast strains. Vacuolar vesicles isolated from 3 independent mutant strains had 

concanamycin A-sensitive V-ATPase activity, but this activity was much lower than V-

ATPase activity in WT vacuoles (Figure 3C), We visualized the levels of both membrane-

bound (vacuolar V0 subunit a, Vph1) and peripheral V1 subunits (A, B, and C) by 

immunoblot. Importantly, the V0 and V1 subcomplexes can assemble independently and the 

V0 subcomplex reaches the vacuole even in the complete absence of V1 subunits. Consistent 

with this, the levels of V0 subunit Vph1, ortholog of human subunit a (Fig. 3A) were 

comparable between the WT and mutant strains (Fig. 3D), indicating that the V0 complex is 

correctly assembled and transported to the vacuole. In contrast, the level of the Vma5 
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protein in the mutant vacuolar vesicles was reduced, as were the levels of V1 subunits A and 

B (Fig. 3D). By immunoblot of whole cell lysates, we investigated whether the reduced 

Vma5 levels reflected impaired V-ATPase assembly or poor stability of the mutant Vma5 

polypeptide (Fig. 3E). Vma5 protein was barely detectable in whole cell lysates from mutant 

vma5 Ile178Thr, suggesting protein instability. However, the low detectable levels of vma5 

Ile178Thr in vacuolar vesicles indicate that mutant Vma5 can assemble into V-ATPase at the 

vacuole (Fig. 3D).

WDR72

In 2 additional dRTA families (F382 and B2673; 3 individuals), we identified homozygous 

mutations in the gene WDR72 (NM_182758.3), located in a segment of homozygosity by 

descent (Fig. 2B, Fig. 4, Suppl. Fig. S1B–D, Table 2). WDR72 is a paralog of WDR7 which 

interacts with human dRTA protein ATP6V1B1 and co-localizes with V-ATPases in IC. 

WDR7 was shown to promote V-ATPase activity and to mediate intracellular vesicle 

acidification.19 WDR72 may function similarly. The mutation c.477_485dup, 

p.Ile159_Cys161dup showed recessive segregation within family F382 and is predicted to 

cause an in-frame insertion of 3 aa in the third WD40 domain of WDR72 (Fig. 2B, Fig. 4A). 

In family B2673 with 2 affected siblings with dRTA (Fig. 4C), the homozygous mutation 

c.764_768delGGCAG, p.Gly255Valfs*40 results in a premature stop codon and is a 

presumptive loss-of-function variant. Neither mutation was reported in the gnomAD 

database in a homozygous state. Single cell RNA sequencing databases indicate that 

WDR72 is highly expressed in IC (Fig. 2D). WDR72 mutations can cause autosomal 

recessive amelogenesis imperfecta (AI) in humans20 and mice.21 Very recently, 4 families 

with association of dRTA and AI and a WDR72 mutation have been described.8, 9 

Interestingly, upon “reverse phenotyping” by contacting our clinical collaborators, we 

learned that all of our here described WDR72 mutant subjects have distinct features of AI as 

well (Fig. 4, Table 2). We thereby confirmed that WDR72 mutations can be associated with 

a syndromic disease of AI and dRTA.8,9

SLC4A2

In family F588 we identified a homozygous missense mutation in the gene SLC4A2 
(NM_01199692.2), located within a segment of homozygosity by descent (Table 2, Fig. 2C, 

Suppl. Fig. S1E). SLC4A2 encodes the Anion Cl−/HCO3
− exchanger 2 (AE2) and is a 

paralog of the known dRTA gene SLC4A1 encoding a basolateral Cl−/HCO3
− exchanger of 

the collecting duct Type A IC. The SLC4A2 locus was previously proposed as a recessive 

dRTA candidate gene on the basis of genetic linkage to a 14 Mb region of chromosome 7q, 

but no disease causing mutation could be confirmed at that time.22 The SLC4A2 mutation 

c.2107G>A, p.Ala703Thr in family F588 replaces the short hydrophobic side chain of 

Ala703 with a longer, more hydrophilic side chain which may alter its predicted interaction 

with hydrophobic residue Ile761 (Suppl. Fig. S4). Indeed, CUPSAT17 predicts a 

destabilizing effect of the Ala703Thr substitution as modeled on the crystal structure of the 

human SLC4A1 paralog transmembrane domain (Suppl. Fig. S5).16, 23

To test the deleteriousness of the Ala703Thr missense mutation, we generated the 

corresponding human (hAE2) and mouse (mAE2) cDNA constructs. Transient expression of 
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WT hAE2 in MDCKII cells showed the expected predominant peripheral membrane 

localization (Fig. 5A, C) which was unaltered in cells expressing hAE2 Ala703Thr (Fig. 5B, 

D), suggesting unimpaired biosynthetic trafficking in this context. The trafficking 

similarities of HA-tagged and untagged hAE2 polypeptides was reflected in comparable 
36Cl− uptake activities of cRNA-injected Xenopus laevis oocytes (Suppl. Fig. S6A). 

Additional assays of functional expression in Xenopus oocytes revealed hAE2 Ala703Thr-

mediated Cl−/HCO3
− and Cl−/Cl− exchange activities sensitive to the stilbene disulfonate 

inhibitor, DIDS, that were indistinguishable from those of WT hAE2 (Fig. 5E, F). The 

extracellular pH-dependence of hAE2-mediated Cl−/Cl− exchange was similar to that of WT 

hAE2 (Fig. 5G, H). Moreover, WT hAE2 activations by acidic intracellular pH (Suppl. Fig. 

S7) and by hypertonicity (Suppl. Fig. S8) were indistinguishable in oocytes expressing 

hAE2 Ala703Thr. The 2.4 mM K1/2 for extracellular Cl− exhibited by WT hAE2 was 

identical to that of the mutant (Suppl. Fig. S9). NH4
+-stimulated hAE2-mediated, DIDS-

sensitive Cl−/Cl− exchange was slightly reduced compared to WT hAE2 (Suppl. Fig. S10), 

but not to a degree that would imply pathological significance.

In summary, as variant A703T did not relevantly alter AE2 function in the multiple 

experimental conditions tested, our data failed to support SLC4A2 as a viable dRTA 

candidate gene.

DISCUSSION

To identify potential additional monogenic causes of dRTA, we performed panel sequencing 

and/or WES combined with homozygosity mapping in 17 families with clinically diagnosed 

childhood onset dRTA. In 10/17 families (59%), we identified causative mutations in 1 of 

the 3 known, classical dRTA genes. In addition, we discovered potentially disease-causing 

mutations the 3 genes ATP6V1C2, WDR72 and SLC4A2, and functionally evaluated the 

mutations in ATP6V1C2 and SLC4A2. These studies confirmed ATP6V1C2 as a novel 

recessive dRTA candidate gene, confirmed expansion of the phenotypic spectrum of AI due 

to WDR72 mutations, but failed to detect functional evidence supporting the genetic data 

that suggested SLC4A2 as a candidate dRTA gene.

Genetic testing of our cohort provided a molecular diagnosis for 59% of all cases with a 

clinical dRTA phenotype, a percentage comparable to that of Ashton et al (57%)6 among 

European children, but lower than that of Palazzo et al (70%)1 among Italian children.

WES and homozygosity mapping initially identified ATP6V1C2, WDR72, and SLC4A2 as 

potential novel dRTA genes. Candidate status of all 3 genes was supported by high 

expression levels of each in the renal IC cluster in single cell mRNA sequencing data (Fig. 

2D).24

As for known dRTA disease genes ATP6V0A4 and ATP6V1B1, the novel candidate gene 

ATP6V1C2 is a subunit of the V-type H+- ATPase. We showed the yeast Vma5 V-ATPase C 

subunit mutation p.Ile178Thr corresponding to human ATP6V1C2 mutation Ile168Thr had 

properties of a loss-of-function mutation (Fig. 3). Yeast strains expressing the mutant C 

subunit showed reduced V-ATPase activity and exhibited a Vma5 growth phenotype. 
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Although the mutant C subunit was slightly detectable in isolated vacuolar vesicles, it was 

not detectable in whole cell lysates and V-ATPase complexes were insufficient to support 

full V-ATPase function (Fig. 3). Therefore, these findings suggest loss-of-function for the 

corresponding human mutation c.503T>C, p.Ile168Thr, and confirm ATP6V1C2 as a novel 

dRTA candidate gene.

We also identified 2 novel homozygous WDR72 mutations in 2 families with dRTA and AI 

(Fig. 2B, Fig. 4). Mutation c.764_768delGGCAG encodes a frameshift leading to an early 

stop codon, and therefore can be considered a loss-of-function variant. The second mutation 

encodes a 3 aa insertion within the third WD40 domain of WDR72 (Fig. 2B). In genome-

wide association studies, WDR72 has been associated with loss-of kidney function and 

chronic kidney disease.25, 26 Recessive mutations in WDR72 are a known cause for AI 

(OMIM 613211), causing vesicle trafficking defects in ameloblasts and thereby impairing 

enamel formation.20, 27 The association of AI and dRTA has been described very recently in 

4 families with WDR72 mutations.8, 9 WDR72 mutations may thus underlie several dRTA 

cases with accompanying dental abnormalities reported without molecular diagnosis.28–30

The biological function of WDR72 is still largely unknown. Wdr72−/− mice mimic the 

human enamel defect31 but the renal phenotype has not been investigated to date. WDR72 is 

an intracellular protein, with a predicted structure including N-terminal WD40 repeats 

forming 2 β-propellers and a C-terminal α-solenoid tail. WDR7, a human paralog of 

WDR72, regulates Ca2+-dependent exocytosis of neurotransmitter release at synapsis.32 

Furthermore, WDR7 interacts with human dRTA protein ATP6V1B1 and co-localizes with 

V-ATPases in IC. WDR7 was shown to promote V-ATPase activity and to mediate 

intracellular vesicle acidification.19 WDR72 may have similar functions in IC with 

involvement in vesicle trafficking. However, further investigations into the pathogenesis of 

WDR72 mutations in dRTA are warranted. Our findings have thus confirmed the phenotypic 

expansion of WDR72 mutations from isolated AI to a syndromic disease that features both 

AI and dRTA.8

SLC4A2 encodes the AE2 Cl−/HCO3
− exchanger and is a paralog of the known dRTA gene 

SLC4A1 encoding a basolateral Cl−/HCO3
− exchanger of the collecting duct Type A IC. 

Moreover, Slc4a2 was cloned from and immunolocalized in guinea pig cochlea,33 and 

SLC4A2 mRNA was detected in cochlear epithelial cells differentiated from human iPSC.34 

A dRTA disease gene region was mapped by linkage analysis in 9 dRTA families to a 14 cM 

region of human chromosome 7q33–34 encompassing the SLC4A2 gene.22 We identified a 

missense mutation in SLC4A2 in an unbiased candidate approach by WES in a patient with 

dRTA and hearing loss. However, functional expression of human or mouse AE2 protein in 

Xenopus oocytes revealed no significant functional differences between WT and mutant 

proteins in baseline Cl−/HCO3
− or Cl−/Cl− exchange activities or in Cl−/Cl− exchange 

regulation by intracellular or extracellular pH, by hypertonicity, or by ammonium (Fig. 5, 

Suppl. Fig. S6–S10). These experiments did not exclude the possibility that the mutation 

impairs activity or regulated expression of AE2 in IC in situ or in another model epithelial 

cell type grown in different conditions.35
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Slc4a2 knock-out (KO) mice are toothless, are severely growth-retarded, develop 

achlorhydria and abnormal gastric epithelium, and die within the first 40 days of life.36 

Although the patient lacks these features of the mouse KO phenotype, a hypomorphic 

missense mutation might not resemble a KO.

SLC4A2 residue 703 corresponds to SLC4A1 residue 400. Heterozygous deletion of 

residues 400–408 causes the benign hematological condition, Southeast Asian Ovalocytosis 

(SAO), without renal phenotype. However, the rare homozygous SAO deletion is associated 

with severe dyserythropoietic hemolytic anemia and dRTA,37 and causes anemia and dRTA 

in compound heterozygous states as well. SLC4A2 Ala703 is located at the C-terminal end 

of AE2’s N-terminal cytoplasmic domain, near the start of the first of AE2’s 14 

transmembrane helices. The missense mutation p.Ala703Thr is predicted to possibly 

interfere with protein stability (Suppl. Fig. S4),16 through a conformational change in the 

flexible linker region connecting cytoplasmic and transmembrane domains, as in AE1,38 or 

through potentially altered modulation by proteinase CK2 or other regulators.39 In summary, 

no significant hAE2 loss-of-function resulted from the c.2107G>A substitution allele, as 

detected by our assays. Identification of additional dRTA patients with SLC4A2 mutations 

and further experimental studies will be necessary to maintain SLC4A2 as a candidate 

disease gene for dRTA and hearing loss.

We have presented combined panel sequencing and WES for the rapid and reliable 

molecular diagnosis of patients with a clinical diagnosis of dRTA. However, panel 

sequencing had been performed before the publication of both papers that associated 

WDR72 mutations with dRTA. Thus, this temporal connection underlines the advantages of 

WES over panel sequencing as unsolved WES datasets may be reevaluated after discovery 

of novel genetic causes of the disease. As costs for WES are declining rapidly, WES should 

be considered as a first choice for genetic testing. Furthermore, we have established 

ATP6V1C2 as a novel recessive dRTA gene in humans, and confirmed the phenotype 

expansion of recessive WDR72 mutations from isolated AI to syndromic AI with dRTA. 

However, our functional data failed to reinforce the genetic evidence supporting SLC4A2 as 

a candidate dRTA gene. Thus, WES provides a powerful tool to identify novel dRTA genes 

and, by directing functional validation studies, helps elucidate pathogenic mechanisms of 

dRTA.

METHODS

Study participants and genetic testing

This study was approved by the institutional review board (IRB) of Boston Children’s 

Hospital (BCH). We obtained informed consent, clinical data, pedigree information, and 

DNA samples from subjects clinically diagnosed with dRTA manifesting before the age of 

25 years.

Panel screening was performed by multiplex PCR for the genes ATP6V1B1, ATP6V0A4 
and SLC4A1 in 11 individuals from 10 families as previously described.40, 41 WES was 

performed as previously described42 in 11 individuals from 10 families including 3 
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individuals from 3 families unsolved by panel sequencing. A mean depth of coverage of the 

known dRTA and candidate genes of 79.9X was achieved (Suppl. Table 1).

Homozygosity mapping was calculated based on whole exome sequencing data. In brief, 

aligned BAM files were processed using Picard and SAMtools as described by other groups.
43 Single nucleotide variant calling was performed using Genome Analysis Tool Kit 

(GATK).44 The resulting VCF files were used to generate homozygosity mapping data and 

visual outputs using the program Homozygosity Mapper.45

Variants were evaluated for mutations in known dRTA genes. Remaining variants were 

ranked based on their predicted impact on protein sequence and function considering 

evolutionary conservation among orthologs across phylogeny, and web-based pathogenicity 

prediction programs (PolyPhen-246, SIFT47 and MutationTaster48). Remaining variants were 

evaluated by literature review and by phenotype correlation. Deleteriousness was assessed 

using on our established criteria based on ACMG.10 Unsolved WES datasets were subjected 

to candidate gene analysis. Remaining variants were confirmed in original patient DNA by 

Sanger sequencing as previously described (Suppl. Fig. S11).49 Whenever parental DNA 

was available, segregation analysis was performed.

Yeast growth assay

The ATP6V1C2 mutation isoleucine 178 to threonine (vma5I178T) that reflects the human 

mutation Ile168Thr was introduced into the genomic copy of VMA5 in WT yeast strain 

SF838–5Aα by a variation of the delitto perfetto method.50 AA 150–214 of VMA5 were 

replaced with URA3, and transformants were selected on fully supplemented minimal 

medium lacking uracil.51 The I178T mutation was first introduced into a plasmid borne copy 

of WT VMA5 by Quikchange mutagenesis (Agilent) using oligonucleotides VMA5 I178T 

forward 5’CTGTCAGATCCTTGCATGATACTGTCAAGCCCGAAGACTTCGTTC-3’ and 

VMA5 I178T reverse 

5’GAACGAAGTCTTCGGGCTTGACAgTATCATGCAAGGATCTGACAGAAAG-3’, 

introduction of the mutation was confirmed by sequencing. A VMA5 fragment containing 

the I178T mutation was then PCR-amplified and used to transform the vma5Δ150–

214::URA3 strain. Transformants that had replaced URA3 with the mutated fragment were 

selected on medium containing 5-fluoro-orotic acid (5-FOA), which selects against the 

URA3 marker. 3 separate transformants that grew on 5-FOA but had lost growth on medium 

lacking uracil were analyzed further. Growth of WT and vma5 (I175T) strains was compared 

by growing all strains to log-phase, diluting to 0.1 OD/ml and then doing sequential 10-fold 

serial dilutions of each strain before pinning onto YEPD plates buffered to pH 5 with 50 mM 

phosphate and 50 mM succinate or YEPD plates buffered to pH 7.5 containing 60 mM 

CaCl2.

Isolation and characterization of vacuolar vesicles

Vacuolar vesicles were isolated as described previously.52 ATPase activity was determined at 

37°C through a coupled enzyme assay ( V-ATPase activity was activity sensitive to 200 nM 

concanamycin A). Immunoblots were performed as described previously.53 Vacuolar 

vesicles were solubilized in cracking buffer, and separated by SDS-PAGE, and transferred to 
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nitrocellulose. Mouse monoclonal antibodies 8B1, 13D11, and 10D7, were used to detect V1 

subunits A and B and Vph1, respectively. Vma5 (V1 subunit C) was detected with rabbit 

polyclonal antiserum against Vma5 (a generous gift from Tom Stevens, University of 

Oregon). Whole cell lysates were obtained by several rounds glass bead lysis of cells in 

cracking buffer, followed by heating to 95°C. Lysates from 0.5 OD600 units of cells were 

probed for V1 A and B as described above. Lysates probed for V1C came from 2.5 oD600 

units of cells.

Xenopus oocyte experiments

Construction and mutagenesis of cDNA expression plasmids—Mouse Ae2a 
(Slc4a2) was subcloned into the Xenopus oocyte expression vector pXT7 and used as 

previously described.54 Human AE2a (SLC4A2) cDNA was purchased from OriGene and 

subcloned into pXT7. SLC4A2 mutations mouse Ae2 A699T and human AE2 A703T were 

generated by four primer polymerase chain reaction (PCR) as described before.55 All 

constructs were subcloned into pCDNA3 for transient transfection of MDCK cells.

Expression of cRNAs in Xenopus oocytes

Capped cRNA was transcribed from linearized cDNA templates with T7 polymerase 

(Ambion, Austin, TX). RNA integrity was confirmed by agarose gel electrophoresis in 

formaldehyde. Mature female Xenopus (Dept. of Systems Biology, Harvard Medical School; 

or NASCO, Madison, WI) were maintained and subjected to partial ovariectomy under 

hypothermic tricaine anesthesia following protocols approved by the Institutional Animal 

Care and Use Committee of Beth Israel Deaconess Medical Center. Stage V-VI oocytes were 

prepared by overnight incubation of ovarian fragments in MBS with 1.5 mg/ml collagenase 

B (Alfa Aesar), followed by a 20 min rinse in Ca2+-free MBS with subsequent manual 

selection and defolliculation as needed. Oocytes were injected on the same day with cRNA 

(0.5–50 ng) or with water in a volume of 50 nl. Injected and uninjected oocytes were then 

maintained 2–6 days at 19°C in MBS [(in m M) 85 NaCl, 1 KCl, 2.4 NaHCO3, 0.82 

Mg(SO4)2, 0.33 Ca(NO3)2, 0.41 CaCl2, and 10 HEPES (final pH 7.40)] containing 

gentamicin until used for experiments.

Isotopic influx experiments
36Cl− influx studies were carried out in 96 well plates as previously described56 for periods 

of 15, 20, or 30 min in ND-96 consisting of (in mM) 96 NaCl, 2 KCl, 1.8 CaCl2, 1 MgCl2, 

and 5 HEPES (pH 7.40). In Cl−-free ND-96 or in partial Cl− substitution solutions, NaCl 

was replaced mole-for-mole with Na cyclamate or, as needed, the Cl− salts of K+, Ca2+, and 

Mg2+ were substituted on an equimolar basis with the corresponding gluconate salts. 

Addition to flux media of the weak acid salt sodium butyrate (40 mM) was in equimolar 

substitution for Na cyclamate. Addition of NH4Cl (20 mM) was in equimolar substitution 

for NaCl. In pH dependence experiments, 5 mM HEPES was replaced on an equimolar basis 

with a biological buffer of appropriate pKa: pH 5.0, MES; pH 6.0, MES; pH 7.0, HEPES; 

pH 8.0, HEPES; pH 9.0, CHES (pH adjusted with NaOH or HCl). Hypertonic solutions 

were formulated by addition of sodium chloride, sodium glutamate or mannitol as described, 
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and osmotic strength was measured by freezing point depression (Osmette A, Precision 

Systems Inc., Natick MA).

Bath volume was 150 μl and bath [Cl−] was 103.6 mM, except as indicated in experiments 

conducted in hyperosmolar conditions. 0.25 μCi 36Cl− (ICN, Irvine, CA) was included in 

each well. Influx experiments were terminated with 3 washes in cold Cl−-free ND96, 

followed by oocyte lysis in 150 μl of 2% sodium dodecyl sulfate (SDS). 2 ml scintillation 

fluid (SX-18 ScintiVerse, Fisher) was added to each lysed oocyte, and radiation uptake was 

measured in a PerkinElmer Tri-Carb scintillation counter. Triplicate 10 μL aliquots of initial 

influx solution were used to calculate 36Cl− specific activity. Cl− uptake by oocytes was 

calculated by comparing oocyte cpm to bath specific activity.

Isotopic efflux experiments

For unidirectional 36Cl− efflux studies, individual oocytes in Cl−-free ND-96 were injected 

with 50 nl of 260 mM Na36Cl (20,000–24,000 cpm). Following a 5 min recovery period in 

Cl−-free ND-96, the efflux assay was initiated by transfer of individual oocytes to 6 ml 

borosilicate glass tubes, each containing 1 ml efflux solution as specified. At intervals of 1 

or 3 min, 0.95 ml of this efflux solution was removed for scintillation counting and replaced 

with an equal volume of fresh efflux solution. Following completion of the assay with a final 

efflux period either in Cl−-free cyclamate solution or in the presence of the inhibitor DIDS 

(200 μM), each oocyte was lysed in 150 μl of 2% SDS. Samples were counted for 3–5 min 

such that the magnitude of 2SD was <5% of the sample mean.

To vary pHi, oocytes were pre-exposed to 40 mM Na butyrate (substituting for Na 

cyclamate) for 30 min prior to initiation of an efflux experiment, to acidify oocyte pHi to pH 

~6.7.57 Upon removal of bath butyrate (with substitution by Na cyclamate) during the course 

of the efflux experiment, pHi rapidly alkalinized back towards initial pHi while pHo 

remained constant. Variation of pHo was achieved at near-constant pHi. Some oocyte groups 

were exposed to 20 mM NH4Cl during the course of efflux experiments, acidifying pHi to 

pHi 7.1–7.0.58

Efflux data were plotted as ln (% cpm remaining in the oocyte) vs. time. Efflux rate 

constants for 36Cl− were measured from linear fits to data from the last 3 time points 

sampled within each experimental period. For each experiment, water-injected or uninjected 

oocytes from the same frog were subjected to parallel measurements with cRNA-injected 

oocytes. Each experimental condition was tested in oocytes from at least 2 frogs. The 

following 2 exclusion criteria were defined for “non-specific” efflux or “leaky” oocytes in 

efflux experiments. One was <50% reduction in efflux rate constant in the presence of DIDS 

or in the absence of exchangeable bath anion. The second was loss of >85% of injected 

isotope prior to completion of the efflux assay.

Immunocytochemistry

MDCKII cells were plated on glass coverslips and transfected (Altogen Biosystems MDCK 

Transfection Reagent Kit) per manufacturer’s instructions. After 48 h cells on coverslip were 

fixed with 3% PFA in PBS for 30 min at room temperature (RT), then permeabilized with 

PBS + 0.1%(v/v) Triton X-100 for 15 min at RT, and blocked with PBS containing 2% BSA. 

Jobst-Schwan et al. Page 11

Kidney Int. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Primary antibodies used were rabbit polyclonal anti-mouse AE2 directed against C-terminal 

aa 1224–123759–61 and mouse monoclonal anti-HA tag (Cell Signaling), each overnight at 

4°C at 1:2000 dilutions, then for 1 h at RT with secondary Cy3-conjugated goat anti-rabbit 

Ig or goat anti-mouse Ig (each at 1:1000 dilution).

Statistics

Data are reported as mean ± SE. Flux data were compared by Student’s paired or unpaired 

2-tailed T tests (Microsoft Excel), or by ANOVA with Tukey post-hoc analysis (SigmaPlot). 

pH dependence data were fit to a 4-parameter Hill equation in SigmaPlot 8.0.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Translational statement

Distal renal tubular acidosis (dRTA) causes metabolic acidosis, electrolyte imbalance 

and, if untreated, renal failure by mutations in 3 classical genes. We performed panel 

sequencing and/or whole exome sequencing in 17 dRTA families to identify novel 

genetic causes. In 10 families a molecular diagnosis in 1 of the 3 classical genes was 

established and in 4 families a dRTA candidate mutation (ATP6V1C2, WDR72, 
SLC4A2) was identified. Functional studies confirmed ATP6V1C2 as a candidate gene, 

but excluded SLC4A2. Furthermore, we generated further evidence for a phenotypic 

expansion for WDR72 mutations from amelogenesis imperfecta to dRTA. Thus, in future, 

APT6V1C2 and WDR72 mutations should be included in genetic testing for dRTA 

patients.
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Figure 1: Flow Diagram for gene detection by panel sequencing and whole exome sequencing of 
likely causative monogenic mutations leading to distal renal tubular acidosis (dRTA), and 
candidate genes in 17 families.
By panel sequencing 10 families were tested for 3 known dRTA genes. Among those 10 

families, 3 families were “unsolved” and assessed for whole exome sequencing, together 

with 7 additional families. A likely causative mutation in a known gene was detected in 10 

families (59%) and in 4 families mutations indicating novel candidate dRTA genes were 

discovered.
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Figure 2: Whole exome sequencing in 4 families with dRTA identifies potentially disease-causing 
recessive mutations in 3 genes, ATP6V1C2, WDR72, and SLC4A2, that are expressed in 
intercalated cells.
Exon structure and protein domains of human ATP6V1C2 (A), WDR72 (B), and SLC4A2 
(C) cDNA. Positions of start codons (ATG) and stop codons (TAA, TGA) are indicated. 

Exon numbers are marked on a black or white background. Protein domain lengths are 

indicated by the colored boxes. Mutation positions are indicated by black arrows in relation 

to the exon and the protein domain (see also Table 1). Chromatograms of recessive 

mutations identified in dRTA patients are indicated under each protein domain diagram. A-
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C. Black arrowheads or red highlights denote altered nucleotide. CLUSTAL-generated 

amino acid sequence alignments of ATP6V1C2 and SLC4A2 orthologs are shown for the 

regions surrounding sites of missense mutation (A, C). (D) Single cell type specific average 

expression of dRTA genes. Data was modified from Park et al.24 The heat map is based on z-

scores. Each column represents a cell type and each row represents one gene. aa: amino 

acid; bp: base pairs. Endo Endothelium, Podo Podocytes, PT proximal tubule, LOH loop of 

Henle, DCT distal convoluted tubule, CD-PC collecting duct - primary cells, CD-IC 

collecting duct - intercalated cells.
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Figure 3: vma5 (I178T) mutants display a growth defect and reduced V-ATPase activity.
(A) Structure of V-ATPase (modified from12) including a peripheral domain (V1) important 

for ATP hydrolysis and an integral domain (V0) responsible for proton translocation. The V1 

domain includes A and B subunits in a hexameric arrangement connected to the V0 domain 

via peripheral stalks comprising subunits C, E, G, H and the N-terminal domain of subunit a. 

The V0 domain includes a ring of proteolipids (c) adjacent to subunits a and e. (B) 3 

independent isolates (9, 11, 15) containing the I178T vma5 mutation fail to grow on YEPD, 

pH 7.5, CaCl2 plates, whereas no growth loss was evident on YEPD, pH 5 plates. (C) Mean 

Jobst-Schwan et al. Page 20

Kidney Int. Author manuscript; available in PMC 2021 March 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



concanamycin A-sensitive V-ATPase activity in vacuolar vesicles from WT and vma5 I175T 

mutants (n=3 for each, error bars represent S.E.) (D) The levels of both membrane-bound 

(vacuolar V0 subunit a, Vph1) and peripheral V1 subunits (A, B, and C) were visualized by 

immunoblot and normalized to mature ALP (mALP), a vacuolar membrane protein. mALP 

runs as 2 bands as in the wild-type sample. If V-ATPase activity and therefore, vacuolar 

proteolytic activity, is reduced, a third higher molecular weigth pro-ALP band (pALP) 

appears, which is present in the mutants. The levels of Vph1 were similar in vacuolar 

vesicles prepared from 3 different mutant strains compared to WT (ns, P=0.94), but the level 

of the Vma5 protein was reduced (***, P ≤ 0.001), as were the levels of the V1 subunits, A 

(**, P ≤ 0.01) and B (*, P ≤ 0.05).

(E) V1 subunits (A, B, and C) were measured via immunoblot in yeast whole cell lysates of 

WT and 3 different mutant strains and normalized to PKC as loading control. Levels of the 

C subunit are reduced in the mutant strains (**, P ≤ 0.01).
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Figure 4: Patients with WDR72 mutation, dRTA and amelogenesis imperfecta.
Pedigree structure of family F382 (A) and B2673 (C). (B, D) show enamel defects in patient 

II:5, F382 and patient II:1 and II:2, B2673. het, heterozygous; hom, homozygous.
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Figure 5. Indistinguishable peripheral membrane localization in MDCK monolayers and 
indistinguishable rates and regulation by extracellular pH of 36Cl−/HCO3

− and 36Cl−/Cl− 

exchange in oocytes expressing hAE2 and hAE2 variant A703T.
(A, B) MDCKII cells plated at high density on glass cover slips were transiently transfected 

with hAE2 or hAE2 A703T, and immunostained with a rabbit anti-AE2 primary antibody 

and goat anti-rabbit Cy3-conjugated secondary antibody. Nuclei are DAPI-stained. (C, D) 
Same experiment as in (A, B) showing MDCKII cells transiently expressing hAE2-HA or 

hAE2 A703T-HA, stained with anti-HA primary antibody. Wildtype and variant 

polypeptides both exhibited prominent peripheral membrane localization. Shown are 

representative images from one of 3 identical experiments with similar results; scalebars 20 

μm. (E) 36Cl− efflux traces from representative individual oocytes previously injected with 2 

ng cRNA encoding hAE2 or hAE2 A703T, or from an uninjected oocyte, during sequential 

exposure to baths containing nominally impermeant Na cyclamate (96 mM), Na cyclamate 

(72 mM)/bicarbonate (24 mM), and NaCl (96 mM), followed by final addition of the AE2 

inhibitor, DIDS. (F) 36Cl− efflux rate constants for Cl−/HCO3
− and Cl−/Cl− exchange by 

oocytes expressing hAE2 (n=6) or variant hAE2 A703T (n=6), compared to uninjected 
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control oocytes (n=3). Values are means ± S.E.M. (G) 36Cl− efflux traces from 

representative individual oocytes previously injected with 2ng cRNA encoding hAE2 or 

hAE2 A703T cRNA, or from an uninjected oocyte, during sequential exposure to baths of 

the indicated increasing pH values. (H) Normalized 36Cl− efflux rate constants for oocytes 

expressing hAE2 and for hAE2 A703T, both fit to a single sigmoidal curve yielding pHo(50) 

values of 7.19±0.04. Means ± S.E.M. for 5 oocytes in each group.
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