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A novel SLC4A1 variant in an autosomal dominant distal renal
tubular acidosis family with a severe phenotype
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Abstract Mutations in SLC4A1, encoding the chloride-
bicarbonate exchanger AEl, cause distal renal tubular
acidosis (dRTA), a disease of defective urinary acidificat-
ion by the distal nephron. We searched for SLC4Al gene
mutations in six patients from a Chinese family with a
severe phenotype of dRTA (growth impairment, severe
metabolic acidosis, with/or without gross nephrocalcinosis
and renal impairment). All coding regions of kidney iso-
form of AEl, including intron—-exon boundaries, were
analyzed using PCR followed by direct sequence analysis.
A novel 1-bp duplication at nucleotide 2713 (c.2713dupG,
band 3 Qingdao) in exon 20 of SLC4A1 in this family was
identified by direct sequencing analysis. This duplication
alters the encoded protein through codon 905, and results in
a reading frame for 15 extra condons (instead of 8) before
the new stop condon at position 919 (p.Asp905Glyfsl5).
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We suggest that RTA should be considered as a diagnostic
possibility in adult subjects with nephrocalcinosis and
chronic renal insufficiency, and family survey should be
carefully performed.
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Introduction

Distal renal tubular acidosis (dRTA) results from the
impaired secretion of hydrogen ions from the distal neph-
ron, causing metabolic acidosis, often with hypokalemia,
nephrocalcinosis, and/or nephrolithiasis. dRTA is mainly
caused by autoimmune and/or systemic disease, or by
drugs. Inversely, hereditary dRTA is rare. Both autosomal
dominant and autosomal recessive (with deafness or pre-
served hearing) inheritance patterns have been reported in
primary dRTA [1-17]. Recessive dRTA (rdRTA) was
mainly reported in the studies of patients from Southeast
Asia; however, dominant dRTA (ddRTA) was predomi-
nantly described in Caucasian. The spectrum of clinical
severity is very wide, ranging from compensated mild
acidosis, absence of symptoms, and the incidental finding
of stones and/or renal tract calcification to major effects in
infancy with severe acidosis, impaired growth, and early
nephrocalcinosis causing eventual renal insufficiency. In
general, patients with rdRTA display a severe phenotype
than do those with dominantly inherited disease [18].

The physiology of distal tubular function is complex and
remained somewhat elusive until recently. It is now clear
that at least three molecules of the «-intercalated cell play
an important role in the distal renal tubular acidification
function [18]. Cytoplasmic carbonic anhydrase II (CA II)
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catalyzes the hydration of carbon dioxide to carbonic acid,
which dissociates to form bicarbonate (HCOs;™) and
hydrogen ions (HY), the latter being secreted into the
tubule through the action of H*-ATPase on the apical
membrane of the a-intercalated cells in the renal collecting
duct. The HCO5;™ generated by this process is transported
across the basolateral membrane through the anion
exchanger 1(AE1), a HCO; /Cl™ AE. Defects of each of
the three molecules (CA II, H"-ATPase, and AEl) will
lead to destruction of normal distal tubular acidification
function. Mutations in AE1 have been reported as the sole
genetic cause of autosomal ddRTA (MIM#179800) and
also rarely cause autosomal rdRTA [1-8, 12-17].

AE1 (also known as erythrocyte band 3) is a 911 amino
acid membrane protein encoded by SLC4A1 (MIM 109270)
located on chromosome 17q21-q22 presenting 20 exons
[19-21]. AEI comprises two main domains: a 40-kda NH,-
terminal cytoplasmic domain, which anchors the membrane
to the red cell skeleton, and a 55-kda COOH-terminal
membrane-associated domain, which carries out anion
exchange. The short cytoplasmic COOH-terminal tail binds
carbonic anhydrase [22, 23]. A renal form of AEl (kAEl),
truncated at the NH2-terminus, is expressed in the baso-
lateral membrane of the «-intercalated cells of kidney col-
lecting ducts and is involved in acid secretion [21].

Several mutations in the SLC4AI gene have been found
associated to different diseases, e.g., hereditary spherocy-
tosis, Southeast Asian ovalocytosis, chorea-acanthocytosis,
and familial dRTA [24], thus demonstrating that the effects
of SLC4A1 mutation are dependent on type and location.
Three kinds of mutations have been reported in COOH-
terminal of AE1, two of them (Walton and Dourados) were
related with dRTA [12, 13], another (Vesuvio) was asso-
ciated with hereditary spherocytosis but not with dRTA
[24]. Herein, we report a novel COOH-terminal variant in a
Chinese ddRTA family with a severe phenotype.

Subjects and methods
Patients

Kindred-RTA, A 68-year-old man (Proband, Fig. 1, Ia)
was admitted to our hospital with the diagnosis of urinary
system infection 5 years ago. He has a remarkable medical
history of persistent hypokalemia (serum potassium: 2.3—
3.5 mM) and calculus voiding. The biological workup
performed confirmed mild hypokalemia, with a potassium
level of 3.3 mM, in association with acidosis (plasma
bicarbonate 18.2 mM), and inappropriate alkaline urine
(pH 6.5) after hospitalization. His elevated serum creati-
nine levels (228 uM) demonstrated the existence of
marked renal impairment and ultrasonography-revealed
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Fig. 1 Pedigree of the kindred wth dRTA. Males and females are
indicated by squares and circles, respectively. An affected individual
is indicated by filled symbols

Fig. 2 Plain abdominal radiograph of patient IId. Nephrocalcinosis
and enlarged volume of both kidneys

evidence of nephrocalcinosis in both kidneys. He received
hemodialysis treatment as a result of renal failure 3 years
later.

A son of the proband (Fig. 1, IId) visited our department
of nephrology to seek medical help for poor appetite and
weakness 3 years ago. He suffered recurrent problems with
renal stones and chronic hypokalemia in previous medical
history. Severe decrease in renal function and nephrocal-
cinosis was found in further investigation (Fig. 2). Despite
partial recovery of his renal function by treatment, he
finally required dialysis half of a year later. Two years ago,
he received an allograft from a donor. He remained well
since transplantation and his electrolyte disturbances
completely restored (serum creatinine 89 uM, K* 4.2 mM,
CO,CP 26 mM).

In view of the similar medical history and clinical fea-
tures shared by the father and one of his descendants, a
possible hereditary renal disease was considered and a
search for a familial disease was started. Written informed
consent was obtained from all individuals of the family
participating in the study, which was approved by the
Ethics Committee of the affiliated hospital of Qingdao
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Table 1 PCR primers for directed sequencing analysis of the renal isoform of AE1

Exon Forward primer (5'-3') Reverse primer (5'-3') Product (bp)
4 CACAGTGGATGGTGAAGAGCC GCATGGGAAAGAACGGAGG 166

5,6 GTTGGGAGATAAGGGAGTGGT TTTCAAGGTGTCAGAGATGGG 722

7 TCCTTCCATCCCAGGGTCTCT CCCATTCTCGCTTCCCAACT 439

8,9 GAGAGTTGGGAAGCGAGAATG GGGTCAAACCAGTGAACCTAAAG 622

10 TGCCTGAGGGGGTTCTGG GAGGTGTCTGGGGGTCGG 367

11 TCAGACAATCTCCCCTACACCC ATTTCCAGGAGCCCATAGAGC 422

12, 13 GTGCCAATACCTGTCTCCCTAAC CAGTCTTATACACAACCTCCCGTG 683

14, 15 GGTAGAGTTAGCTGGTGGTATTTTC GAAAGCTATTCTAGGGAAGGGG 805

16 CCCAAGTGCCTCCAACCTAAC ATACAACTTCTGGTCCCACAAAAC 463

17 GAGAAGGAAGGAGGGGGTGGAG CTGGGGAGATGTGGGGAAGTGG 457

18, 19 ATGGTGCCTGTGTTTTATTCCC CCCCAGACTTTACCCATGACTCT 632

20 TGCCTCTCACTTTGACAACGAC GGTGCCCATGAACTTCTGCTT 346
Annealing temperature for all exons is 58°C

University School of medicine. Complete metabolic eval- (IIld and 1IIle) had inappropriately alkaline urine

uation and study of renal tubular acidification function was
performed in the other first-degree relatives of the patient
IId (Fig. 1). Their erythrocytes morphology was examined
by peripheral blood films (Wright stain). Brainstem elec-
tric-response audiometry was used to assess the auditory
function.

Mutation analysis

Genomic DNA was extracted from peripheral blood of the
proband and their family members by the GenElute blood
genomic DNA kit (Sigma, NA2010). Twelve pairs of oli-
gonucleotide primers were generated to amplify all coding
exons (from exons 4 to 20) and flanking intronic regions of
the renal isoform of AE1 (Table 1). PCRs were performed
in 50 pl of solution containing 0.2 mM dNTP, 0.03 U/ul
Taq polymerase (Takara EX Taq Hot start version,
DRRO06B), 2.0 mM MgCl,, 2.5 ul 10x PCR Mg**-free
buffer (Takara), approximately 50 ng genomic DNA and
1 mM of each primer. PCR was performed with an initial
denaturation step at 95°C for 5 min, subsequently followed
by 33 cycles with denaturation at 95°C for 45 s, annealing
at 58°C for 45 s and elongation at 72°C for 45 s. PCR
samples were subjected to bidirectional sequencing. The
sequence reactions were run on an ABI Prism 3730 DNA
Analyzer (Applied Biosystems).

Results

As outlined in Fig. 1 and Table 2, four other members (Ila,
ITe, I11d, and Ille) were found to have abnormality of acid-
base metabolism and renal tubular acidification function
besides patients Ia and IId. Among of them, both cousins

(pH > 6.4) in the presence of systemic metabolic acidosis
(CO,CP < 18 mM) with normal renal function, and their
urinary excretion of NH,*, titratable acid, and bicarbonate
was low. All the metabolic features of both cousins sug-
gested the diagnosis of dRTA. In the meanwhile, other two
cases in the kindred (the sister Ila and brother Ile) also
presented classic features of dRTA, e.g., metabolic acido-
sis, hypokalemia, nephrocalcinosis, and inappropriate
alkaline urine; meanwhile, both of them had moderate
chronic renal insufficiency. By reanalysis, it became clear
that the primary disease of patients Ia and IId should be
dRTA, which led to nephrocalcinosis and progressive renal
impairment, eventually requiring dialysis. With the com-
bination of pedigree analysis (Fig. 1), the diagnosis of
autosomal ddRTA in the kindred established. The promi-
nent features in this family were growth impairment (short
stature in four cases and thrive failure in two cases), gross
nephrocalcinosis, and renal insufficiency (four of six
patients), but no bone disease. All subjects did not have
hearing loss, and red cell morphology was normal by
Wright stain.

Administration of sodium citrate, potassium citrate, and
citric acid corrected metabolic acidosis and hypokalemia in
all patients, and restored normal growth in both cousins;
the increase in their height (IIld and IIle) was 18 and
20 cm, respectively, in 2 years. Additionally, the renal
function and electrolyte metabolism of transplant recipient
IId still kept normal without requirement of citrate therapy
so far.

By direct sequencing analysis, a novel 1-bp duplication
at nucleotide 2713 (c.2713dupG, Fig. 3) in exon 20 of
SLC4A1 in the proband and all the other five patients was
identified. This duplication alters the encoded protein
through codon 905, and results in a reading frame for 15
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Table 2 Clinical features and laboratory findings in six cases of the family with dRTA
Patient with dRTA Ia IIa IId Ile 1I1d IIle
Age (years)” 67 44 41 37 7 4
Sex Male Female Male Male Male Female
Height (cm) 165 (170)° 145 (159)° 158 (170)° 157 (170)° 112 (124)° 91 (101)°
Blood gas analysis and biochemical data
pH 7.30 7.31 7.09 7.28 7.26 7.25
K* (mmol/l) 33 34 3.1 3.7 39 4.02
Na*t (mmol/l) 147 141 145 144 142 141
ClI™ (mmol/l) 108 107 95 105 113 110
CO,CP (mmol/l) 18.2 18 4.5 17 17 16
Ca*" (mmol/l) 2.38 241 2.32 2.37 2.53 243
Cr (pmol/l) 228 97 971 230 59 68
GFR (ml/min)* 27 58 6 29 142 136
Acidification parameters
pH 6.5 6.7 6.8 7.0 7.2 7.7
NH, (nEqg/min) ND 20.1 ND ND 13.4 15.8
HCO; (mmol/l) ND 4.2 ND ND 32 2.9
Titratable acid (LEq/min) ND 6.7 ND ND 54 6.3
Imaging check
Nephrocalcinosis + + + + — -
Nephrolithiasis + + + + — -

Cr creatinine, GFR glomerular filtration rate, ND no data

% Age at initial visit to our hospital

° Values in parentheses refer to the mean height values in Chinese adults and children

¢ GFR was estimated by simplified MDRD equation for adults, and Schwartz equation for children

extra condons (instead of eight) before the new stop con-
don at position 919 (p.Asp905Glyfsi5, Fig. 3). Direct
sequencing analysis failed to find this mutation in other 11
healthy members of this family and 100 unrelated healthy
subjects. We named this mutation Qingdao (Band 3
Qingdao) in reference to the area of origin of the kindred of
dRTA.

Discussion

In this investigation, the similar clinical course observed in
the father and one of his children urged us to seek a genetic
cause of the disorder. Although the phenotype of the pro-
band and his children was modified by metabolic distur-
bance of renal failure, both young cousins showed typical

Fig. 3 Sequencing A
chromatogram and schematic Normal: CGGGATGAATACGACGAAGTGGCCATGCCTGTGTGAGGGGCGGGCCCAGGCCE TAG!
Mutant: CGGGATGAATACGGACGAAGTGGCCATGCCTGTETGAGGGGCGGGCCCA c‘.occcr.g

diagram of translation. a A
novel SLC4A1 mutation
(c.2713dupG, Qingdao)
identified in patients with
dRTA. The duplicated
nucleotide of guanine is marked
with asterisk. b Presumed
translation of normal and
mutant SLC4A1 cDNA
sequence

Codon:
cDNA:

901 2 3

e

Presumed translaion of normal sequence
4 5
CGG GAT GAA TAC GAC GAA GTG GCC ATG CCT GTG TGA
Protein: Arg Asp Glu Tyr Asp Glu Val Ala Met Pro Val ...

6 7 8 9 10 911

Presumed translaion of mutant sequence

Codon:
cDNA:

901 2 3

4 5
CGG GAT GAA TAC GGA CGA AGT GGC CAT GCC TGT GTG AGG GGC GGG CCC AGG CCC TAG

6 7 8 9 10 911 12 13 14 15 16 17 918

Protein: Arg Asp Glu Tyr Gly Arg Ser Gly His Ala Cys Val Arg Gly Gly Pro Arg Pro ...
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clinical features of dRTA, which facilitated the diagnosis
of primary causes in this family. Complete dRTA with
severe phenotype, such as growth impairment, severe
metabolic acidosis, with/or without gross nephrocalcinosis
and renal impairment, were detected in six members of the
kindred. However, though not invariably, patients with
ddRTA usually display a mild phenotype [3, 18]. The
severe phenotype may contribute to the delay or neglect of
treatment, and meanwhile may be partially related to the
genotype. We suggest that dRTA should be considered as a
diagnostic possibility in all cases with nephrocalcinosis and
chronic renal insufficiency, and family survey should be
further performed.

Even though there have been advances in understanding
the etiology and pathogenesis of RTA in the recent years
[1-18], the possibilities and strategies for its management
remained almost the same. The main therapy to treat dRTA
is still an oral administration of citrate and citric acid,
which is usually sufficient to reverse most of the bio-
chemical abnormalities, leading to the resumption of nor-
mal growth through repair of normal growth hormone-IGF
axis’ action [25, 26]. Additionally, therapy with citrate, by
complexing calcium in urine or in renal tissue, might
diminish renal stone formation and deposition of insoluble
calcium salts in the kidneys [27-29].

In this study, six members with dRTA from a family
shared a novel 1-bp duplication (band 3 Qingdao) in exon
20 of AEI gene, resulting in a reading frame from condon
905 to a new stop codon at position 919. Three mutations
in the COOH-terminal tail, specifically in exon 20, were
reported to be associated with dRTA so far. Karet et al. [3]
were the first to identify a 13-bp duplication in tandem
sequence extending from the second base in codon 8§96 to
the second base in codon 900 in two brothers with dRTA
and nephrocalcinosis. Toye et al. [12] reported the presence
of dRTA and NC in two brothers who shared the same
mutation described by Karet et al. and an additional dele-
tion of 9-bp over the sequence that would have coded for
amino acids Tyr904-Glu906 of normal AEI. Either above-
mentioned mutations resulted in a premature termination
codon at position 901, truncating the protein in the last 11
amino acids, and considered as band 3 Walton. More
recently, Cheidde et al. reported two affected brothers with
completed dRTA and NC and their father with incompleted
dRTA and nephrolithiasis shared a 20-bp deletion (band 3
Dourados) in exon 20 of AEI, resulting in a premature
termination codon at position 889, truncating the protein by
23 amino acids [13].

The structure and function of the short COOH-terminal
cytoplasmic tail of AE1 have not been well elucidated.
Transport studies by Toye et al. demonstrated that band 3
Walton was able to reach the cell surface of erythrocytes
and oocytes, but retained intracellularly within the kidney

cells [12]. The results indicate that the COOH-terminal tail
of AELI is required to allow movement to the cell surface in
kidney cells. We propose that band 3 Qingdao may,
through the same mechanism as band 3 Walton, led to
destruction of normal distal renal tubular acidification.
Another disturbed mechanism caused by band 3 Qingdao
may be the lack of proper CA II binding. Since the mutated
region is close to the critical binding sites (D887ADD) [23]
of AE1, we could not completely exclude the possibility
that CA II binding is interrupted by conformation changes
(such as by a new disulfide bond formation through
Cys911) of AEI caused by band 3 Qingdao, disturbing the
cell capacity for bicarbonate transport. However, this pre-
sumption requires further study in vitro to confirm.
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