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Abstract Genetic disorders of excessive salt loss from
sweat glands have been observed in pseudohypoaldostero-
nism type I (PHA) and cystic fibrosis that result from
mutations in genes encoding epithelial Na+ channel
(ENaC) subunits and the transmembrane conductance regu-
lator (CFTR), respectively. We identified a novel autosomal
recessive form of isolated salt wasting in sweat, which leads
to severe infantile hyponatremic dehydration. Three
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affected individuals from a small Bedouin clan presented
with failure to thrive, hyponatremic dehydration and
hyperkalemia with isolated sweat salt wasting. Using
positional cloning, we identified the association of a
Glul43Lys mutation in carbonic anhydrase 12 (CA12) with
the disease. Carbonic anhydrase is a zinc metalloenzyme
that catalyzes the reversible hydration of carbon dioxide to
form a bicarbonate anion and a proton. Glul43 in CAI2 is
essential for zinc coordination in this metalloenzyme and
lowering of the protein—metal affinity reduces its catalytic
activity. This is the first presentation of an isolated loss of
salt from sweat gland mimicking PHA, associated with a
mutation in the CA12 gene not previously implicated in
human disorders. Our data demonstrate the importance of
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bicarbonate anion and proton production on salt concen-
tration in sweat and its significance for sodium homeostasis.

Introduction

Hyponatremia is the most common electrolyte abnormality
in clinical practice, and is the biochemical manifestation of
a variety of illnesses (Thompson 2010). Hyponatremia is
defined as a plasma sodium concentration of less than
135 mmol/L and occurs in 15-30% of hospitalized patients
(Thompson 2010; Upadhyay et al. 2006). In children, it is
usually associated with severe systemic disorders and is
most often due to (1) intravascular volume depletion, (2)
excessive salt loss or (3) hypotonic fluid overload, espe-
cially in infants. Genetic diseases resulting in excessive salt
loss from sweat glands include aldosterone insensitivity
syndromes of pseudohypoaldosteronism type I (PHA)
(Hanukoglu 1991; Chang et al. 1996) and cystic fibrosis
(CF [MIM 219700]) (O’Sullivan and Freedman 2009). We
previously distinguished between two major forms of PHA
(Hanukoglu 1991): A milder form of PHA [MIM 177735]
results from mutations in the mineralocorticoid receptor
gene (NR3C2, [MIM 600983]) (Geller et al. 2006); The
severe autosomal recessive inheritance [MIM 264350]
results from mutations in the genes encoding the three
subunits (SCNNIA [MIM 600228]; SCNNIB [MIM
600760]; SCNNIG [MIM 600761]) of epithelial sodium
channel (ENaC) (Edelheit et al. 2005, 2010). These PHA
forms are characterized by severe salt wasting from aldo-
sterone target organs including the sweat and salivary
glands, distal colon, respiratory tract and kidney. Patients
in early infancy present with severe hyponatremia, hyper-
kalemia, acidosis, dehydration with elevated sweat and
saliva electrolytes, renal salt loss and markedly elevated
aldosterone and plasma renin activity (Edelheit et al. 2005;
Hanukoglu et al. 2008).

In this report, we present patients of three nuclear con-
sanguineous Bedouin families from one clan who show
clinical and some biochemical features similar to those
observed in multi-system PHA; however, they differ from
aldosterone insensitivity syndromes and CF in many
aspects as described below. By positional cloning, we
identified a mutation in carbonic anhydrase 12 that leads to
the disorder. The data presented are consistent with a dis-
tinct clinical, biochemical and genetic entity.

Methods
Electrolytes levels in plasma and urine were measured at

the biochemical laboratory of Soroka Medical Center using
an Olympus ISE analysis device.
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Sweat test

Qualitative test using Wescor Macroduct device was per-
formed on all patients and family members. A positive test
was defined as Cl™ concentration higher than 50 mEq/L.
Subjects with positive qualitative test underwent further
quantitative sweat test. Sweat samples were collected by
the Gibson and Cooke pilocarpine iontophoresis quantita-
tive method. Chloride concentration was measured by
titration analysis.

Hormonal assays

Blood samples for serum aldosterone and plasma renin
were obtained in the morning while subjects were in a
supine position and on normal sodium diet unless otherwise
specified. Blood for plasma renin activity (PRA) was col-
lected in chilled EDTA-coated vials that were kept and
centrifuged at 4°C.

Aldosterone concentrations were measured by RIA
(DPC Coat-a-Count aldosterone kit, Diagnostic Products
Corporation, Los Angeles, CA). The sensitivity of the
assay was 1.1 ng/dl, intra-assay coefficient of variation was
3.4% and inter-assay coefficient of variance was 6.5%.
PRA was measured by an angiotensin I RIA kit (Diasorin,
Stillwater, MN). The sensitivity of the assay was 0.3 ng/ml
per h, intra-assay coefficient of variation was 5.4% and
inter-assay coefficient of variance was 7.1%.

Molecular analyses

Genomic DNA was extracted from white blood cells by
using standard procedures. Sequences of the coding exons
and intron—exon junctions of the o, f and y subunits of
ENaC were determined as described (Edelheit et al. 2005).

Genotyping was done using Affymetrix (Santa Clara,
CA) GeneChip® Human Mapping 250K Sty arrays. The
genotype calls were determined using Affymetrix Geno-
typing Console Software. Dedicated software (KinSNP)
was used to automatically search the microarray results for
homozygous regions consistent with linkage (Amir el et al.
2010). Linkage analysis of polymorphic markers in the
linkage interval and neighboring the CFTR gene was done
according to Parvari et al. (1998). In addition to testing
known polymorphic markers to confirm the linkage inter-
val, additional markers were developed and tested using the
Tandem Repeats Finder (Benson 1999) and PCR primers
designed with the “Primer3” Web site.

Two-point and multipoint Lod scores were calculated
using Superlink v1.4 at the PedTool server. Linkage ana-
lysis was performed assuming recessive inheritance with
99% penetrance and an incidence of 0.01 or 0.001 for the
disease allele in the population.
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RNA of lymphoblastoid cells was extracted using the
EZ-RNA 1I kit of Biological Industries (Israel) and cDNA
was synthesized by the Reverse-iT 1st Strand Synthesis Kit
(ABgene, UK), using 1.9 pg of RNA. A portion (1/20) of
the reverse transcription reaction was used for PCR
amplifications with specific primers. The cDNA coding
regions for the candidate genes: SLC24Al, RABSB,
RABIIA, HERCI and CAI2 were PCR amplified in over-
lapping fragments. The free PCR primers were digested by
a combination of shrimp alkaline phosphatase 0.6 and 6 U
Exonuclease I (both from Fermentas, Lithuania) and
directly sequenced on an ABI PRISM® 3100 DNA Ana-
lyzer using the BigDye™ Terminator v. 1.1 Cycle
Sequencing Kit (Applied Biosystems, Foster City, USA).
The primers that revealed the mutation in the CA/2 cDNA
were: forward primer: 5'-GCTCCTGCTGGTGATCTT
AAA-3', reverse primer: 5'-GAAATGATCAACAAC
TTCCGG-3'. PCR conditions were 40 cycles of 95°, 60°
and 72°. To verify the mutation on genomic DNA, the
following primers were used for exon 4: forward primer:
5'-GGAAAGGGAACATTCTCAGG-3', reverse primer:
5'-CCAGCAGCATCACTCAGTAAA-3'. PCR conditions
were as above. The verification of the prevalence of the
Glul43Lys mutation in CA/2 in the Bedouin population
was done by PCR amplification of the genomic DNA fol-
lowed by restriction analysis with Ecol30 I (Fermentas,
Lithuania) that cuts the mutated sequence, but not the
normal sequence.

Modeling the structural effect of the mutation

The crystal structure data of the wild-type CA12 (Whit-
tington et al. 2001) (atom coordinates) was taken from
RSCB PDB, ID.: 1JCZ. The putative structure of
Glul43Lys CA12 mutant was modeled using FoldX pro-
gram (http://foldx.crg.es/), version 3.0, using “Repair-
PDB” followed by “BuildModel” commands with options
set according to the recommended examples.

Results

Case reports

Three nuclear consanguineous Bedouin families from one
clan were identified (Supplementary Fig. 1, Table 1). The
patients were born after normal pregnancies and had nor-
mal birth weight.

Patient I11-4

A 1-month-old Bedouin baby boy was admitted to the
pediatric ward due to vomiting and diarrhea for 3 days. On

admission, signs of moderate dehydration and failure to
thrive (FTT) were noted. Laboratory findings showed
severe hyponatremia and hyperkalemia with normal blood
pH, but mildly reduced plasma bicarbonate. Urinary
sodium excretion and urinary Na/K ratio were low. Fluid
resuscitation with i.v. NaCl resulted in significant clinical
improvement. Hydrocortisone therapy was also initiated
with the presumed diagnosis of congenital adrenal hyper-
plasia. Both PRA and serum aldosterone level were ele-
vated, as was sweat chloride concentration (Table 1).
Endocrine investigations by basal and ACTH stimulation
testing ruled out adrenal insufficiency. After clinical
improvement was achieved, oral sodium chloride supple-
mentation (3.42 mEq/kg/day) was initiated resulting in
normalization of serum sodium, potassium, aldosterone
levels and PRA. The transtubular potassium concentration
gradient (TTKG) calculated as Ux/Blx X Blog,/Uosn at
3 months of age was 11.2 (normal values are >6 in
hyperkalemia (Choi and Ziyadeh 2008) when serum K+
levels were 5.4 mEq/L and blood osmolality was
279 mOsmol/L. Catch up growth was noted during follow-
up. At 6 years of age, the patient has been growing well,
but salt craving is still reported. Repeated sweat test
revealed high chloride secretion.

Patient III-5

A 4-month-old Bedouin baby boy was admitted with a history
of restlessness for 5 days and signs of dehydration and FTT.
Laboratory findings revealed hyponatremia, with hyperkale-
mia. Urinary sodium excretion and urinary Na/K ratio were
low. Both PRA and serum aldosterone levels were elevated.
Sweat chloride concentration was abnormally high (Table 1).
After clinical improvement, a supplement of oral sodium
chloride (4.28 mEq/kg/day) was initiated and resulted in
serum sodium normalization. The TTKG, calculated at
11 months of age, was 11.6 (when serum K+ levels were
5.0 mEq/L and blood osmolality was 285 mOsmol/L).
At 1 year of age, serum sodium, aldosterone concentration
and PRA were normalized. Catch up growth was also evident.
At 5.5 years of age, the patient still has salt craving.

Patient II1-8

A 3-month-old Bedouin baby boy was admitted to the
pediatric ward with fever and diarrhea for 1 day. His past
medical history was significant for severe FTT, neonatal
urinary tract infection and a previous episode of dehydra-
tion. Laboratory findings revealed hyponatremia, hyper-
kalemia and normal blood pH, but mildly reduced plasma
bicarbonate. Urinary sodium excretion and urinary Na/K
ratio were low. PRA and serum aldosterone levels were
elevated. Sweat chloride concentration was highly elevated
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Table 1 Clinical and biochemical data of patients

Measured Patient II1-4 Patient III-5 Patient II1-8 Reference
parameters range
Presentation Follow-up Presentation Follow-up Presentation 2nd Follow-up
admission

Age (months) 1 78 4 66 3 23 30

Weight SD for age —1.75 —-0.25 2.4 0.61 —3.34 —2.14 0.92

Height SD for age -0.2 —-04 —-0.52 1.27 —1.53 -0.7 —0.63

Blood pH 7.41 7.49 7.4 7.35-7.45

Plasma bicarbonate 19.2 20.8 15 22-25
(mmol/L)

Plasma pCO, 31.8 274 23 35-45
mm/Hg

Serum Na™ 120 137 124 139 124 124 137 135-145
(mEq/L)

Serum chloride 95 94 93 91 98-106
(mmol/L)

Serum K+ 7.2 4.8 54 4.4 6.6 5.2 4.7 3.5-5
(mmol/L)

Serum urea (mg/dL) 37 17 20 18 48 38 21 0-42

Serum creatinine 0.19 0.25 0.26 0.28 0.31 0.36 0.22 0.17-0.42
(mg/dL)

Urine pH 4.6 7.5 6.5 5.5 5.5 4.5-7.8

Urine Na™ <20 210 <20 67 10 20 39 54-150
(mmol/L)

Urine Nat/K <1 1.44 <14 1.24 0.22 0.7 0.24 2

Serum aldosterone >120 9.1 >120 4.6 >120 <2.5
(ng/dL) [2-70] [3-35] [2-70] [3-35] [2-70] [3-35]

Plasma renin 24 0.9 69 3.64 38.5 1.75 1-16
activity
(ng/ml/1 h)

Sweat chloride 190 279 60 60 160 170 0-50
(mEq/L)

The reference ranges that differ for the presented ages are shown in parentheses below the measured values

(Table 1). He was supplemented with oral sodium chloride
(4.28 mEq/kg per day), but during the first year of follow-
up he was admitted several times due to recurrent episodes
of diarrhea due to cow milk allergy and lung infections,
none of which resulted in subsequent respiratory sequels.
His plasma sodium levels during these hospitalizations
ranged between 118 and 137 mEq/L. The TTKG, calculated
at 5 months of age, was 8.8 when he was severely hypon-
atremic (118 mEq/L). Serum K level was 5.2 mEq/L and
blood and urine osmolalities were 255 and 709 mOsmol/L,
respectively. His blood osmolality on salt supplementation
was within the normal range (283 mOsmol/L).

At 2 years of age, his oral sodium chloride treatment
was discontinued by the parents due to low compliance and
he was readmitted due to weakness and loss of appetite. He
had poor weight gain (Table 1). Laboratory evaluation
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disclosed hyponatremia, prerenal azotemia (urea 101 mg/dL
and creatinine 0.6 mg/dL), compensated metabolic acidosis
with normal anion gap, but normal serum K* levels. Urinary
sodium was 20 mEq/L with appropriately low fractional
excretion of sodium (0.12%). Oral sodium chloride treat-
ment was reinstituted. This treatment improved his linear
growth and weight gain.

Blood pressure and serum urea and creatinine were
within the normal range in all the patients during follow-up
visits. Salivary electrolytes concentrations were measured
in patients III-4 and III-8 at 4 and 32 months of age,
respectively: sodium levels were 22/13 mmol/L, potassium
24.3/18.2 mmol/L and chloride 31/25 mmol/L representing
normal concentrations for both patients. No evidence for
chronic renal, respiratory or gastrointestinal abnormalities
was found in any of the patients.
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The study was approved by the Soroka Medical Uni-
versity Center Institutional Review Board, and all patients
or their parents provided written informed consent before
participating.

Genotyping the family members for the Glul43Lys
mutation in CAI2 revealed two apparently healthy male
adults, who were found to be homozygous: patient II-3
had normal serum sodium (142 mEq/L) but elevated
sweat chloride (71 mmol/L); his brother patient 1I-4 had
normal serum sodium concentration (139 mEq/L) and
sweat chloride concentrations (25 mEq/L). In addition,
patient III-6’s 8-month-old brother had several measure-
ments consistent with mild hyponatremia (130-132
mEq/l) during an episode of urinary tract infection. He
had normal renal anatomy and his renal function was
within normal values. Chloride concentrations in sweat
could not be measured due to inadequate amounts of
sweat obtained on two occasions. The association of the
father of patients II-3 and II-4 to the family is known and
presented in Supplementary Fig. 1. His mother’s exact link
could not be traced. The patients’ pedigree suggests an
autosomal recessive mode of inheritance (Supplementary
Fig. 1).

Genetic studies

The excessive salt loss from sweat observed in the patients
could be due to multi-system PHA or cystic fibrosis.
Sequencing of the coding regions of the «, § and y subunits
of ENaC did not show any mutation in these genes.
Assuming disease by homozygosity of a mutation from a
common ancestor, linkage to CFTR was excluded by the
finding of heterozygosity of alleles at polymorphic markers
adjacent to the gene. We further searched for homozygous
regions consistent with linkage by genotyping the three
infant patients and their parents with the Affymetrix (Santa
Clara, CA) GeneChip Human Mapping 250K Sty arrays. A
single large homozygous region (>16 cM and 12.3 Mb)
was found to be shared by the three affected patients. To
confirm linkage to this region, all family members were
tested with both known polymorphic microsatellite mark-
ers and with additional markers developed for this purpose.
A linkage was identified to the chromosomal locus
15921.3-q23, chr15:54877571-67190226 (NCBI Build
36.1) (Supplementary Fig. 1) with a Lod score of 2.81 for
D15S1507 and a multipoint Lod score of 3.65. Linkage
analysis was performed assuming recessive inheritance
with 99% penetrance and an incidence of 0.01 or 0.001 for
the disease allele in the population. The 12.3-Mb interval
contains 103 genes. To identify the mutation in the cDNA
of the patients’ genes in the interval, total RNA was
extracted from Ilymphoblastoid cells of patient III-4,

reverse transcribed, PCR amplified in overlapping frag-
ments and the PCR products were sequenced. To identify
the mutations among the many genes in the interval, they
were prioritized for further sequencing according to their
site of expression and function. Assuming first that the
defect could affect an ion exchanger or transporter, the
only relevant gene SLC24Al, a potassium-dependent
sodium/calcium exchanger present in the interval, was
analyzed but no deleterious mutations were identified. This
interval contains genes like: transcription factors (e.g.,
HTF4), receptors (e.g., NARG2), numerous enzymes (e.g.,
ALDHIA2, LIPC, ADAMI0) and signal transduction
(MAP2KI). Among these, the next prioritized were the
candidate genes RABSB, RABIIA and HERCI, which
encode proteins that are associated with and regulate
transporters. Again, no deleterious mutation was identified
in any of these genes. Since we hypothesized that the
production of protons may affect sodium transport through
the sodium proton exchangers, we next sequenced the
Carbonic  Anhydrase 12 gene (CAI2, EC_num-
ber = “4.2.1.17, [MIM 603263]). A non-synonymous
variation replacing glutamate at position 143 with lysine
(NM_001218: ¢.583G>A, NP_001209.1: p.Glul43Lys)
was found in exon 4 (Supplementary Fig. 2a). This result
was confirmed by direct sequencing of the PCR products
amplified from the genomic DNA of all family members,
showing that the variation is present in all patients in the
homozygous state, but not in the healthy young siblings
(Supplementary Fig. 2a). This variation was not reported in
the human genome variation database (dbSNP). The glu-
tamic acid at position 143 in CA12 is invariant in all CA
isoenzymes (Supplementary Fig. 2c).

To examine the prevalence of this variation in the
Bedouin population of the same geographic region, 192
controls were tested by PCR amplification of genomic
DNA and restriction with Ecol30I, which cuts only the
non-synonymous variation sequence (Supplementary
Fig. 2b). Three heterozygotes but no homozygotes were
identified, thus excluding this variation as a common
polymorphism and establishing its frequency to 0.78% in
the highly inbred Bedouin population.

Carbonic anhydrases and the expected result
of the replacement of glutamate 143 by lysine

CA12 belongs to the carbonic anhydrases family (CAs;
also known as carbonate dehydratases EC 4.2.1.1). CAs are
ubiquitous metalloenzymes present in prokaryotes and
eukaryotes, and are encoded by four evolutionarily unre-
lated gene families. In mammals, 16 «-CA isozymes or
CA-related proteins have been described, with different
catalytic activity, subcellular localization and tissue dis-
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tribution (Supuran 2008). CAs catalyze the reversible
hydration of carbon dioxide to form a bicarbonate anion
and a proton.

The widely accepted mechanism for this enzymatic
reaction (Supuran 2008; Lesburg and Christianson 1995;
Kiefer et al. 1995) is that a hydroxide coordinated to a
bivalent zinc ion performs a nucleophilic attack on CO,.
This results in a bicarbonate ion, which is displaced from
its association to zinc by an incoming water molecule.
Subsequent deprotonation of this water and removal of the
proton regenerate the nucleophilic zinc-bound hydroxide
ion, and prepare the enzyme for the next catalytic cycle.
All components of this catalytic system must be correctly
positioned to provide the precision required for the
hydroxide’s nucleophilic attack on CO, in aspects of
electron negativity, distance and orientation. In the cata-
lytic center of CA12, four direct ligands hold the zinc in
place: the hydroxide ion and three histidine residues
(Whittington et al. 2001). These four direct ligands are
maintained in optimal position by a “second coordination
shell” comprising four additional residues, each of which is
hydrogen bonded to its corresponding direct ligand
(Fig. 1a) (Lesburg and Christianson 1995; Kiefer et al.
1995; Whittington et al. 2001). This setup of the catalytic
cleft is typical of the CA family and is highly conserved, as
shown both by amino acid alignment to six other types of
CA and comparison of crystallographic structures to CA2
(Whittington et al. 2001). Alteration of these hydrogen

a
CA12-WT l
¥ Thr226(199) ASN273(244;
¥ (Backbone)
L ] =
T His121(96)
GIn117(92)

Fig. 1 The effect of the mutation on the CA12 catalytic site with its
direct and second shell ligands: the zinc 2™ ion is coordinated by four
direct ligands (coordination shown by arrows). Four additional,
second shell ligands hold the direct ligands in place and orientation by
hydrogen bonds (shown by dashed lines). The amino acid side chains
are detailed, and their respective counterparts in CA2 (same type,
different number) are detailed in parenthesis. The fifth coordinating
factor is an acetate introduced by the crystallization (coordinating
arrow not shown). Hydrogens are omitted for clarity; some portions of
the backbone are shown. Gray carbon, blue nitrogen, red oxygen, pink
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bonds in CA2 (Kiefer et al. 1995) and their subsequent
crystallographic structure (Lesburg and Christianson 1995)
revealed the importance of these hydrogen bond networks
to the enzyme’s function in multiple aspects.

In our homozygous patients Glul43 in CA/2, a second
shell residue, is replaced by lysine (Fig. 1b). This residue,
corresponding to Glul17 in CA2, has been shown to be the
most influential on the protein’s zinc affinity when com-
pared with other second shell residues (Lesburg and
Christianson 1995). Glutamate is negatively charged
(Lesburg and Christianson 1995) and therefore has a strong
hydrogen bond to His145 that is a direct ligand to zinc
(equivalent to His119 in CA2). In contrast, the positively
charged lysine would be repelled from histidine’s side
chain, precluding the hydrogen bond between these two
residues. This is demonstrated by a FoldX simulation (Pey
et al. 2007): the distance measured between the nitrogens
of histidine 145 and of lysine 143 is too large to enable a
hydrogen bond (6.6 A) (Fig. 1b). In mutations in CA2
where hydrogen bonds between the second shell and direct
ligands were interrupted (Lesburg and Christianson 1995;
Kiefer et al. 1995), the enzyme’s zinc affinity was lowered
by 4.5- to 15-fold (Kiefer et al. 1995). An unprotonated
lysine may theoretically form a hydrogen bond with
His145 (lysine’s neutral nitrogen acting as the hydrogen
bond acceptor), but the resultant bond would be signifi-
cantly weaker than that formed by glutamate, due to

lysine’s neutrality and its longer side chain. The
CA12-Mut ]
: Thr226(199) Asn273(244)
. (Backbone)
1 N
GIn117(92) Hi119(34)

His145(119)

Lys143(117)

zinc II. a Crystal structure of wild-type CA12 (Whittington et al.
2001). The hydrogen bond between His145 and Glul43 contributing
to the optimal coordination setup for catalytic activity is highlighted
in green. Crystal structure data (atom coordinates) have been taken
from RSCB PDB, LD.: 1JCZ. b Putative structure of Glul43Lys
CA12 mutant, modeled using FoldX program. The hydrogen bond
between Lys143 and His145 is absent. The lysine is repelled by the
side chain of His145, and is oriented away from histidine’s side chain
(highlighted in green), which in turn does not fixate the latter in its
optimal coordinating position to zinc** (color figure online)



Hum Genet (2011) 129:397-405

403

importance of the length of this side chain was demon-
strated by the change of Glul17 to Asp in CA2 that results
in a threefold decrease in zinc affinity (Lesburg and
Christianson 1995; Kiefer et al. 1995). Therefore, the
mutation changing glutamate 143 into lysine would disrupt
the coordination shells to the zinc and thus impair the
enzyme’s catalytic activity.

Discussion

In this study, we have presented the clinical and bio-
chemical findings of a new syndrome of hereditary sodium
loss from sweat glands. We assume that the salt loss seems
to be confined to the exocrine sweat glands, although GI
sodium losses were not definitely ruled out. By genotyping
and gene sequencing, we have identified that this syndrome
is associated with a mutation in the gene that encodes
carbonic anhydrase 12 on chromosome 15.

Although CA12 is highly expressed in the kidney (Iva-
nov et al. 2001; Parkkila et al. 2000), colon (Ivanov et al.
2001; Kivela et al. 2000) and pancreas (Ivanov et al. 2001;
Kiveld et al. 2000), the finding that our patients do not
present sodium loss in all these organs suggests that other
carbonic anhydrases compensate for its enzymatic activity
in all tissues except for the sweat glands. Specifically, the
finding that there is no loss of salt in the kidney may be
explained by a possible compensation by CA4 and CAl14,
which are located in the basolateral membrane of the
proximal tubule with the catalytic side facing externally,
similarly to CA12 (Parkkila et al. 2000; Brown et al. 1990;
Schwartz et al. 2000; Whittington et al. 2001). Moreover,
in the kidney, carbonic anhydrase is active in the proximal
tubule and thus excessive loss of salt can be compensated
by reabsorption in the distal tubule, particularly through the
raised aldosterone levels that are seen in the patients.
Indeed, mutations affecting the aldosterone-mediated
sodium transport have a profound effect as they represent
the last point of regulation in a spatial context in the
kidney.

The presumed phenotypic effect of Glu143Lys mutation
in CAI2 is clearly different from the multi-system PHA in
that the patients do not display salt loss from the kidney
and salivary glands, nor do they suffer from persistent
hyperkalemia. Unlike patients with PHA, the normal
TTKG in our patients are consistent with normal renal
potassium handling.

Hyponatremic hypochloremic dehydration with meta-
bolic alkalosis is a rare but known presentation of CF in
infants. Urinary sodium excretion is appropriately low in
these patients (Ballestero et al. 2006). Unlike hyponatremic
CF patients, our patients presented with mild compensated
metabolic acidosis.

In addition to CF patients, we traced a single report in
the literature of a female PHA patient with salt loss con-
fined to the sweat and salivary glands during the first
19 months of life (Anand et al. 1976), but the molecular
etiology was not investigated.

We observed a phenotypic heterogeneity ranging from
severe infantile hyponatremia to apparently healthy adult
subjects with or without excessive salt loss in the sweat,
among individuals homozygous for the Glu143Lys muta-
tion in CAI2. Although all our patients were male, we
consider this finding to be a coincidence due to the small
number of patients. An independent study (Feldshtein et al.
2010, noted in the addendum) on a different clan in Israel
reports female subjects affected with the same disease.
Phenotypic heterogeneity among members of the same
kindred is a well-recognized but not always an explained
phenomenon in diverse genetic disorders, such as gluco-
corticoid remediable aldosteronism (Stowasser et al. 1999)
and PHA type I with mutations in the MR gene (Geller
et al. 2006). Precipitating events such as intercurrent
infections accompanied by anorexia, vomiting and diarrhea
could play a significant role during infancy in inducing
hyponatremic dehydration in susceptible individuals
homozygous for C12 mutation. The prevalence of such
infections declines with age. Furthermore, behavioral
adaptations such as salt craving and age-dependent devel-
opmental changes of other enzymes or transporters in the
sweat gland may ameliorate the severe infantile phenotype
observed in CA12-deficient activity. The above-mentioned
possibilities may explain the asymptomatic clinical picture
of homozygous adults with a mutated CA12 gene.

However, intense physical activity in hot temperatures,
gastroenteritis and inadequate salt intake may expose
patients who excrete abnormally high amounts of NaCl in
their sweat to hyponatremia, as has previously been
described in patients with CF (Epaud et al. 2005; Priou-
Guesdon et al. 2010).

Cal2 and salt secretion in the sweat gland

The Glul43Lys mutation we identified in CAI2 and the
phenotypes of the patients indicate that this enzyme has a
significant role in salt uptake in sweat glands. Carbonic
anhydrases in general are involved in the regulation of
acid-base balance, extracellular and intracellular pH and
electrolyte transport (Chiche et al. 2009). CAl12 is
expressed in many cell types in various tissues including
kidney, mesothelial cells lining body cavities and sweat
and salivary glands (Ivanov et al. 2001; Liao et al. 2009).
Immunohistochemical studies show that CA12 is located in
the basolateral membranes of epithelial cells (Ivanov et al.
2001; Halmi et al. 2004; Karhumaa et al. 2000; Hermo
et al. 2005; Hynninen et al. 2004; Kyllonen et al. 2003)
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with its active site located outside the cell (Whittington
et al. 2001).

The extracellular localization of the active site of CA12
on the basolateral side raises questions about the mecha-
nisms by which CA12 regulates salt loss on the luminal
side of sweat gland ducts. Initial secretion of sweat is
isotonic. This sweat flows through the ductal portion of the
gland, in the dermis and epidermis of the skin, where it is
modified by the reabsorption of solutes such as NaCl,
lactate and bicarbonate, leaving hypotonic sweat (Quinton
2007). The final composition of the fluids excreted by the
sweat glands is modified by the concerted activities of
ENaC and CFTR, which are enriched in the apical mem-
brane of the sweat duct (Reddy et al. 1999). Both ENaC
and CFTR operate under wide changes in luminal pH
conditions and are inhibited by acidic pH in the cytosol of
the sweat duct cells (Reddy et al. 1998, 2008). We specu-
late that CA12 exerts its effect by contributing to the
maintenance of close-to-normal intracellular pH in the
sweat duct epithelial cells, similar to its suggested mode of
action in tumor cells (Ivanov et al. 2001; Chiche et al.
2009). CA12 is an exclusive carbonic anhydrase in this
organ (Ivanov et al. 2001), other membrane-bound car-
bonic anhydrases are not expressed in the sweat gland
(Mastrolorenzo et al. 2003) and, thus, cannot compensate
for its activity. Our finding highlights the importance of pH
on the salt concentration in sweat and its significance on
sodium homeostasis.

Addendum

After submission of this manuscript, a study by Feldshtein
et al. (Am J Hum Genet. 87:713-720, Epub date Oct 28,
2010.) reported the same homozygous mutation in CA12 in
members of a different Israeli-Bedouin clan living in a
different village. In vitro studies of the mutated enzyme
showed that relative to the wild-type enzyme, its activity is
only 70% and it is profoundly inhibited by chloride ions.

Web resources

ClustalW. http://www.ebi.ac.uk/Tools/clustalw2/index.html
FoldX. http://foldx.crg.es/
KinSNP. http://bioinfo.bgu.ac.il/bsu/software/KinSNP/
Online Mendelian inheritance in man (OMIM)
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The human genome variation database. (SNP: http://
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