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Abstract

Background:A

We report a 20 y.o. female with chronic cyclic edema
who has a homozygous R116H substitution in theA
SLC12A1A gene. The patient was normotensive
without any serum electrolyte or metabolic acid-base
abnormalities. Urine studies showed significantly
reduced 24 hr excretion of Na*, K*, Cl, Ca*, and Mg*
A consistent with increased NKCC2 activity.A The
patient's cyclic edema improved significantly with
furosemide therapy.

Methods:

Phosphorylation and dephosphorylation of NKCC2
was assessed by Western blot in proteins extracted
from transiently transfected HEK-293 cells with
wild-type and mutant NKCC2-R116H that were
exposed to a low-chloride hypotonic buffer (LCHB).A
In separate experiments examining the mechanisms
underlying the impaired dephosphorylation of mutant
NKCC2, GST pull-down assays were performed with
rat kidney lysates as a source of calcineurin AAY and
the N-termini of rat wild-type and mutant NKCC2 fused
to GST as baits.

Results:

Basal phosphorylation was similar between wild-type
and NKCC2-R116H. However, following exposure to
LCHB for 10, 20 and 30 min (known to activate
NKCC2), the mutant transporter was phosphorylated
significantly more rapidly than the wild-type transporter.
In separate experiments, the rate of dephosphorylation
was assessed following the removal of LCHB. The
phosphorylation of NKCC2 decreased over 10, 20 and
30 min time points, whereas in mutant NKCC2-R116H
at the same time points the decrease in
phosphorylation was significantly less. GST pull-down
assays revealed that the impaired dephosphorylation
of the NKCC2 R116H protein is due to decreased
interaction between calcineurin AAY and the NKCC2
R116H mutant.

Conclusions:A

NKCC2 dephosphorylation is defective in the R116H
mutation. The R116H mutation decreased the binding

of calcineurin AAY to the mutant NKCC2 R116H
cotransporter, thereby impairing dephosphorylation.
Since phosphorylation of NKCC2 stimulates its
transport activity, the R116H mutation in our patient
represents the first reported naturally occurring gain of
function NKCC2 mutation reported.

Introduction

The furosemide-sensitive Na*-K*-2CI* cotransporter
(NKCC2) plays a critical role in sodium, potassium,
and chloride reabsorption in the thick ascending limb
of the kidney (1). Sodium chloride reabsorption in the
loop of Henle is essential for creating the medullary
concentration gradient that is required for excretion of
maximally concentrated urine in the presence of
antidiuretic hormone.A Loss of function mutations in
the SLC12A1A gene encoding NKCC2 result in a
clinical syndrome known as Bartter syndrome type |
which is characterized by renal salt wasting,
hypokalemia, a urinary concentrating defect, and
metabolic alkalosis (2,3). An activating mutation in the
SLC12A1A gene has not been previously reported.A
We now report the first gain of function NKCC2
mutation in a patient with a homozygous R116H
substitution in theA SLC12AI1A gene resulting in
chronic cyclic edema.

Methods

Whole exome sequencing was performed to identify
the patient's NKCC2 mutation (HiSeq 2500,
lllumina).A To determine the clinical effect of the
R116H mutation on NKCC2 activity, while ingesting a
normal diet, serum chemistries, peripheral renin
activity, aldosterone level, and the urinary excretion of
Na’, K*, CI, Ca*, and Mg? were assessed. The patient
was treated with furosemide for her cyclic edema and
the response to furosemide was determined with 12 hr
urinary collections obtained off and on treatment (20
mg po bid).A In order to exclude other causes of
peripheral edema, urinalysis, liver function tests and
an echocardiogram were performed to rule out
underlying nephrotic syndrome, hepatic disease and
cardiac dysfunction.
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The R116H substitution was introduced into a
pCMV5-FLAG1 vector containing human NKCC2
cDNA by site directed mutagenesis using
QuickChange Il (Agilent Technologies). The mutation
was verified by automated direct DNA sequencing.

Phosphorylation and

Experiments

Dephosphorylation

It is well known that phosphorylation of key threonine
residues in the NKCC2 amino terminal domain
correlates with its activity (4-8).A  Thus,
phosphorylation of the transporter has been
extensively used as a surrogate of activity and as
previously shown (8), is stimulated following exposure
to low chloride hypotonic buffer (LCHB). The LCHB
used in this study contained 67.5mM sodium
gluconate, 2.5mM potassium gluconate, 0.25mM CacCl,,
0.25mM MgCl, 0.5mM Na,HPO,, 0.5mM Na,SO,,
7.5mM Hepes, pH 7.5. A HEK293 cells grown on
6-well plates at a density of 70% were transiently
transfected with 1 ug of pCMV5-hNKCC2 WT or the
R116H mutant using 20 ul of polyethylenimine (PEI) 1
mg/ml. After 48 hours, the cells were stimulated with
LCHB for 10, 20 and 30 minutes and then harvested
for Western blotting. To detect changes in NKCC2
phosphorylation, previously characterized antibodies
specific for total NKCC2 and phosphorylated NKCC2
at serine 91 (pNKCC2) were used (9) (obtained from
Dundee University).A A To determine if the increased
phosphorylation of NKCC2-R116H was due to
increased SPAK activity, we evaluated the
phosphorylation of SPAK by immunoblotting of cell
lysates using a previously characterized antibody
against pSPAK S373 (10) (obtained from Dundee
University (S670B)). The antibodies were used at 2
ug/ul and an actin-HRP coupled antibody (SC-1616)
was used as a loading control at 1:2500 dilution.

To determine the effect of the R116H mutant on
NKCC2 dephosphorylation, transfected cells were
stimulated with LCHB for 15 minutes, the buffer was
then removed and the cells were incubated with
isotonic buffer (135mM NacCl, 5mM KCI, 0.25mM CacCl,
,0.25mM MgCl, ,0.5mM Na,HPO, and 0.5mM Na,SO,,
7.5mM Hepes, pH 7.5) A for 0, 10, 20, and 30 min to
monitor the time course of NKCC2 dephosphorylation.
Lysates from these cells were then analyzed by
Western blotting at the specified time points.A

The phosphorylation and dephosphorylation curves
were assessed in two and three different experiments,
respectively. Cells were transfected with wild-type or
mutant NKCC2-R116H. Phosphorylation observed at
time O for each experiment was taken as 100% and
the remaining time points were normalized accordingly
(see figure legends). For statistical analysis ANOVA

followed by multiple comparisons against the control
value for each group was performed. The results are
reported as mean A+ SEM.

GST-Pull Down Assays

It has recently been demonstrated that the
dephosphorylation of NKCC2 involves the functional
interaction between the ubiquitously expressed
calcium-/calmodulin-dependent  serine-threonine
phosphatase, calcineurin AAY (CnAAY), and NKCC2
(11).A To test the hypothesis that the substitution of
Arg116 for histidine affects the binding of calcineurin
AAY to NKCC2, the human NKCC2 mutation (R116H)
was introduced into the rat NKCC2 N-terminus (aa
1-175) at the corresponding residue (R112H) and also
into a phosphorylation-mimicking rat N-terminal
NKCC2 mutant (T96D + T101D + R112H) (11). These
constructs and the wild-type rat NKCC2 N-terminus
(aa 1-175) were cloned into the pGEX-6P1 vector for
GST pull-down assays.A GST pull-down assays with
glutathione beads were performed using rat kidney
lysates as a source of CnAAY and the GST-fused
N-terminal constructs as baits.GST alone (control) and
GST-fused rat NKCC2 N-termini were attached to
glutathione magnet beads (Invitrogen) and incubated
with rat kidney lysates in GST-buffer (200 mM NaCl,
10 mM CaCl,, 50 mM Hepes, pH 7.5, with 1A—
complete protease inhibitor cocktail) overnight at 4A°C
with agitation. The beads were then washed with
GST-buffer, boiled in 1A— Laemmli buffer, and the
eluates were analyzed by immunoblotting using an
antibody to CnAAY (EMD Millipore, Billerica, MA).

UCLA has determined that this work does not meet
the definition of Human Subject Research and does
not need UCLA IRB review and/or approval. The
UCLA IRB's FWA number is 00004642. Our work
complies with federal regulations and the Declaration
of Helsinki.

Results

The patient was an adopted 20 y.o. female with
chronic cyclic edema (Fig.1). Whole exome
sequencing revealed a homozygous ¢.347G>A variant
in the SLC12A1 gene, resulting in a homozygous
R116H substitution (Fig.1).A Serum chemistry results
were as follows: [Na'] 141 mmol/L, [K*] 3.7 mmol/L, [CI
1101 mmol/L, total CO, 24 mmol/L, BUN 5 mg/dL, and
creatinine 0.6 mg/dL.A Plasma renin activity was 1.47
ng/mL/h, and plasma aldosterone level was 6 ng/dL.A
Liver function tests revealed AST 18 U/L, 12 U/L.
alkaline phosphatase 110 U/L, total bilirubin 0.3 mg/dL,
albumin 4.8 g/dL, and total protein 7.6 g/dL.A
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Urinalysis was unremarkable without proteinuria and
hematuria. An echocardiogram revealed normal left
ventricular size, left ventricular ejection fraction
60-65%, and normal left ventricular diastolic
function.A Urine studies showed a significantly
reduced 24 hr excretion of Na*, K*, CI, Ca*, and Mg*":
A Na*A 63 meq, K* 24 meq, CI'A 44 meq, Ca*A 22 mg,
Mg*A undetectable, creatinine 710 mg (patient weight
50 kg) consistent with increased NKCC2 activity. Of
note, the patient has no history of significant
gastrointestinal losses. To evaluate the effectiveness
of furosemide in inhibiting NKCC2-R116H, daytime 12
hr urinary collections were obtained off and on
furosemide.A The 12 hr urine off furosemide
contained: Na*A 24 meq, K* 12 meq, CI'A 30 meq, Ca*
A 46 mg, Mg®A 26 mg, creatinine 440 mg. Upon
furosemide initiation, the 12 hr urine contained: Na*A
211 meq, K* 27 meq, CI'A 245 meq, Ca*A 148 mg,
MgZA 70 mg, creatinineA 420 mg. A

Wild-type NKCC2 (NKCC2-WT) and mutant
NKCC2-R116H had baseline phosphorylation levels
(Fig.2A). Following exposure to LCHB for 10, 20 and
30 min, the mutant transporter had a significantly
faster increase in its phosphorylation level compared
to the wild-type transporter (Fig.2A).A SPAK
phosphorylation (pSPAK S373) levels were similar in
both groups, indicating that the WNK/SPAK pathway
was equally activated in both groups.A Fig.2B shows
the values of phosphorylated WT and mutant NKCC2
(PNKCC2-S91) after LCHB stimulation normalized to
the respective baseline phosphorylation levels.A

Fig.2C shows the percentage of phosphorylation
levels at different time points during LCHB exposure
with each time point normalized to its respective zero
time point.

To analyze the dephosphorylation course of
NKCC2-WT and NKCC2-R116H after exposure to
LCHB, the cells were switched to an isotonic solution
and the phosphorylation status was analyzed at 0, 10,
20, and 30 minutes. Fig.3A depicts a representative
blot. The normalized values of phosphorylated NKCC2
(pNKCC2-5S91) relative to the phosphorylation
intensity of wild type or mutant NKCC2 at the end of
the LCHB exposure are shown in Fig. 3B. The
percentage of phosphorylation levels at different
recovery times, with each time point normalized to its
respective zero time point is depicted in Fig.3C.
NKCC2-WT phosphorylation decreased at 10, 20 and
30 min from 1.0 A+ 0.01 (arbitrary units) in the basal
state, to 0.74 A+ 0.06, 0.59 A+ 0.11, and 0.53 A+ 0.07
respectively. The differences at 20 and 30 minutes
were significant (p< 0.05). In contrast, in mutant
NKCC2-R116H at the same time points, the decrease

in phosphorylation was significantly less: from 1.0 A+
0.01 at baseline to 0.95 A+ 0.03, 0.83 A+ 0.05, and
0.81 A+ 0.09 respectively (Fig.3C). These change
differences versus the baseline were not significant.
SPAK dephosphorylation did not differ among the
groups. Thus, it is likely that the R116H mutation
impairs the dephosphorylation of NKCC2 and thus,
after removal of the LCHB phosphorylation stimulus,
the mutant cotransporter remains phosphorylated for a
longer period of time compared to the wild type.

To elucidate the mechanisms underlying impaired
dephosphorylation of the mutant NKCC2-R116H,
Western blot analysis using an anti-CnAAY antibody
was performed in GST pull-down assays using
GST-fused wild-type rat NKCC2 N-terminus, mutant
rat NKCC2 N-terminus (R112H), and the
phosphorylation-mimicking (T96D + T101D + R112H)
rat NKCC2 N-terminal mutant A as baits (Fig.4). The
results show that the phosphatase was bound to
NKCC2-WT and that this interaction was substantially
attenuated by the arginine to histidine substitution.
Moreover, the R112H substitution also prevented the
binding of CnAAYto the phosphorylation-mimicking
mutant.

Discussion

We report a patient with a history of chronic cyclic
edema of unknown etiology in the absence of
nephrotic syndrome, hepatic and cardiac dysfunction.
Urine studies showed a significantly reduced excretion
of Na*, K*, ClI, Ca?, and Mg?*. Whole exome
sequencing uncovered a homozygous c.347G>A
variant in the SLC12A1 gene, resulting in a
homozygous R116H substitution. A In vitro
experiments in HEK-293 cells expressing the mutant
NKCC2 showed that the R116H substitution
decreased the interaction with calcineurin AAY
phosphatase, thereby impairing the dephosphorylation
of the transporter. All previously documented
disease-causing mutations in the NKCC2 gene have
been associated with the type | Bartter syndrome
characterized by impaired transport function in the
thick ascending limb of Henle (1). The R116H
mutation in our patient represents the first documented
case of a disease-causing activating NKCC2 mutation.

Although there are currently no animal models of gain
of function NKCC2 mutations, the clinical findings in
our patient are compatible with the in vivo
consequences of increased NKCC2 activity. The
decreased urinary excretion of sodium, chloride, and
potassium with low plasma renin activity and
aldosterone level in the context of peripheral edema
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are consistent with a volume-expanded state due to
increased NKCC2 transport in the thick ascending limb.
The reduced urinary excretion of calcium and
magnesiumA in our patient are a predicted
consequence of increased thick ascending limb
divalent cation paracellular flux due to a more
favorable lumen positive transtubular electrical
gradient. The patient's peripheral edema and impaired
urine electrolyte excretion improved significantly
following furosemide therapy indicating that the R116H
mutation did not affect the sensitivity/binding of
furosemide to the transporter.

Prior to the initiation of furosemide therapy, the patient
had spontaneous episodes of resolution of her
peripheral edema that would be clinically referred to as
cyclic edema. This syndrome typically occurs in
premenopausal women without concomitant hepatic,
renal or cardiac disease (12). It is associated in certain
patients with efforts to achieve weight loss (laxatives,
self-induced vomiting, diuretic use).A The underlying
pathogenetic mechanisms are thought to include
capillary leak, diuretic-induced edema, and refeeding
induced edema (12). The role of other factors such as
the renin-aldosterone system, atrial natriuretic factor,
dopamine, antidiuretic hormone, and thyroid hormone
is unclear. Our findings raise the interesting possibility
that other reported patients with idiopathic cyclic
edema have gain of function mutations in NKCC2.
A Although conjectural, the cyclic nature of edema
formation in our patient was potentially a result of
periods of urinary sodium chloride retention followed
by subsequent volume expansion of sufficient
magnitude (dependent on sodium chloride intake and
hormonal factors) to overcome the gain of function
mutation of the transporter and induce a diuresis.

The R116H mutation is located at the N-terminal
region of NKCC2 that is not directly involved in ion
binding and transport (13). It is well known however
that the N-terminal region plays a key role in
modulating NKCC2 in which the activity is modulated
by the phosphorylation of key threonine and serine
residues. The phosphorylation state of NKCC2 by
serine-threonine kinases is thought to facilitate both
membrane trafficking and intrinsic transport activity
(4-6,8). The decrease in intracellular chloride
concentration is associated with activation of the
NKCC2 via the WNK/SPAK pathway (8,9). Exposing
cells to the LCHB promotes chloride efflux and is
associated with activation/phosphorylation of the
cotransporter (8).A After removal of the LCHB,
NKCC2 is dephosphorylated as the intracellular
chloride concentration returns to normal (14). Thus,
changing the LCHB to an isotonic chloride-containing

medium is associated with

inactivation/dephosphorylation of the transporter.

The R116H mutant was phosphorylated more rapidly
than NKCC2-WT and the rate of its dephosphorylation
was reduced. Importantly, the phosphorylation state of
NKCC2 at any given time is determined by the rate of
phosphorylation versus the rate of dephosphorylation.
To determine if the increased rate of phosphorylation
of NKCC2-R116H was due to increased SPAK activity,
we evaluated the phosphorylation of SPAK after
exposing the cells to LCHB. SPAK phosphorylation
was similar in both groups, indicating that the
increased NKCC2-R116H phosphorylation was not
due to a difference in kinase activity. We therefore
postulated that the increased phosphorylation of
NKCC2-R116H could be due to impaired
dephosphorylation of the transporter. To determine the
effect of the NKCC2-R116H mutant on NKCC2
dephosphorylation, HEK-293 cells expressing
wild-type or mutant NKCC2-R116H were initially
stimulated with LCHB and then returned to the regular
isotonic chloride-containing medium in order to
analyze the rate of dephosphorylation. Whereas
NKCC2-WT was significantly dephosphorylated by 20
and 30 minutes, NKCC2-R116H phosphorylation
remained unchanged. SPAK dephosphorylation was
similar in both groups, demonstrating that the impaired
dephosphorylation of the NKCC2-R116H mutant was
not due to differences in SPAK dephosphorylation.

Calcineurin inhibitors cause renal sodium chloride
retention and hypertension largely due to increased
phosphorylation and activity of NCC, the
thiazide-sensitive Na'-Cl-cotransporter (NCC) (15),
and have also been shown to result in the activation of
NKCC2 (16-17). A Importantly, calcineurin AAY
(CnAAY), a serine-threonine phosphatase has been
reported to play an important role in NKCC2
dephosphorylation (11). A It is unclear at present
whether CnAAY directly binds to and
dephosphorylates the N-terminal region of the
transporter or whether additional phosphoenzyme
complexes are involved as in NKCC1 (18).A In
pull-down experiments, the mutant NKCC2 N-terminus
failed to interact with CnAAY and the abnormality in
CnAAY binding was still present when a
phosphorylated-mimicking NKCC2 mutant that
included the arginine to histidine substitution was also
used as bait. These findings are compatible with the
hypothesis that the increased SPAK-mediated
phosphorylation of NKCC2-R116H results from
impaired CnAAY mediated dephosphorylation of the
transporter.
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Conclusion(s)

In this study, we reported a homozygous ¢.347G>A
mutation in the SLC12A1 gene resulting in a NKCC2
R116H substitution that results in chronic cyclic
edema.A Our patient showed significantly reduced
urine excretion of Na*, K*, CI, Ca®, and Mg?*A with
secondary suppression of renin and aldosterone
secretion, consistent with increased NKCC2 activity. In
vitro studies of expressed NKCC2 demonstrated
increased phosphorylation of the mutant protein due to
impaired dephosphorylation by calcineurin, rather than
increased phosphorylation by serine-threonine kinases.
Impaired NKCC2 R116H dephosphorylation was
associated with decreased binding of the CnAAY
serine-threonine phosphatase to the mutant
transporter.A Since phosphorylation of NKCC2 is a
well-known stimulus of its transport activity (4-6,8), we
propose that the R116H mutation in our patient results
in its enhanced NKCC2 transport activity representing
the first gain of function NKCC2 mutation reported in
the literature.
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Figure Legends

Figure 1: A) Cyclic edema:A The patient has a history
of chronic cyclic edema with intermittent episodes of
hand and feet swelling followed by a period of
natriuresis and resolution of the edema. Left side
(edema phase); Right side (spontaneous resolution
phase). B) Amino acid sequence alignment of NKCC2,
NKCC1 and NCC shows that the residue R116 is
conserved in NKCC2 and NKCC1 across species.
Prefixes: h (human); m (mouse); sh (shark).

A

A o %;\
| h

Mutation
s91 (195 T105 R116H
hNKCC2 RLRISFRPGNQECY--DNFL~( YL PKIE' G
mMNKCC2 RLRISFRPGNQECY--DNFL-( YL PKIE G
hNCC L DVVPTYEHYANST
mNCC DVVPAYEH!
hNKCC1  --NVSFQNGGDTVLSEG! YY Y PRIDH:
mMNKCC1  --NVSFQNGGDTVLSEGSSL Y Y PRIDH:
ShNKCC1 ESMNGY! Y DAVERIDHYRHT

Figure 2: Cells were subjected to a hypotonic
low-chloride stimulus. A) NKCC2-R116H displayed
higher levels of phosphorylation compared to the wild
type protein. Note that SPAK phosphorylation
occurred similarly in both groups (n=2).A B)A

Normalized values of phosphorylated NKCC2
(PNKCC2) relative to the phosphorylation intensity of
wild-type or mutant NKCC2 without stimulus (n=2).A
C)A Percentage of phosphorylation levels at different
times of hypotonic low-chloride exposure. Each time
point was normalized to its respective 0 time point
(n=2). Prefix p: phosphorylated.

A Nkcca-
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Figure 3: A) Western blot of pPNKCC2-S91 showed a
significant lag in R116H mutant dephosphorylation.
Although NKCC2-WT was dephosphorylated by 30
min following isotonic recovery, NKCC2-R116H
remained abnormally phosphorylated after 30 min
isotonic recovery. Note that SPAK dephosphorylation
occurred similarly in both groups.A B)A Normalized
values of pNKCC2 relative to the phosphorylation
intensity of wild-type and mutant NKCC2 at the end of
the low chloride hypotonic stress phase (n=3). C)A
Percentage of phosphorylation levels at different
recovery times.A Each time point was normalized to
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its respective 0 time point (n=3). Prefix p:
phosphorylated.

Dephosphorylation Time Course
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Figure 4:A Representative Western blot of eluates
after GST pull-down using GST (control) or GST-fused
rat wild-type NKCC2 N-terminus, a mutant rat
N-terminus with substituted arginine (R112H)
corresponding to the human R116H mutation, and a
phosphorylation-mimicking mutant with substituted
arginine (T96D + T101D + R112H) as baits. Detection
with a CnAAY antibody showed binding of the
phosphatase to NKCC2-WT.A However, this
interaction was substantially decreased by the arginine
to histidine substitution. In addition, the R112H
mutation also prevented the binding of CnAAYto the
phosphorylated-mimicking NKCC2 mutant.
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