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Abstract

We have investigated the mechanisms by which a novel missense point mutation (c.1181G>A) found in two sisters causes
Gitelman’s syndrome by impairing the sodium chloride co-transporter (NCC, encoded by SLC12A3 gene) function. The
c¢DNA and in vitro transcribed mRNA of either wild-type or mutated SLC12A3 were transfected into HEK293 cells and
injected into Xenopus laevis oocytes, respectively. The expression, maturation, trafficking, and function of the mutated and
wild-type NCC were assessed by Western blotting, immunohistochemistry and >*Na™ uptake studies. By immunoblotting of
lysates from HEK?293 cells and oocytes expressing wild-type NCC, two NCC-related bands of approximately 130 kDa and
115 kDa, corresponding to fully and core-glycosylated NCC, respectively, were identified. In contrast, the mutant NCC only
showed a single band of approximately 115 kDa, indicating impaired maturation of the protein. Moreover, oocytes injected
with wild-type NCC showed thiazide-sensitive *?Na™ uptake, which was absent in those injected with the mutant NCC. The
novel mutation was discussed in the context of the functionally characterized NCC mutations causing Gitelman’s syndrome,
which fit into five classes. In conclusion, the functional characterization of this novel Gly394Asp NCC and its localization
on the NCC structure, alongside that of previously known mutations causing Gitelman’s syndrome, may provide novel
information on the function of the different domains of the human NCC.

Introduction

Gitelman’s syndrome (GS, OMIM no. 263800) is an inherited
autosomal recessive disease caused by loss-of-function
mutations in the sodium-chloride co-transporter (NCC) in
the renal distal convoluted tubule (DCT). After its description
in 1966, its estimated prevalence (1:40.000) was found to be
higher than initially held. Moreover, heterozygous carriers
were found to be present in approximately 1% of the
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Caucasian population, thus making GS one of the most fre-
quently inherited renal tubular disorders [1]. Clinically, GS
presents in adolescence or early adulthood with muscle
weakness, fatigue, joint pain, cramps, tetany, reduced per-
ipheral resistance, normal or low blood pressure and resis-
tance to the pressor effect of vasoconstrictors, such as
angiotensin II and norepinephrine, with consequent marked
activation of the renin-angiotensin-aldosterone system
(RAAS) [2-4]. Its biochemical hallmarks comprise hypoka-
lemia, metabolic alkalosis, sodium wasting, hypomagnese-
mia, hypocalciuria, and secondary aldosteronism [1].
Loss-of-function mutations of the solute carrier family 12
member 3 gene SLC12A3 coding for NCC in the DCT,
resulting in renal sodium wasting, underlie the molecular
changes. The sodium loss triggers adaptive responses in the
kidney, including activation of the renin synthesis and
aldosterone-driven excretion of K™ in exchange for Na™ [5].
A screening of 2492 members of the Framingham Heart
Study (FHS) for variation in three genes causing Gitelman’s
and the related Bartter’s syndrome allowed the detection of
138 variants in the coding sequence [6]. A proportion of them
were associated with significantly lower age-adjusted and sex-
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adjusted systolic and diastolic blood pressure (BP) leading to
the contention that they can blunt the hypertension phenotype
in hypertensive patients. While suggesting that alleles altering
renal sodium handling affect BP in the general population,
these results indicated that the prevalence of GS mutations
may have been grossly underestimated, inasmuch as GS is
usually suspected only in patients with hypotension, rather
than in those with normal BP or high BP.

The cloning and characterization of the SLC12A3 gene
encoding NCC led to the discovery of more than 300
mutations (HGMD database: www.hgmd.cf.ac.uk), includ-
ing missense, nonsense, frame-shift, and splice site muta-
tions, which result in dysfunction of the cotransporter [7].
Notwithstanding this large number, the underlying mole-
cular mechanisms remain poorly understood because only
approximately 44 mutations have been functionally char-
acterized. Thus far, the putative mechanisms include
reduced NCC synthesis, blunted NCC activation, enhanced
NCC degradation, and impaired NCC trafficking to the cell
surface [8].

We recently discovered a novel NCC point mutation
(c.1181G>A ref. NM_000339.2 following HGVS nomen-
clature) in two young sisters, one of whom showed the full-
blown syndrome and the other had a milder clinical phe-
notype. This mutation causes a Gly394Asp amino acid
substitution at a site close to the seventh extracellular loop.
This mutation was not present in the GS registry established
at the University of Padua over 30 years ago and in public
databases. Hence, we thought it interesting to characterize
this mutation using a combined molecular and functional
approach.

Methods
Synthesis of wt-NCC and G394D-NCC cRNA

cDNA of human wild-type (wt-NCC) and mutated NCC
(G394D-NCC) (GeneCopoeia, Rockville, MD, USA) were
cloned in pSDeasy vector. After linearization of the plasmid
with Pcil (New England Biolabs, Ipswich, MA, USA),
cRNA synthesis was performed using the MEGAScript SP6
kit (Ambion, Carlsbad, CA, USA) according to the manu-
facturer’s instructions. cRNA was purified (Nucleospin
RNA; MacheryNagel, Oensingen, CH) and the integrity of
the transcription product was confirmed by agarose gel
electrophoresis.

In vitro experiments
The human embryonic kidney cell line HEK293 (American

Type Cell Culture, ATCC, Manassas, VA, USA), was cul-
tured in Eagle’s Minimum Essential Medium supplemented

with 10% fetal bovine serum (FBS) (Sigma Aldrich, Saint
Louis, MO, USA). After the second passage, cells were
plated in 6-well plates and transfected with coding sequen-
ces for NCCwt, NCCmut and green fluorescent protein
(GFP). After replication of expression vectors ORF cDNA
clones (GeneCopoeia, Rockville, MD, USA) in bacteria, wt-
NCC, G394D-NCC, and GFP DNAs were transfected into
the cells by lipofection using Metafectene® (Biontex
Laboratories GmbH, Miinchen, DE). After protocol opti-
mization, cells were selected 24 and 48 h after transfection.

cRNA injection in X. laevis oocytes

X. laevis oocytes at stage IV-V were injected with 0.05 pl
cRNA (44 pg/ul) of wt-NCC and G394D-NCC or with
0.05 ul H,O as a control. Oocytes were incubated at 16 °C
for 72 h in modified Barth’s Solution (88 mM NaCl, 1 mM
KCl, 0.41 mM CaCl,, 0.82 mM MgCl,, 0.33 mM Ca(NO3),,
2.4mM NaHCO;, 10 mM HEPES/Tris, pH 7.4) with gen-
tamicin (5 mg/l) and doxycyclin for translation of the pro-
tein. The solutions were changed daily. After 72h, the
oocytes were processed to analyze the expression, trafficking
and activity of NCC by Western blot, immunohistochem-
istry and **Na'-uptake experimentation, respectively.

Immunoblotting

To evaluate NCC protein expression, we extracted proteins
from the cells transfected using a lysis buffer (150 mM
NaCl, 50 mM Tris-HC1 pH 8.00, 1% Triton-X-100, Pro-
tease and Phosphatase Inhibitors, Roche, BS, CH). To
detect NCC in oocytes, 3 to 10 oocytes per group were
pooled and lysed in 30 to 100 pl lysis buffer. To quantify
proteins, a Bradford assay with protein standards was per-
formed (CooAssay Protein Dosage Reagent, Uptima, FR).
Protein samples from HEK293 cells and an equivalent of
one oocyte per lane were separated by 8% polyacrylamide
gel electrophoresis. After electrophoretic separation, pro-
teins were transferred to nitrocellulose membranes, which
were then blocked for 30 min in blocking buffer (Odyssey
blocking buffer, Li-Cor Biosciences, Lincoln, NE, USA)
and incubated with primary antibodies against N-terminal
tail of NCC (Millipore, Burlington, MA, USA) diluted
1:4000 at 4 °C overnight. The membranes were further
incubated for 2h with goat anti-rabbit IRD800 antibody
(1:20000; LI-COR, Bad Homburg, DE) diluted 1:10000 and
visualized with Odyssey imager (Li-Cor Biosciences, Lin-
coln, NE, USA). A monoclonal antibody against a-tubulin
diluted 1:10000 was used for normalization of HEK293
immunoblotting. Loading of an equal amount of protein in
the oocyte experiments was verified by immunodetection of
GAPDH with a mouse monoclonal antibody (1:4000;
Ambion, Carlsbad, CA, USA).
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Immunofluorescence in HEK293 cell line

To detect whether the cells acquired the plasmids, the cells
were grown on glass coverslips, transfected with wt-NCC,
G394D-NCC and GFP DNAs, and fixed at 4 °C with the
fixation solution (PFA 3%, PBS pH 7.3). After overnight
fixation and washing three times with PBS, the cells were
pre-incubated with PBS/BSA 2% for 10 min, followed by
incubation with 0.5% Triton-100, washing steps, and incu-
bation with an anti-N-terminal tail of NCC antibody diluted
1:2000 at 4 °C overnight. The following day, coverslips
were rinsed and incubated for 2h in the dark with a sec-
ondary CY3-labeled goat anti-rabbit antibody diluted 1:1000
(Jackson Immuno Research, West Grove, PA, USA) and
DAPI diluted 1:1000 and PBS/BSA 2% for nuclei staining.
After washing, the glycerol mounting medium with DABCO
was added and incubated for 2h at 4 °C. Images were
examined with a confocal Leica microscope. Images were
acquired with a CCD camera and processed using Adobe
Photoshop and Microsoft Power Point software.

Immunofluorescence in oocytes

For immunofluorescence studies, oocytes were fixed with
3% PFA in 0.1 M phosphate buffer (pH 7.3; 300 mOsm) for
4h at 4 °C and rinsed in phosphate buffer for an additional 2
h. Thereafter, oocytes were frozen in liquid propane, stored
at —80 °C, and then processed for immunofluorescence as
previously described [9]. In brief, frozen oocytes were cut in
5-um-thick sections in a cryostat. Unspecific binding sites
were blocked with 10% normal goat serum and 1% bovine
serum albumin in PBS. Cryosections were incubated at 4 °C
overnight with an antibody against the N-terminal tail of
NCC (1:2000; Millipore, Burlington, MA, USA). Binding
sites of the first antibody were detected using a CY3-labeled
goat-anti-rabbit antibody (1:1000; Jackson Immuno
Research, West Grove, PA, USA). The cell surface of the
oocytes was labeled by detecting the microvillus actin
cytoskeleton with Fluorescein Phalloidine (1:50; Biotium,
Hayward, CA, USA). After repeated washing, sections were
cover-slipped and examined with a fluorescence microscope
(Leica DM6000 B, Leica Microsystems, Wetzlar, DE).
Images were acquired with a CCD camera and processed by
Adobe Photoshop and Microsoft Power Point software.

22Na"-uptake experiments

For *?Na*-uptake experiments, we followed the protocol of
Monroy et al. [10]. Seventy-two hours after infection,
oocytes were washed and incubated for 30 min at 30 °C in
isotonic K- and Cl™-free medium (96 mM Na*-gluconate,
6mM Ca’'-gluconate, 1mM Mg*"-gluconate, 5mM
HEPES/Tris (pH 7.4), 1 mM ouabain, 100 uM bumetanide,
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100 uM amiloride). Uptake was performed at 30 °C for 60
min in an isotonic K*-free medium (96 mM NaCl, 1.8 mM
CaCl,, 1 mM MgCl,, 5mM HEPES (pH 7.4), ]l mM oua-
bain, 100 uM bumetanide, 100 uM amiloride) supplemented
with 2 uCi/ml >’Na™ (Perking Elmer, Waltham, MA, USA).
To determine thiazide-dependent sodium-uptake, the
experiment was performed in the presence or absence of a
thiazide-like diuretic (100 uM metolazone in DMSO; Sigma-
Aldrich, Saint Louis, MO, USA). 22Na* uptake was termi-
nated by washing the oocytes six times in ice-cold K*-free
medium to remove extracellular 2>Na*. Oocytes were
individually lysed in 10% SDS. Radioactive tracer was
detected in a liquid scintillation analyzer (Packard TRI-
CARB 2000/2200CA; Perkin Elmer, Boston, MA, USA).

The results of three separate experiments were pooled wt-
NCC (No Thiazide = 44; Thiazide = 46), G394D-NCC (No
Thiazide = 44; Thiazide = 42), and H,O (No Thiazide = 43;
Thiazide = 44).

Power calculation and statistical analysis

Sample size was preliminarily estimated by using Imagel
software, then analyzed with GraphPad Prism 5. A two-way
analysis of variance (ANOVA) was used to assess both the
differences between NCC wt and NCC mut glycosylation
and the »’Na™ uptake in the oocytes.

Results
Case description

The index case is a 26-year-old white Caucasian woman
who presented with hypokalemia (2.2 mmol/L), metabolic
alkalosis (pH 7.49, bicarbonate 36 mmol/L), elevated plasma
renin activity (9 ng Ang I/ml/h n.v. 0.65-2.65) and aldos-
terone concentrations (25.23 ng/dl; n.v.<12ng/dl) with
normal/low BP (105/75 mmHg), hypocalciuria (1.9 mmol/
day; n.v. 2.5-7.5), hypomagnesemia (0.55 mmol/L; n.v.
0.65-1.05), muscular weakness, and fatigue. The patient is
currently treated with potassium supplementation (mixture
of potassium succinate 1.03 mEq, malate 0.95 mEq, citrate
2.45 mEq, tartrate 0.44 mEq and bicarbonate 4.93 mEq, for a
total of 10 mEq) 6 times per day and magnesium (magne-
sium pidolate 2.25 g, corresponding to 185 mg of Mg*" ion)
5 times per day. The proband’s sister (32 years old) was
found to carry the same heterozygous mutations but pre-
sented with a milder clinical manifestation and a lower need
for K* and Mg?* supplementation. Unfortunately, the pro-
band’s parent’s clinical and genetic evaluation is not avail-
able. The pedigree is shown in Fig. la.

By analyzing the 26 exons of the SLC12A3 gene of the
index case and sister, we found two mutations: ¢.1925G>A
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Fig. 1 a Genetic pedigree of the

proband indicated by the arrow. n
The parents have not been

tested, but the two sisters present
the same mutation and are -

clinically affected by the
syndrome. The proband gave
birth to a baby boy not yet
characterized. b Alignment of
the wild-type and mutant
nucleotide and amino acid
sequences. ¢ Three-dimensional
image of the sodium-chloride
co-transporter NCC. Highlighted
in yellow is the point mutation

G394D in the seventh trans- .

BT®A
—

p.Gly394Asp
p.Aré642His

p.Gly394Asp
p.Arg642His

[]

membrane portion, near the Unknown Affected Unaffected
extracellular loop genotype non-carrier
c.1181G>A B
DNA seq

y

1141 TAAAAGACCTGCTGGTAAAGGATGGACCGGTAGAGTCGGTGGTAACCGAGGACGCACCAC 1200

PP EEETTEETEET T

s

TAAAAGACCTGCTGGTAAAGGATGGACCGGTAGAGTCGGTAGTAACCGAGGACGCACCAC

AAseq

Gly394Asp

360 ATGILAGANI SGDLKDPAIA IPKGTLMAIF WTTISYLAIS ATIGSCVVRD 400

LT FEEEETTTE TEEEPELET PO TEE T

360 ATGILAGANI SGDLKDPAIA IPKGTLMAIF WTTISYLAIS ATIDSCVVRD 400

(Arg642His) and c.1181G>A (Gly394Asp). While the for-
mer is one of the most common variants described for the
Gitelman’s syndrome, the latter has never been described.
This finding is consistent with the notion that GS subjects
are often compound heterozygous, carrying two different
mutations affecting two alleles of an autosome [3, 11].
Since not all the described variants are held to play a
functional role in GS, the specific impact of each mutation
in the phenotype needed to be clarified. Therefore, we
investigated the significance of this mutation for the clinical
outcome first using an in silico analysis to predict the
impact of a mutation on the protein activity. This pre-
liminary analysis showed that the novel mutation should
have a stronger impact compared to the other mutation
present (PROVEAN score was —5.71 for G394D vs —4.83
for R642H; http://provean.jcvi.org/index.php). Analysis of
the conformation of NCC revealed that the G394D mutation
was located near the extracellular loop containing two
glycosylation sites in positions 404 and 424 (Fig. 1b, c),
while the R642H was much farther off. Figure 2 shows the
structure of NCC with all GS mutations that have been
functionally characterized thus far, along with the class they
belong to.

Transfection of HEK293 cells

Cells were transfected at greater than 70% confluence. We
used GFP-transfection and fluorescence microscopy to
verify the plasmid insertion in the cells. Transfection with
wt-NCC or G394D-NCC plasmids was verified by immu-
nofluorescence using an antibody against NCC [Supple-
mental Fig. 1].

NCC glycosylation in wild-type and mutant HEK293
cells

To investigate whether the novel mutation affected protein
glycosylation, we immunoblotted the wt-NCC and G394D-
NCC samples. This evidenced clear-cut differences in pro-
tein glycosylation: the wt-NCC showed a band of
approximately 130 kDa weight (Fig. 3a), while the mutant
G394D-NCC did not (Fig. 3b). Quantification of the gly-
cosylation bands demonstrated a difference between wt-
NCC and G394D-NCC at 24 h (p <0.003 0.233 +0.046 vs
0.0268 £0.008) and an even more prominent difference at
48 h after transfection (p < 0.0003 0,524 +0.084 vs 0.059 £
0.012) (Fig. 3c).
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Fig. 2 Topological representation of the Na-Cl cotransporter. Dots highlight the function of mutations described in the literature. Each dot points to

a specific mutation, which is described alongside its classification

Impaired glycosylation in G394D-NCC Xenopus
laevis oocytes

The Xenopus laevis oocytes lysate was used to detect NCC
protein expression in immunoblotting experiments. Injec-
tion of wt-NCC plasmid showed after 24 and 48 h a band at
approximately 130 kDa, while G394D-NCC only showed
the smaller band. The larger glycosylation band was more
prominent 48 h after injection (Fig. 4a).

Impaired trafficking and activity of G394D-NCC in
Xenopus laevis oocytes

The immunostaining for NCC in Xenopus laevis oocytes
showed different staining pattern in the wt-NCC-injected
cells, where the protein was detected on the cell surface, and
the G394D-NCC-injected cells, in which only intracellular
staining was observed. Labeling of the plasma membrane
microvillus actin-cytoskeleton with FITC-conjugated phal-
loidin showed colocalization of the wt-NCC on the cell
surface and the G394D-NCC under the cell surface
(Fig. 4b).

22Na™ uptake

In vehicle-injected oocytes, only a low uptake of *?Na™ was
observed, which fell to 35% after thiazide challenge
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(p <0.05). In wt-NCC-injected oocytes, the **Na™ uptake
was increased more than 3-fold (342% higher), indicating
that the transfection resulted in functional insertion of the
NCC protein in the plasma membrane. Exposure to thia-
zides blunted 2*Na* uptake (from 342 to 63%, p <0.0001).
By contrast, in the G394D-NCC-injected oocytes, no ?Na™
uptake was detected in the absence or presence of thiazides
(77.3 vs 75%, p>0.05) (Fig. 4c). These results provide
evidence of the biological significance of NCC function for
GS and, more importantly, of the blunted activity of NCC
carrying the novel mutation in a manner that closely
resembles that induced by thiazides.

Discussion

The NCC shares a highly conserved amino acid sequence
with other members of the electro-neutral cation-coupled
cotransporters family [12], which feature twelve trans-
membrane portions harboring a central hydrophobic domain
and two NH,- and COOH-cytosolic terminal ends [13—15].
The central region, particularly the 7th and 8th domains,
consists of the external loop with glycosylation sites and is
held to be critical for ion translocation and binding of
thiazides [7, 16].

The novel NCC c.1181G>A (G394D) mutation descri-
bed here occurred in a heterozygous form in two young
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Fig. 3 a Immunoblots representative of HEK293 cells transfected with
wt-NCC cDNA. Full and dotted arrows indicate the glycosylated and
the non-glycosylated band, respectively. a-tubulin was used as
housekeeping gene. b Immunoblots representative of HEK293 cells
transfected with G394D-NCC cDNA. ¢ Densitometric analysis of
NCC glycosylation in wild-type and mutant cells 24 and 48 h after
transfection

sisters with GS. However, a previously described con-
comitant mutation (c.1925G>A, R642H) [17] was also
found by sequencing of 26 exons of SLC12A3 gene in both
the index case and her sister, a finding consistent with the
notion that concomitant mutations are often detected in GS
patients [3, 12]. Whether an interaction between these
concurrent mutations affects the protein activity and thereby
the final GS phenotype has not been specifically addressed
and remains to be clarified.

Over a decade ago, seminal studies with X.L. oocytes by
Kunchaparty et al. and De Jong et al. opened the way to the
functional characterization of NCC mutations underlying

GS [18-27]. To date, based on functional and expression
analyses in oocytes, five classes of NCC mutations in GS
have been proposed (Table 1). In Class I, NCC mutants do
not express NCC at the cell membrane, possibly because of
loss of function caused by the lack of glycosylation and
possibly other mechanisms leading to NCC retention inside
the cells. In Class II, mutations alter the protein processing,
causing its retention in the endoplasmic reticulum and
degradation by enhanced endoplasmic reticulum-associated
degradation (ERAD). NCC proteins in Class III mutations
undergo glycosylation but are nonetheless poorly detectable
on the cell membrane and unable to uptake Na™, in contrast
with Class IV mutants that can reach the membrane but
exhibit strongly reduced Na* uptake. In Class V, mutations
accelerate the protein removal from the plasma membrane
and its degradation. In addition, some mutations are held to
induce by exon skipping and synthesis of a non-functional
protein, resulting, from the functional standpoint, in class
III-like mutations [18, 19, 25, 28].

The novel mutation herein described is a missense
single-nucleotide substitution of a glycine, a small neutral
non-polar amino acid in position 394 of exon 9, with an
aspartic acid residue, which carries a negative charge at
physiological pH. This change influences the energy status
and physical properties of the protein and thus its correct
folding and function. Accordingly, our in vitro experiments
showed a total loss of NCC function, thus unambiguously
demonstrating the strong functional impact of this single
amino acid change at this position. Importantly, **Na™
uptake experiments showed that the G394D mutation can
account for GS: X.L. oocytes transfected with the mutant
could uptake only 23% of the *Na* when incubated in K
*-free medium compared to the wt-transfected NCC-trans-
fected cells. Moreover, by blocking the activity of wt-NCC
(to the level seen with vehicle injection), the thiazide
metolazone left the basal **Na™ uptake in G394D-NCC
unaffected, thus confirming that G394D-NCC either did not
reach the plasma membrane or was not functional. Our
immunofluorescence experiments support the first conten-
tion by showing intracellular retention of the mutated NCC
protein (Fig. 4b).

Previous studies by Hoover et al. showed that the rat
NCC has asparagine 404 and 424 N-linked sites that are
critical for the glycosylation of the cotransporter [29, 30].
These glycosylation sites in the external loop are held to
be key for the maturation of the protein and for the
selectivity filter function; therefore, mutations in these
positions predict loss of protein activity [16, 29]. Notably,
these sites are located in the 7th trans-membrane fragment
near the location of our novel mutation. We could show
that both a human kidney cell line and X.L. oocytes
transfected with the wt-NCC construct consistently
showed two bands by immunoblotting, while mutant-

SPRINGER NATURE
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Fig. 4 a Western blot image of A
oocyte lysates analyzed with an

antibody against NCC. A

glycosylation band of

approximately 130 KDa is

expressed in wt-NCC cells but

absent in mutant cells.

GADPDH immunoreactivity

serves as a loading control.

b Immunohistochemical

analyses of oocytes injected with

0.05 ul H,O, wt-NCC, or

G394D-NCC cRNA,

respectively. Co-labeling with B
both antibodies against NCC

and actin. Actin cytoskeleton is

used as a housekeeping marker

and shows membranous

staining. wt-NCC

Mature

immunostaining co-localizes Actin

with actin at the membrane,
whereas G394D-NCC shows
cytoplasmic immunostaining
under the membrane. ¢ *Na*
Uptake in oocytes injected and
treated or not with thiazides.
Control group H,O: without
thiazide 100 vs. with thiazide
65.01, p>0.05; wt-NCC:
without thiazide 342.3 vs. with
thiazide 63.3, p <0.0001;
G394D-NCC: without thiazide
77.3 vs. with thiazide 75, p >
0.05

(@)

22Na-uptake (% of H,O injection)

transfected cells did not show the higher-molecular
weight band, suggesting the lack of the glycosylated
form of the protein. However, additional mechanisms
need to be considered. To prevent the expression of
altered proteins, cells utilize complex mechanisms, such
as the recruitment of chaperone molecules that lead to the
denaturation of misfolded proteins [31]. With regard to
GS, Needham et al. documented a blunted NCC export
from the endoplasmic reticulum due to misfolding and an
ERAD degradation [32]. Hence, we would like to propose
that our novel misfolded NCC mutant follows a similar
path and undergoes premature degradation by the ERAD
system.

Overall, the present results with the G394D-NCC
mutation, such as the lack of 2Na™t uptake, the lack of a
response to thiazides, the lack of a glycosylation band, and

SPRINGER NATURE

glycosylated ——

Non-mature ............. > o]
glycosylated

NCC

Overlay

400-

<
mut NCC H20 S

— 170kD
. — 130kD
peall

— 95kD

wt NCC

o

SN SIS SRS SN
VoA Y@ N

AV

|
‘if
1§E
I
31 |
'
B3

T
[a)
B4 s e
(G}

vehicle

— 34kD

WT NCC G394D NCC

=] without Thiazide
B vith Thiazide

* p<0.0001

absence of detection on the plasma membrane, indicate that
the G394D-NCC is retained in the ER, where it undergoes
ERAD and therefore never reaches the plasma membrane,
its functional site.

We took advantage of the novel mutation identified to
assemble a summary of all known NCC mutations asso-
ciated with GS by functional class in a single diagram
depicting its channel structure. A closer look at the dis-
tribution of these mutations along the NCC structure
(Fig. 2) clearly shows that no specific domain of the channel
can be linked to any particular class of NCC mutations.

One more intriguing finding in this pedigree deserves
comment: as repeatedly reported for GS [3, 7, 11], both the
index case and her sister showed a concurrent GS NCC
mutation. To gather insight as to why these differences
occurred between sisters with the same mutations, we had
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Table 1 Functional classification of NCC mutations identified in Gitelman’s syndrome

Class nr. Exon  AA substitution Domain Ref. Glycosylation Detection on cell Na* uptake Allele
homozygotes membrane frequency
CLASS I: NCC mutants not exposed to the membrane
0 4 S188F 2T™ 21 No No No 8.262e-06
0 10 G439S 6TM 19 No No No 2.33e-04
na 16 T649R CTD 19 No No No na
0 18 G741R CTD 19 No No No 3.97e-04
na 25 R968X CTD 18 No No No na
na 26 R1018X CTD 18 No No No na
Class II: NCC mutants causing ritention of peptide in ER and degradation by ERAD
na 1 N591 NTD 22 No Cytoplasmic No na
0 1 T60M NTD 23 No Cytoplasmic No 7.418e-05
0 1 R83W NTD 22 No Cytoplasmic No 3.307e-05
na 5 R209W IL 18 No Cytoplasmic No 1.21e-05
0 5 L215P 1L 19 No Cytoplasmic No 8.24e-06
0 7 T304M 5T™M 23 No Cytoplasmic No 8.24e-06
0 7 G316V EL 24 No Cytoplasmic No 1.65e-05
na 8 P349L 6TM 18 No Cytoplasmic No 4.06e-06
na 8 1360T IL 22 No Cytoplasmic No na
0 9 G394D TT™M this study No Cytoplasmic No 1.439¢-05
0 10 C421Y EL 22 No Cytoplasmic No 8.47e-06
0 10 C421R EL 18 No Cytoplasmic No 8.47e-06
0 11 G463R 8T™M 22 No Cytoplasmic No 3.31e-05
na 11 T465P 8T™M 23 No Cytoplasmic No na
0 13 F536L 10T 19 No Cytoplasmic No 8.23e-06
0 18 G731R CTD 22 No Cytoplasmic No 2.48e-05
na 18 L738R CTD 18 No Cytoplasmic No na
0 22 L859P CTD 22 No Cytoplasmic No 1.03e-04
0 22 R861C CTD 22 No Cytoplasmic No 1.28e-04
na 24 R955Q CTD 19 No Cytoplasmic No na
na 25 GI980R CTD 19 No Cytoplasmic No na
na 26 C985Y CTD 19 No Cytoplasmic No na
Class III: albeit glycosylated, NCC mutants barely detectable on the cell membrane and have impaired Na™ uptake
na 14 A585V 12T™M 20 Slight Slight Reduced na
na 15 G610S CTD 20 Slight Slight Reduced na
na 15 N611T CTD 23 Slight Slight Reduced na
na 15 G627V CTD 20 Slight Slight Reduced na
na 24 R935Q CTD 20 Slight Slight Reduced na
na 26 VI95M CTD 20 Slight Slight Reduced na
na 26 Q1030R CTD 25 Slight Slight Reduced 8.23e-06
Exon 8 A356V 6TM 28 Yes/No Yes No na
skipping 16 M6721 CTD 28 Yes/No Yes No na
Class IV: NCC mutants detectable on cell membrane but show markedly impaired Na™ uptake
1 2 E121D NTD 25 Yes Yes Both 1.09e-03
0 3 R145C 1T™M 26 Yes Yes Both 8.72e-06
na 10 N442S EL 25 Yes Yes Both na
na 12 Y489H 1L 25 Yes Yes Both na
0 14 S555L IL 27 Yes Yes Both 4.94e-05
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Table 1 (continued)

Class nr. Exon AA substitution Domain Ref. Glycosylation Detection on cell Na™ uptake Allele
homozygotes membrane frequency
0 14 A588V 12TM 27 Yes Yes Both 4.12e-05
0 18 P751L L 25 Yes Yes Both 9.12e-05
Class V: NCC mutants result into accelerated protein removal from cell membrane, ubiquitination, and/or degradation
na 3 L155F 1T™™M 21 Yes Yes Reduced 8.14e-06
na 5 A232T 3TM 21 Yes Yes Reduced 1.2e-03
na 12 F495L L 21 Yes Yes Reduced na
na 19 G779E CTD 21 Yes Yes Reduced 4.06e-06

The mutants are functionally characterized with their location on the exon, their topological domain and their allele frequencies

TM transmembrane domain, CTD C-terminal domain, N7D N-terminal domain, EL extracellular loop, IL intracellular loop, Both both apical/

cytoplasmic detection, na not available

the opportunity to follow them during pregnancy. Both
sisters required additional K™ and Mg?" supplementation in
order to maintain normal serum levels of the electrolytes,
consistent with the literature [33]. However, after preg-
nancy, the individual needs of each sister returned to exactly
the same levels as before pregnancy. Therefore, not even
the physiological assessment during a stressful condition
such as pregnancy provided any clues to explain the dif-
ferences in severity of the clinical phenotypes.

Differences in clinical manifestations between subjects
of the same family carrying the same mutations can indeed
have many causes: interaction between non-allelic genes
that control for the same character and/or differences in
penetrance and expressivity. According to several studies,
the impact of GS mutations on protein expression, glyco-
sylation, and phosphorylation would widely influence the
severity of the phenotype and the time of clinical pre-
sentation [8, 20, 34, 35]. In addition, unknown genetic and
environmental modifiers can also contribute to the severity
or even the appearance of GS. Moreover, as mentioned
above, the interactions between concomitant mutations in
causing GS have never been investigated in depth, not even
in kin. Indeed, compensatory mechanisms could occur in
other segments of the nephron for the regulation of elec-
trolyte transport, thus contributing to phenotype variability
[36]. In this regard, we believe that further specific inves-
tigative efforts are necessary in the future. The current
practice of analyzing mutations at the single-gene level and
not the whole exome likely limits the likelihood of deter-
mining whether and how other gene mutations could be
associated with the phenotype of the disease [37—41].

In conclusion, through the functional characterization of
a novel mutation in NCC, this study further shed light on
the clinical manifestation of the syndrome with regard to its
genotype and on the mechanisms whereby mutations are
associated with GS. Although our study provides an

SPRINGER NATURE

important additional insight into this field, further studies
are needed to provide correlations between genotype and
phenotype.
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