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Abstract: Autosomal recessive distal renal tubular acidosis is usually a severe disease of 

 childhood, often presenting as failure to thrive in infancy. It is often, but not always, accompanied 

by sensorineural hearing loss, the clinical severity and age of onset of which may be different 

from the other clinical features. Mutations in either ATP6V1B1 or ATP6V0A4 are the chief 

causes of primary distal renal tubular acidosis with or without hearing loss, although the loss 

is often milder in the latter. We describe a kindred with compound heterozygous alterations 

in ATP6V0A4, where hearing loss was formally diagnosed late in both siblings such that they 

missed early opportunities for hearing support. This kindred highlights the importance of routine 

audiologic assessments of all children with distal renal tubular acidosis, irrespective either of 

age at diagnosis or of which gene is mutated. In addition, when diagnostic genetic testing is 

undertaken, both genes should be screened irrespective of current hearing status. A strategy 

for this is outlined.
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Introduction
Autosomal recessive distal renal tubular acidosis (dRTA) is usually a severe disease 

of childhood, which most often presents as failure to thrive in infancy or systemic 

upset, with vomiting and/or dehydration in the context of intercurrent illness. The 

fundamental defect in dRTA is an inability of the kidneys to remove the daily meta-

bolic load of excess nonvolatile acid, which is necessary to maintain normal systemic 

pH close to 7.4. Although both proximal and distal nephron segments are involved 

in the strict homeostatic control of acid-base balance, fine regulation falls to the 

 collecting duct, where a combination of urine acidification and bicarbonate generation 

is carried out by alpha-intercalated cells. Functional failure of this cell type leads to 

the cardinal features of normal anion gap metabolic acidosis accompanied by inap-

propriately alkaline urine (always .5.5). Prior to treatment, dRTA is almost always 

accompanied by hypokalemia, calcification of the renal tract (either nephrocalcinosis, 

stone formation, or both), and metabolic bone disease.1 The exact mechanism for the 

hypokalemia is unclear. Secondary activation of the renin/aldosterone system as well 

as increased potassium secretion to maintain electrical neutrality have been postulated 

as the responsible mechanisms. Hypocitraturia, together with alkaline urinary pH, is 

believed to be responsible for the renal tract calcification. Urinary citrate is low in 

dRTA because citrate reabsorption by the proximal tubule is upregulated to provide 

new bicarbonate. Long-standing acidosis leads to bone thinning, which presents as 

rickets in children. In addition, some, but not all, patients with recessively inherited 
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dRTA have progressive bilateral sensorineural hearing loss 

(SNHL).2 Failure of pH homeostasis in the cochlea is believed 

to be the responsible mechanism.

Many of the problems associated with dRTA can be 

minimized by prompt diagnosis and treatment, usually with 

alkali therapy, such as potassium citrate. However, although 

this serves to correct the biochemical abnormalities, improve 

health, and reduce the incidence and/or progression of 

renal tract calcification, rickets, and hypokalemic muscle 

weakness,3,4 it cannot prevent the onset or progression of 

SNHL,5 probably because of the anatomic isolation of the 

cochlea.

Aside from the very few affected kindreds from South 

East Asia segregating two mutations in SLC4A1 (encod-

ing the chloride bicarbonate exchanger AE1), all reported 

mutations associated with recessive dRTA affect one of two 

genes, ie, ATP6V0A4 or ATP6V1B1.6–9 These genes encode 

the a4 and B1 subunits of H+-ATPase and, of the major 

organs, both are expressed only in the kidney. H+-ATPases 

are multisubunit pumps that are essential for the acidification 

of various intracellular compartments, as well as pumping 

protons across the plasma membranes of a number of differ-

ent cell types. In addition to the distal renal intercalated cell, 

the function of which is summarized above, these cell types 

include cells in the inner ear, osteoclasts, and male genital 

tract.6,8,10 The H+-ATPase located at the apical surface of renal 

intercalated cells is the one containing a4 and B1 subunits, 

rather than their ubiquitously expressed counterparts a1 

and B2 (Figure 1). Hence, individuals who have inherited 

mutations in either ATP6V0A4 or ATP6V1B1 are unable 

to acidify urine, leading to often severe acidosis with arte-

rial pH , 7.2.6–8 Initial studies suggested that mutations in 

ATP6V1B1 resulted in recessive dRTA with SNHL, whereas 

mutations in ATP6V0A4 allowed for preserved hearing.6,7 

Subsequently, a4, like B1, was found to be expressed within 

the inner ear, and mutations in ATP6V0A4 are now known 

to occur in some recessive dRTA kindreds with SNHL.8,9 

The kindred investigated here highlights the importance of 

routine audiologic assessments of all children with recessive 

or apparently sporadic dRTA, irrespective either of age at 

diagnosis or of which gene is mutated. In addition, when 

diagnostic genetic testing is undertaken, both the H+-ATPase 

genes should be screened, irrespective of current hearing 

status. A strategy for this is outlined.

Case reports
A 14-year-old girl and her younger brother, from a family 

of Armenian–Turkish descent, were referred for genetic 

 investigation of dRTA with bilateral SNHL. The initial clini-

cal scenario has been described elsewhere.2 Briefly, a febrile 

episode with weight loss and hypokalemic metabolic acidosis 

at 10 weeks of age in the index case prompted the diagnosis 

of dRTA by a pediatrician. Her brother presented with a 

similar biochemical picture at five months, but with growth 

retardation. The kindred was defined as recessive because both 

parents were clinically and biochemically unaffected, were not 

related, but had two affected offspring. Once the diagnoses of 

dRTA were confirmed, systemic alkali therapy and potassium 

supplementation were commenced in both children. Both have 

grown to just below the 10th percentile, which approximates 

parental height. Nephrocalcinosis is not prominent in either.

In both these children there were features suggestive of 

hearing impairment from an early age. It was noted that the 
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Figure 1 The distal nephron apical H+ATPase. Although the multisubunit H+ATPase 
is ubiquitously expressed, a specialized version is found at high density at the apical 
(urinary) surface of intercalated cells, mostly in the collecting duct. A) This type 
of pump is studded along the plasma membrane in an electron micrograph of 
the turtle urinary system (image courtesy of Professor P Steinmetz). B) General 
structure of H+ATPases. In the kidney, the B and a subunits (hatched) are composed 
of the genetically distinct B1 and a4 forms, whereas generic intracellular pumps 
contain B2 and a1 subunits.
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girl progressively increased the volume of the television, 

radio, and her own speech, and that the boy had nasal speech, 

which results from impaired accuracy of palatal obstruc-

tion during the production of non-nasal sounds, leading to 

increased nasal resonance. Unfortunately, bilateral SNHL 

was not formally diagnosed using pure-tone audiometry 

until the ages of 10 and 13 years, respectively. At that time, 

otologic examination and radiologic investigation revealed 

no abnormalities of middle or inner ear structures. The SNHL 

of both children was thereafter managed using bilateral 

 hearing aids, in conjunction with communication and educa-

tion enhancement. The genetic basis for dRTA was not yet 

known during this period.

Genetic studies
Genetic studies were conducted with ethics committee 

approval and written informed consent from the parents. 

Because recessively inherited dRTA is genetically hetero-

geneous, simple analysis of possible linkage to either known 

locus was first conducted to try to exclude one or the other. 

Previously identified intragenic biallelic single nucleotide 

polymorphisms that function as restriction fragment length 

polymorphisms in ATP6V0A4 (three) and in ATP6V1B1 

(four) were used.8 Polymerase chain reaction-amplified 

products of the relevant exons were digested with appro-

priate enzymes (see Table 1) and resolved by agarose gel 

electrophoresis, and the resulting genotypes were used to 

construct haplotypes. Evidence for linkage to ATP6V0A4 

and/or ATP6V1B1 was considered likely if the haplotypes 

of the affected offspring were identical by descent, and 

 possible if identical by state.

As displayed in Figure 2A and B, linkage could not 

be excluded to either of these loci because the children 

were haploidentical at both (by state at ATP6V0A4 and by 

descent at ATP6V1B1). Therefore, both genes were screened 

Table 1 Details of restriction fragment length polymorphisms used in this study

Single nucleotide 
polymorphism 

Site Amino acid position 
and change

Enzyme PCR product sizes 
before → after digest (bp) 

ATP6V0A4
rs10258719 exon 3 A2V BgII 299 → 149 + 150
rs1026435 exon 16 F554F XcmI 262 → 157 + 105
rs3807154 exon 17 H604H BsaAI 323 → 174 + 149

ATP6V1B1
rs2266918 exon 2 S46S TspRI 282 → 123 + 159
rs967063 Intron 3 HpyCH4IV 470 → 237 + 233
* exon 6 e161 K AvaI 251 → 66 + 185
rs2072462 exon 10 R334R BstUI 267 → 120 + 147

Note: *ATP6V1B1 exon 6 single nucleotide polymorphism is novel.
Abbreviations: PCR, polymerase chain reaction; bp, base pairs.

for mutations by DNA sequencing of all coding exons and 

exon–intron boundaries. No sequence variations other than 

known single nucleotide polymorphisms were detected in 

ATP6V1B1. However, in both cases, the same two heterozy-

gous mutations were detected in exon 22 of ATP6V0A4; 

2308C . T (R770X) and 2420G . A (R807Q). Representa-

tive sequence traces are shown in Figure 2C. Only once has 

either mutation previously been identified in dRTA kindreds, 

in each case as a homozygous alteration in a single kindred.8,9 

DNA sequencing of both parents in the present family con-

firmed that the two mutations had been inherited in trans by 

both children (Figure 2C).

In codon 770, the replacement of an arginine residue with 

a premature stop codon that truncates the protein by 72 amino 

acids is likely to result in a loss of functional  protein. In codon 

807, the loss of positive charge by substitution of glutamine 

for arginine could alter protein structure or stability and 

therefore function, and we have shown elsewhere that a yeast 

model of this mutation results in dramatically lower protein 

levels.10

Discussion
dRTA is usually a severe disease of childhood, with a wide 

spectrum of clinical features. Hearing impairment is a com-

mon, but not invariant, accompaniment of recessive disease, 

occurring in about 80% of our initial genetically analyzed 

cohort.6–8 It is not found where SLC4A1 is the causative 

dRTA gene, because SLC4A1 is not expressed in the inner 

ear. Hearing loss may develop contemporaneously with, 

before, or much later than the systemic acidosis. There is 

also considerable variability in its severity, which may not 

mirror the course of the acidosis.6,8,9 In addition, widened 

vestibular aqueducts may occasionally be found on detailed 

cranial imaging.11,12 In this report, we present genetic findings 

in two siblings whose dRTA was diagnosed at an early age, 
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but where SNHL was not documented until later, even though 

some clinical features suggestive of hearing impairment were 

present from an early age. With improved surveillance, such 

children could have measures instituted to improve their 

hearing at a younger age, which might reduce the impact 

of SNHL on language, education, and social development, 

a point emphasized in previous reports but not necessarily 

routinely performed.13 Conversely, the situation may arise 

whereby hearing loss is observed but acidosis is mild and 

potentially missed.11 It is therefore prudent to consider dRTA 

among the differential diagnoses where SNHL is found in 

childhood or adolescence.

Both hearing aids and cochlear implants have been found 

to be successful in the management of SNHL in children 

with dRTA. For example, a study of children with severe 

to profound SNHL who received cochlear implants showed 

that they performed significantly better on tests of spoken 

language than those with hearing aids, but that hearing aids 

were equally as effective as implants in children where SNHL 

was only mild to moderate.14 However, given the surgical 

risks and potential adverse effects, cochlear implants are 

recommended in severe to profound SNHL only, or where 

hearing aids are no longer effective.

Because SNHL may not be clinically evident at the time 

of diagnosis of dRTA, and because it progresses despite treat-

ment, every child presenting with dRTA should be offered 

early and serial audiologic assessment. This kindred also 

has important implications for diagnostic genetic screen-

ing, because the early conclusion of an association between 

SNHL and one particular disease-causing gene6,7 has not 

been borne out by subsequent genetic investigation.8,9 Thus, 

in situations where diagnostic genetic screening is available, 

the hearing status of the child should not a priori influence 

a decision about which of the genes to screen. In addition, 

because mutations in ATP6V0A4 do not preclude children 

with dRTA from developing later SNHL, finding such muta-

tions should not preclude ongoing attempts to diagnose and 

treat any SNHL.
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Figure 2 Genotyping of kindred. Single nucleotide polymorphisms in A) ATP6V0A4 
and in B) ATP6V1B1 were subject to polymerase chain reaction amplification 
followed by specific restriction digestion, and this was used to assess linkage to both 
genes. Details of these single nucleotide polymorphisms are shown in Table 1. Filled 
symbols are affected individuals whereas unfilled symbols are unaffected individuals. 
Arrow denotes index case. C) Mutations in ATP6V0A4 were identified by DNA 
sequencing. Upper traces are representative of the heterozygous alterations in 
codon 770 and 807 in both children and one affected parent. Lower traces show 
wild-type sequences from the unaffected parent. Translation products of the sense 
strand are shown, with altered products in color. In codon 770, the C . T transition 
introduces a premature stop codon. In codon 807, the G . A transition results in 
the substitution of glutamine for arginine.
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