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Abstract

Among the electroneutral Naþ-dependent chloride transporters, NKCC1 had until now evaded identification as a protein
causing human diseases. The closely related SLC12A transporters, NKCC2 and NCC have been identified some 25 years ago
as responsible for Bartter and Gitelman syndromes: two renal-dependent salt wasting disorders. Absence of disease was
most surprising since the NKCC1 knockout mouse was shown in 1999 to be viable, albeit with a wide range of deleterious
phenotypes. Here we summarize the work of the past 5 years that introduced us to clinical cases involving NKCC1. The
most striking cases are of 3 children with inherited mutations, who have complete absence of NKCC1 expression. These
cases establish that lack of NKCC1 causes deafness; CFTR-like secretory defects with mucus accumulation in lung and
intestine; severe xerostomia, hypotonia, dysmorphic facial features, and severe neurodevelopmental disorder. Another
intriguing case is of a patient with a dominant deleterious SLC12A2 allele. This de novo mutation introduced a premature
stop codon leading to a truncated protein. This mutant transporter seems to exert dominant-negative effect on wild-type
transporter only in epithelial cells. The patient who suffers from lung, bladder, intestine, pancreas, and multiple endocrine
abnormalities has, however, normal hearing and cognition. Finally, new reports substantiate the haploinsufficiency
prediction of the SLC12A2 gene. Cases with single allele mutations in SLC12A2 have been linked to hearing loss and
neurodevelopmental disorders.
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The Na-K-2Cl cotransporter-1, NKCC1, is encoded by the
SLC12A2 gene. Transporters in the SLC12 family mediate the
electroneutral transport of Cl� accompanied by Naþ and/or Kþ

across the plasma membrane of both epithelial and nonepithe-
lial cells. The family is divided into two branches defined by
Naþ transport: the Naþ-dependent branch, which includes
SLC12A1 (NKCC2), SLC12A2 (NKCC1) and SLC12A3 (NCC) and the
Naþ-independent branch which encodes SLC12A4 (KCC1),
SLC12A5 (KCC2), SLC12A6 (KCC3) and SLC12A7 (KCC4).
In addition, there are 2 orphan proteins; CCC9 (SLC12A8) and
CIP (SLC12A9) whose molecular structure and function are yet
to be characterized.1 The Na-(K)-Cl transporters are activated by
phosphorylation and they mediate Naþ-driven Cl� influx into
cells, whereas K-Cl cotransporters are activated by dephosphor-
ylation and they mediate Kþ-driven Cl� efflux. In many cell
types, NKCC(s) and KCC(s) are reciprocally regulated by kinases
and phosphatases and this balance is important to maintain in-
tracellular Cl� and cell volume.2–4 Extensive work over the past
20 years has uncovered the kinases and phosphatases involved
in the regulation of the cation-chloride cotransporters, includ-
ing NKCC1. We know today that With-No-Lysine (WNK) kinases
phosphorylate and activate STE20/SPS1-related proline-alanine-
rich protein kinase (SPAK) and oxidative stress response 1
(OSR1), which in turn phosphorylate and activate NKCC1 to im-
port Cl�, Naþ and Kþ inside the cell.5–8 Dephosphorylation is
mostly mediated by protein phosphatase 1 (PP1).9,10 Unlike
renal-specific NCC and NKCC2 which are mainly expressed on
the apical membrane of distal convoluted tubules (DCT) and
thick ascending limb of Henle (TALH), respectively, NKCC1 has a
broad expression pattern and is targeted to the basolateral
membrane of Cl� secreting epithelia.

While mutations in some SLC12A genes have been linked to
human Mendelian diseases, SLC12A2 has for the most part
evaded identification as a disease-causing gene in the human
population. There are several possible explanations for this lack
of clinical evidence: 1) absence of transporter function is com-
pensated by other transport mechanisms; 2) mutations in
NKCC1 are not well-tolerated; or 3) the clinical presentation as-
sociated with mutations in NKCC1 is complex and has yet to be

established. The second reason is very likely true, as the proba-
bility of intolerance for loss-of-function (pLI) index of SLC12A2
in the gnomAD database is 0.96, a value that establishes that
the gene is extremely intolerant to loss of function muta-
tions.11,12 As we will see in the next sections, the third explana-
tion turns out to also be correct, SLC12A2 is a disease-causing
gene. The gene had just to be identified as such for geneticists
to start paying attention. As the transporter is expressed in al-
most all tissues, its dysfunction leads to complex symptoms.
Some of these features are validated by mouse models, while
others still need experimental support. In this review, we focus
on the recent developments that establish SLC12A2 as a
disease-causing gene in humans.

Gene, Expression, and Structure

The SLC12A2 gene is located on the long arm of chromosome 5
at 5q23.3 (GRCh38.p13, 5:128083766-128189677). The gene is
highly conserved among species and more than 32 orthologues
have now been described. Human NKCC1 is composed of 27
exons,13,14 with two splice variants identified: NKCC1a (full-
length) and NKCC1b (lacking exon 21).13 Interestingly, exon 21 is
nonexistent in SLC12A1, the gene encoding the kidney-specific
isoform NKCC2. This exon has been postulated to play a role in
targeting the cotransporter to the basolateral membrane,15

however, we recently showed that both NKCC1a and NKCC1b
(D21) are targeted to the basolateral membrane of MDCK cells
grown polarized in 3D Matrigel substrate.16 We found instead
that a carboxyl-terminal dileucine motif (1087DLPPVLL1193) was
responsible for targeting the cotransporter to the basolateral
membrane. Substitution of the two leucine residues into ala-
nine led to the mistrafficking of the transporter to the apical
membrane.16 While NKCC1 is not in every cell, it is broadly
expressed throughout the body.17 In chloride secreting epithelia
such as salivary gland, sweat gland, lung, and intestine, the
cotransporter is targeted to the basolateral membrane.17 This
proximity to the serosal side allows NKCC1 to mediate the elec-
troneutral movement of one Naþ, one Kþ, and two Cl� ions from
the basal interstitium into the cell. In the submandibular
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salivary gland, NKCC1 mediates 75%–80% of carbachol-induced
Cl� uptake; which drives the bulk of transepithelial fluid secre-
tion.18,19 Our 3D cell culture studies revealed that NKCC1 is first
targeted to apical membrane initiation site and then subse-
quently targeted to the basolateral membrane upon epithelial
cell polarization (Figure 1). Remarkably, the NKCC1 dileucine
mutant or an NKCC1 with truncated C-terminus failed to relo-
cate to the basolateral membrane upon formation of the 4-cell
stage epithelium in vitro. This process may play a critical role
during cell division of fast-dividing epithelia, such as in the
small intestine since in polarized epithelium NKCC1 is directly
targeted from the trans-Golgi network to the basolateral mem-
brane. In some epithelia, NKCC1 is targeted to the apical mem-
brane. This is the case of the olfactory epithelium,20 the retinal
pigment epithelium,21 and choroid plexus epithelium.22,23

However, the precise mechanisms directing NKCC1 to the apical
membrane in these distinct tissues are not well understood.

SLC12A2 encodes a 1205 amino acid transmembrane protein
with 12 transmembrane domains (TMD1 to TMD12). NKCC1 has
been shown to form functional dimers when expressed in
oocytes or HEK293 cells.24,25 Significantly, Chew and colleagues
have recently reported the structure of the zebrafish (Danio rerio)
NKCC1 using cryo-electron microscopy.26 The 3D structure of
NKCC1 features a domain-swap dimer architecture where the
transmembrane domain (TMD) of one protomer is in close con-
tact with the C-terminal domain (CTD) of the other protomer
and these interactions are likely central to the function of the
cotransporter. Similar overall architectures were observed with
the structures of the related K-Cl cotransporters.27–29 As men-
tioned above, NKCC1 activity is regulated by the WNK-SPAK/
OSR1 kinase pathway.30–32 SPAK and OSR1 activate the cotrans-
porter by phosphorylation at key conserved threonine residues

(Thr197, Thr201, and Thr206) located within the NH2-terminal
domain of NKCC1.33 Note that Chew and colleagues were unable
to elucidate the structure of the N-terminal domain because of
its high degree of flexibility and lack of order.26 In fact, align-
ment of the N-terminus of NKCC1 from 12 species, ranging from
shark to human, revealed overall poor conservation with the ex-
ception of the two SPAK binding domains5 and the small region
containing the threonine residues.33 Of interest is the observa-
tion that the NKCC1 protein also contains a nucleolar localization
signal (residues 1032-1055) which becomes active upon trunca-
tion of a portion of the carboxyl-terminus. The physiological
significance of this site is still unknown.16

Pharmacology

Drugs such as loop diuretics, which target NKCC2, have been de-
veloped to lower blood pressure, minimize volume expansion,
and prevent cardiovascular diseases.34,35 Furosemide (LasixR)
and bumetanide (BumexR), however, inhibit both NKCC2 and
NKCC1.36 The effective dose of bumetanide seems to be much
lower (1/40) than furosemide in producing diuresis,37 likely due
to the higher binding affinity of furosemide to serum albumin.38

The loop diuretics seem to have similar effect on NKCC1 and
NKCC2 since the apparent affinity of bumetanide in isolated tis-
sues or cells ranges from 10�8 to 10�6 M for each cotrans-
porter.39–43 Recently, Hampel et al. described Azosemide as a
more potent inhibitor of human NKCC1,44 and Savardi et al.
identified a new compound, ARN23746, that modestly inhibits
NKCC1 function (30% at 10 uM and 95% at 100 uM), but had no
effect on NKCC2.45

NKCC1 Mouse Knockout Models

In 1999, two groups independently reported the creation NKCC1-
KO mouse models46,47, and one group identified a radiation-
induced mutant mouse at the Jackson Laboratory that also was a
functional knockout of NKCC1.48 Two additional NKCC1 knockout
mouse models were published the following year.49 As it will be-
come clear in the next few paragraphs, the NKCC1 knockout
mouse exhibits phenotypes that highlight a large number of tis-
sues affected (Figure 2). In all cases, the NKCC1-null mice are
smaller when compared to their wild-type counterparts, they are
deaf and show imbalance characteristic of inner ear defects.46–49

In the cochlea, the cotransporter is highly expressed in the stria
vascularis, a two-layer epithelium that produces the Kþ-rich endo-
lymph.46 Loss of hearing due to absence of NKCC1 is also consis-
tent with the known ototoxic effect of high doses of loop diuretics
in the human pediatric population.50–52 The deficit in the vestibu-
lar system is rather debilitating for the mice, as it leads to con-
stant spinning/circling and head-bobbing behavior. This
phenotype is severe enough to interfere with the study of knock-
out animals, especially when neurobehavioral studies rely on lo-
comotion. Because the deficit in endolymph Kþ secretion leads to
the death of hair cells, it is unlikely that this phenotype can be
rescued. It is interesting, however, that short-term inhibition of
NKCC1 with ethacrynic acid (another NKCC1 inhibitor) leads to
the reversible elimination of auditory brain responses, while the
inhibitor had no effect on vestibular gravity receptor function.
This observation indicates that acute suppression of Kþ secretion
affects the cochlea to a greater extent than the vestibular
system.53

In one of the original models, peri-weaning lethality was ob-
served and connected to intestinal obstruction and apparent
bleeding in the cecum.47 Remarkably, this phenotype was not

Figure 1. Membrane Localization of NKCC1 During Polarization of MDCK Cells in

Matrigel. Top panels: MDCKII cells were transfected with EGFP-tagged NKCC1

and plated in Matrigel. As a single cell divide to create a polarized structure,

NKCC1 which is first seen all around the cell now concentrates at the Apical

Membrane Initiation Site prior to localizing at its final destination: the basolat-

eral membrane. The process takes 24–48 h to create the first four cell polarized

structure. Bottom panels: This process is prevented by truncating the carboxyl-

terminus of NKCC1, as in the NKCC1-DFX patient or by mutating a dileucine mo-

tif located at the extreme carboxyl-terminal tail of the cotransporter. In each

case, NKCC1 staining colocalizes with podocalyxin at the apical pole. NKCC1 is

labeled in green; whereas the apical marker podocalyxin is labeled in red. Data

were redrawn from Koumangoye et al.16
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observed in another mouse model where all homozygote knock-
out mice survived past the peri-weaning period.46 This discrep-
ancy was attributed to differences in mouse strain or
background. The intestinal phenotype is consistent with NKCC1
playing a role in intestinal fluid secretion.54 Other tissues where
NKCC1 plays a role in electrolyte and fluid secretion are the sali-
vary gland and the lung. Deletion of NKCC1 in mice resulted in
70% decrease in saliva secretion18 and decreased fluid secretion
in lung epithelium, although in this case, absence of airway dis-
ease in NKCC1 knockout animals suggests that the mice are
able to compensate adequately for lack of NKCC1 function.55

Another phenotype that complicates the study of NKCC1
knockout mice is the male sterility. It prevents the breeding of
homozygote animals which can then only be obtained from het-
erozygous crossings. The male sterility is due to the absence of
spermatids in the lumen of the seminiferous tubules.56

Accumulation of spermatogonia (undifferentiated germ cells) is
observed in the seminiferous tubules. These cells seem to be
larger in size and not confined to the base of the tubules, as ob-
served in wild-type mice.56,57 In addition, there is a greater
number of cells undergoing apoptosis in the seminiferous
tubules.57 While the level of testosterone in the testis was be-
lieved to be normal (the seminal vesicles were of similar
sizes),56 blood levels of testosterone and luteinizing hormone
were significantly lower in the knockout, indicating a possible
neurological origin of the testis phenotype.57,58

Besides the stria vascularis in the inner ear, there are several
other mouse tissues where NKCC1 is highly expressed. This is
the case for sensory neurons in dorsal root ganglia and choroid
plexus epithelial cells.22 In sensory neurons, the cotransporter
accumulates Cl� above its electrochemical potential equilib-
rium,59,60 thereby facilitating GABA depolarization at the termi-
nal ends of sensory fibers. In the knockout mouse, the GABA-
mediated Cl� reversal potential shifts toward more negative
(hyperpolarizing) values affecting presynaptic inhibition and fil-
tering of sensory noise. As a consequence, NKCC1 mice are less
sensitive to pain stimuli.2,61

The consequences of an absence of NKCC1 in choroid plexus
are unknown. The cotransporter in this tissue is atypically lo-
cated on the apical membrane.22,23,62 In 1972, it was shown that
cerebrospinal fluid (CSF) secretion was inhibited by the applica-
tion of bumetanide from the CSF side and not the blood side63;
but for years that study was ignored and the transporter was
wrongly assumed to be basolateral.64,65 In 1994, Richard Keep
proposed a model placing the Na-K-2Cl cotransporter on the
apical membrane,66 and this localization was later confirmed
with the development of NKCC1-specific antibodies.22,23,62 A re-
cent study showed that NKCC1 function and CSF secretion were
both simultaneously stimulated following blood accumulation
in the ventricles. Enhanced NKCC1 function was triggered by in-
flammatory response mediated by the activation of the TRL4 re-
ceptor, NFKB, and the terminal kinase SPAK.67 Due to its
location on the CSF-facing membrane, its role as a transporter
facilitating CSF secretion is still controversial.68 Typically, the
gradients for NKCC1-mediated transport are oriented inward
and thus opposite to the direction of Naþ transport into the CSF.
A recent paper from McCauley and colleagues argued that the
gradients for Na-K-2Cl cotransporter in choroid plexus could in
fact be reversed and outward facing.69 These data are, however,
inconsistent with the fact that application of bumetanide leads
to the shrinkage of choroid plexus cells23 and the observation
that the epithelium is significantly shrunken in NKCC1 knock-
out mice, compared to wild-type mice.70

NKCC1 knockout mice are markedly hypotensive due to
lower vascular tone.71 NKCC1 in vascular smooth muscle cells
participate in depolarizing the membrane, thereby facilitating
the depolarizing signals that lead to Ca2þ entry into the cell and
muscle contraction.72 Studies have shown that the NKCC1
knockout kidney does not contribute to the hypotension as
there was no defect that could be measured in the release of re-
nin or in the ability of renal Naþ transporter expression to re-
spond to increases in angiotensin II.73 Absence of renal
contribution to the low blood pressure does not mean that the
NKCC1 knockout mouse did not display a renal phenotype.

In the kidney, NKCC1 is mostly found in the renin-producing
smooth muscle cells of the afferent arteriole, the intercalated
cells type A in the outer medullary collecting duct,74 and in the
inner medullary collecting duct.75 It is interesting that the signal
in A-type intercalated cells was detected in rat but not mice, in-
dicating possible physiological differences between the two
models or species. Bumetanide-sensitive Naþ and Kþ-depen-
dent secretion of Cl� was measured in collecting tubules from
rats treated with mineralocorticoids.76 A functional NKCC1
transporter in this segment facilitates the secretion of Naþ and
Cl� from blood to urine. Net reabsorption was observed upon
application of bumetanide.77 Thus, detection of NKCC1 in the
collecting duct could be dependent on the aldosterone status of
the animal.

One striking renal phenotype of the NKCC1 knockout mouse
was hyperkalemia.73 High plasma Kþ levels could possibly

Figure 2. Phenotypes Associated with Loss of NKCC1 Expression in Humans and

Mice. Inner ear, salivary gland, lung, and intestine are affected by lack of

NKCC1-mediated transepithelial transport of ions (Kþ and/or Cl�). Central neu-

rons (brain), sensory neurons, and muscle cells are affected by lack of NKCC1-

mediated intracellular Cl� accumulation. Resulting phenotypes are deafness,

dry mouth, mucus obstruction in lung and intestine, neurodevelopmental

delays, pain perception, and hypotonia. With the exception of autism, intellec-

tual disability, and muscle weakness which have not been established in mouse,

all other phenotypes are observed in both species and characteristic of the dis-

order associated with complete loss of NKCC1 function.
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originate from a deficit in muscle cells in loading and buffering
plasma Kþ.78 But typically, increased plasma Kþ leads to in-
creased renal secretion to maintain homeostasis. In the NKCC1
knockout mouse, there was no increase in serum aldosterone
and no increase in renal Kþ secretion associated with the high
Kþ condition.73 NKCC1 mice also had reduced water excretion
when consuming a salt (NaCl)-deficient diet.

NKCC1 “Knockout” Patients

The question as to whether a human with no cotransporter ex-
pression (NKCC1 knockout) is viable was answered recently.
The case of a 5-year-old boy (Kilquist patient) with complete ab-
sence of NKCC1 expression was reported by Macnamara et al.79

The genetic of this patient is interesting as the defective allele
inherited from his father has a large 22 kb deletion affecting
exons 2–7. Unusual was the fact that the patient inherited two
copies of chromosome 5 from his father (uniparental disomy)
making him a homozygote knockout from one parent only. The
proband suffers from a multitude of ailments including hearing
loss, intellectual disability, respiratory weakness with mucus
plugs, and gastrointestinal (GI) issues including malrotation,
constipation, and blood in the GI tract. Some of his clinical pre-
sentations are similar to those observed in patients with cystic
fibrosis, including inflammation, obstructive lung diseases, re-
spiratory weakness, pancreatic exocrine dysfunction, dysmotil-
ity, intestinal obstruction, and growth disturbance (Table 1). In
fact, the patient was originally tested for known diseases-
causing mutations in CFTR and mitochondrial disease and all
came back negative. The patient failed to thrive and necessi-
tated the insertion of gastrotomy feeding tubes for nutrition.
Whether the patients could have benefited from pancreatic
enzymes replacement therapy earlier in life is unknown. In cys-
tic fibrosis, morbidity is indeed often linked to pancreatic failure
and deficit in bicarbonate secretion.82–85 Interestingly, the secre-
tion of bicarbonate is affected by intracellular Cl�, and absence
of NKCC1 on the basolateral membrane likely to affect not only
Cl� secretion but also bicarbonate secretion. In addition, both
the transports of Cl� and bicarbonate are regulated by the Cl�

sensing kinases WNK, SPAK, and OSR1,86 and it was shown that
WNK1 overexpression causes an increase in CFTR HCO�3 perme-
ability (PHCO3/PCl) and HCO�3 conductance. This WNK1 effect was
not dependent on SPAK and OSR1 and did not affect CFTR ex-
pression or trafficking, but affected the physical property of the
CFTR channel.87 Finally, Hoegger and colleagues demonstrated

that pharmacologic inhibition of NKCC1 in pig airway epithelial
cell led to the secretion of a viscid mucus that remained at-
tached to the epithelium in the absence of bicarbonate.88 These
observations indicate that NKCC1 and CFTR dysfunction may
share common underlining mechanisms that need to be further
explored.

Stodberg et al. recently reported the case of a 9-year-old female
patient with biallelic mutations in SLC12A2. The compound hetero-
zygote patient carries a one base deletion (c.1431delT) inherited
from her father, and a one base substitution (c.2006-1G>A) inherited
from her mother. The one base pair deletion causes a frameshift in
exon 8 which introduces an early stop codon, thereby prematurely
terminating protein translation. The c.2006-1G>A mutation from
the mother affects the splice acceptor site of exon 13, causing exon
skipping and disruption of the NKCC1 open reading frame.81 Her
clinical presentation mirrors the previously reported 5-year-old
boy.79 She is deaf, presents dysmorphic facial features, suffers from
severe intellectual disability, and cannot stand or walk on her own.
She also presents deficits in tear, saliva, and sweat production. She
has lung disease with dry airways that require frequent inhalations
of hypertonic sodium chloride solution to prevent life-threatening
mucus plugs. She also has multiple GI issues, including constipation
and intestinal malrotation. The patient had an older sister, who
died at 2 months of age; she carried the same mutations and pre-
sented similar symptoms.81 As with the Kilquist patient, the sisters
were tested for cystic fibrosis and metabolic disease but no disease-
causing mutations were found.

From these three cases, it is clear that individuals can live
with complete absence of NKCC1 transport function. The clini-
cal symptoms match closely some of the phenotypes that were
observed in the NKCC1 knockout mouse models (Figure 2).
These ailments are severe enough to cause one of the individu-
als to die 2 months after birth.

Patient with a C-Terminal Deletion in NKCC1

In 2016, we described the first patient carrying a loss of function
mutation in NKCC1.80 The 14-year-old girl carried an 11 bp dele-
tion in exon 22 of SLC12A2, resulting into a premature stop co-
don and truncation of the carboxyl-terminal tail of the
cotransporter. Because the deletion led to a protein ending with
an aspartic acid (D) followed by a phenylalanine (F) and a stop
codon, we coined this mutant transporter: NKCC1-DFX. Because
her father, mother, and three siblings did not carry the muta-
tion, the mutation arose in germline or during early

Table 1. Clinical Defects in NKCC1 Patients Compared to Cystic Fibrosis Patients

Clinical presentation Cystic fibrosis p.Val1026Phefs*2 22 kb deletion c.1431delT
c.2006-1G>A

Reference80 Reference79 Reference81

Inflammation þ þ þ þ
Obstructive lung disease þ þ þ þ
Pancreatic exocrine dysfunction þ þ þ ?
Dysmotility þ þ þ þ
Dysbiosis þ ? ? ?
Intestinal obstruction þ þ þ þ
Deficiency in innate immunity þ ? ? ?
Growth deficiency þ þ þ þ
Mucoviscidosis (viscid/sticky mucus) þ þ þ þ
Defective Cl�/HCO�3 transport þ/þ þ/? þ/? þ/?

The þ sign means that the clinical presentation has been confirmed in the patient and for the last row that the deficit in Cl� secretion has been confirmed in all

patients. The ? sign means that the clinical presentation has not been assessed or (for the last row) that HCO32 secretion has not been measured.
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embryogenesis. Even in the presence of a wild-type (normal) al-
lele, the mutation led to multiple organ deficits. Some of her
clinical presentations, at the time of referral to the Undiagnosed
Diseases Program at the National Institutes of Health, included
autonomic bladder dysfunction, chronic pain, decreased energy,
dietary intolerance, seizure-like episode, respiratory weakness,
complete bladder failure, pancreatic insufficiency, and multiple
endocrine abnormalities.80 The course of the disease revealed
to be intriguing. Before the age of one year-old, the patient had
mucus plugging of the lung and respiratory distress that led to
her being tested for cystic fibrosis, for which the test came back
negative. While this improved with age, she still needed to sleep
starting at age 4 year-old with bi-level positive airway pressure
(Bipap) therapy. It is worth noting that the lung of the NKCC1
knockout mouse showed a phenotype only during the neonatal
period. The basal short-circuit current (Isc) of the tracheae in
young NKCC1 mice was significantly reduced, compared to
wild-type mice—a phenotype not observed in the adult mouse.
When UTP was used to stimulate anion secretion in the wild-
type mouse trachea, there was a sizable bumetanide-sensitive
short circuit current at postnatal Days 4, 10, 15 which decreased
by ages 21, 28, and 35 days and disappeared at P42.55 Thus, there
seems to be a critical role of NKCC1 in the lung at early age
which might be substituted by another mechanism later in life.

Her mother recalls that during the first few months of life,
her daughter was sleeping far more than usual, and it was chal-
lenging to wake her up. Her pediatricians assumed that she had
a severe metabolic phenotype and tested her for mitochondrial
disease. While she clearly had abnormal mitochondrial DNA
content and abnormal glycogen content,80 none of the tests
pointed to specific diseases known to affect the mitochondria.
Yet, when the patient fibroblasts were used to measure mito-
chondrial respiration, the rate of oxygen consumption was sig-
nificantly higher in the patient fibroblasts, compared to
fibroblasts isolated from healthy controls.89

Gastrointestinal function declined progressively. A gastric
tube was placed at age 7 year-old to help her nutritional status
and keep her out of metabolic crisis. This was followed by a je-
junum tube and the feeding of elemental (predigested) food to
try maintaining her nutritional needs. She then required total
parenteral nutrition at the age of 11 year-old. Chronic infections
of the GI tract necessitated a complete colectomy and partial re-
section of the small intestine. The resected colon pathology
revealed abnormal mucus accumulation in the lumen of the co-
lon, mucus that remained attached to the epithelium
(Figure 3).90

At age 13 year-old, she also had some pancreatic obstruc-
tion. Her common bile duct was enlarged and plugged with
trapped bile which required the muscle of her biliary tree to be
cut back and the placement of a pancreatic stent to help move-
ment of the bile. At the age of 14, she lost complete function of
her bladder.

The multiorgan involvement is consistent with NKCC1 being
expressed in all affected tissues. The cotransporter certainly is
involved in the fluid secretion characteristic of Cl� secreting ep-
ithelia (Figure 3). The multiorgan failure might also be indicative
of a deficit of the autonomic nervous system. NKCC1 is highly
expressed in the peripheral nervous system where, through Cl�,
the transporter affects GABA-mediated synaptic transmission.
As we mentioned in the NKCC1 mouse knockout section, the
cotransporter is also involved in controlling the function of in-
terstitial (Cajal) neurons which are found associated with all of
the tissues affected in the patient. In addition to the interstitial
neurons, most of these tissues also have smooth muscle cells

that facilitate the movement of fluids. NKCC1 also serves a par-
ticular function in facilitating the depolarization that leads to
Ca2þ entry and muscle contraction. Smooth muscle cells are
found in the intestine, pancreatic duct, bladder, and vasculature
as discussed in the mouse knockout section.

One aspect of this patient we have not yet addressed is the
fact that she also carries a wild-type SLC12A2 allele. This allele
should produce 50% of normal NKCC1 and provide enough func-
tion to avoid any overt or deleterious phenotype. In fact, absence
of phenotype is established for the father of the Kilquist patient
who carries only one copy of the abnormal allele and the parents
of the Swedish sisters who also carry a wild-type allele alongside
their null allele. What is special to the NKCC1-DFX allele that it
causes such significant clinical features? A possible explanation
is proposed in the following section.

Heterologous Expression Studies of the
NKCC1-DFX Transporter

The first NKCC1-DFX experiment utilized fibroblasts isolated
from the patient.80 Kþ uptake experiments were performed in
the absence and presence of ouabain, an inhibitor of the Naþ/Kþ

pump, and in the presence or absence of bumetanide to inhibit
the Na-K-2Cl cotransporter. The experiment was also done un-
der control (isosmotic) or stimulated (hyperosmotic) conditions.
Significant osmotically-induced, bumetanide-sensitive, Kþ up-
take was observed in cells from the patient, consistent with
NKCC1 function. Because heterologous expression of the mutant
transporter in Xenopus laevis oocytes failed to demonstrate trans-
port function, the bumetanide-sensitive uptake in fibroblasts
can only be attributed to the native transporter expressed from
the wild-type allele. The level of NKCC1 function in the fibro-
blasts did not indicate a dominant-negative effect. Absence of
dominant-negative effect was also confirmed by co-injecting
equal amounts of NKCC1-DFX with wild-type NKCC1 cRNA into
oocytes and comparing to equivalent amounts of NKCC1 alone.80

The situation was very different when fluorescently-tagged
transporters were expressed in polarized epithelial cells.91

When MDCK cells were grown on permeabilized support, they
formed a polarized cell layer on top of the polycarbonate mem-
brane with tight junctions separating a well-delineated apical
pole (accessible from top chamber) from a basolateral pole
(at the membrane support and accessible from the bottom
chamber). Expression of wild-type NKCC1 was observed at the
basolateral membrane, whereas expression of the mutant
transporter was observed at the apical membrane. When the
same cells were grown on Matrigel (3D culture), they formed
closed cysts with the epithelial layer separating the lumen or in-
terior of the cyst from the external space. MDCK cells expressing
wild-type EGFP-NKCC1 showed fluorescence signal at the baso-
lateral pole, while cells expressing EGFP-NKCC1-DFX displayed
most of the fluorescent signal at the apical pole indicating mis-
trafficking of the mutant transporter.91 The defect could be ob-
served at very early stages of cyst formation in Matrigel. When
cysts were at a stage of four cells (24–48 h post plating), signal
from wild-type NKCC1 was clearly visible between the cells,
whereas signal from NKCC1-DFX was predominantly observed
at the apical pole (Figure 1). As discussed above, studies
revealed that the loss of a carboxyl-terminal dileucine motif
was sufficient to target the cells to the apical membrane.16

Intriguingly, the mutant transporter (through dimerization) was
able to traffic some wild-type monomers to the apical mem-
brane. This observation indicated to us that the mutant
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transporter exerts a significant dominant-negative effect on
wild-type transporter, an effect that is notably limited to epithe-
lial cells. Although the patient fibroblasts maintain 40% NKCC1
function, it is possible, because the truncated protein is trans-
lated and trafficked out of the ER and can dimerize with the
wild-type protein, that the number of functional NKCC1 dimers
could be lower in some specific cell types even if they are not
epithelial cells (Figure 4).

NKCC1-DFX Mouse Model

There is a high degree of exon/intron architecture and sequence
conservation between human and mouse NKCC1. Therefore, a
mouse model recapitulating the exact same 11 base pair dele-
tion in exon 22 was engineered. This led to the expression in
the mouse of the NKCC1-DFX protein observed in the patient.91

Immunofluorescence analysis of salivary gland and intestinal
tissue from the NKCC1-DFX mice confirmed the abnormal ex-
pression of the cotransporter at the apical pole. As the NKCC1
antibody was directed against the carboxyl-terminus of the
transporter, and thus did not recognize the mutant transporter,
the apical signal observed was limited to mistrafficked wild-
transporters. With a subset of transporters located on the wrong
membrane in salivary gland, it was surprising that pilocarpine-
induced saliva secretion was only reduced by 10% in heterozy-
gous NKCC1-DFX mice compared to wild-type mice; a difference

that did not reach statistical significance.91 The absence of a sal-
ivary gland phenotype contrasted with the NKCC1-DFX patient
who suffers from dry mouth and who often chew ice to keep
her mouth hydrated.80 Note that the contribution of NKCC1 to
saliva production is also different in the different salivary
glands, with highest contribution in the human submandibular
gland, followed by the parotid gland, and then the sublingual
gland.19 The disparity in phenotype might be due to differences
in stimulated versus basal secretion or might reflect some spe-
cies difference in contribution of NKCC1 in saliva production in
each of the gland.

One tissue that clearly showed an abnormal phenotype in the
NKCC1-DFX mouse was the intestine. NKCC1 plays a key role in
producing fluid and electrolytes in the gut. Both NKCC1-DFX and
NKCC1-KO mice demonstrated a 40%–50% decrease in fecal water
content.90 This decreased was associated with decreased ex-
pression along the crypts of claudin-2, a paracellular Naþ and
water junctional channel. Both the NKCC1-DFX and knockout
mice also showed abnormal goblet cell mucus granules secre-
tion. Typical mucus release involves the disintegration of the
granule membrane and release of the mucus. In the NKCC1-
DFX and NKCC1 knockout mice, entire groups of intact gran-
ules were released in the colon lumen. The mechanism behind
the abnormal mucus release was not addressed in the study,
but could be related to improper bicarbonate secretion and mu-
cosal surface pH.88,92 Because of this abnormal mucus release,
the inner mucus layer was much thinner and occasionally

Figure 3. Role of NKCC1 in Fluid Secretion in the Intestine. Throughout the gastrointestinal tract, NKCC1 is expressed on the basolateral membrane of Cl� secreting epi-

thelial cells. As seen by immunofluorescence, string NKCC1 signal (green) is observed at lateral membranes of mouse colonic epithelial cells, while some weaker signal

is seen at the base. The hematoxylin/eosin panel located above shows a stained crypt lumen plugged with mucus in the colon of the NKCC1-DFX patient. The model

depicts the pathway for Cl�movement through a basolateral NKCC1 and apical CFTR Cl� channel. CFTR is also permeant to bicarbonate. Naþ and water movement fol-

lows through the paracellular pathways. Naþ movement occurs through claudin-2, a protein of the junctional complex. Expression of claudin-2 is affected in the

NKCC1-DFX and NKCC1 knockout mice. The tight junction protein is only observed at the base of the crypt and no longer observed at the epithelial cells along the side

of the crypt.90
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disrupted in the mutant mice compared to the wild-type
mice.90 Consistent with a disrupted mucus barrier, commensal
bacteria were seen in close contact with the intestinal epithe-
lium. Immunoreactive CD3 signal also increased, indicating in-
filtration of immune cells deep into the epithelial layer. When
mice were administered Citrobacter rodentium (a mild pathogen)
through gavage, wild-type mice cleared the bacterial infection
within 3–4 days, whereas NKCC1-DFX and NKCC1 knockout
mice had not cleared the infection by Day 9.

Thus, the mouse studies determined that abnormal NKCC1
function leads not only to the secretion of viscid mucus, but
also to the release of nondegranulated mucus granules which
potentially cause more obstruction of the airway, pancreas, and

intestinal epithelia. These studies also uncovered a novel mech-
anism by which NKCC1 protects against enteric infection and
gastrointestinal inflammation.

Note that the inflammatory response could also be af-
fected by the disruption in NKCC1 expression in immune
cells. Intracellular Cl�, and particularly Cl� efflux, is a well-
known trigger of neutrophil activation.93–96 A recent paper
also demonstrated that NKCC1 function (through intracellular
Cl� accumulation) inhibited efferocytosis, a process by which
macrophages remove apoptotic corpses. Genetic deletion of
Slc12a2, or pharmacologic inhibition of NKCC1, or manipula-
tion of the upstream WNK-SPAK/OSR1 kinase pathway con-
sistently promoted this process.97 More relevant was the

Figure 4. Behavior of WT-NKCC1 and NKCC1-DFX Proteins in X. laevis Oocytes, HeLa Cells, and MDCK Cells. (A) Western blot analysis of cmyc-tagged wild-type and

NKCC1-DFX protein expressed in X. laevis oocytes showing the mutant transporter predominantly as a dimer. (B) Similarly, NKCC1 transporters expressed at the sur-

face of HeLa cells show as monomers and dimers for wild-type transporters but only as dimers for NKCC1-DFX transporters. tTomato-NKCC1 (red); EGFP-NKCC1-DFX

(green); overlap (yellow). (C) In polarized MDCK cells grown on polycarbonate filters, wild-type NKCC1 is pulled-down from the basolateral membrane; whereas

NKCC1-DFX is pulled down from both basolateral and apical membrane. (D) There are three possible dimer combinations originating from the wild-type and mutant

SLC12A2 alleles: two wild-type NKCC1 monomers, one wild-type and one mutant monomer, and two mutant monomers. Expression of mutant monomers only results

in a nonfunctional transporter. To date, in absence of direct testing, it is unclear if the heterodimer is functional and if that it is the case, it would lead to further reduc-

tion in NKCC1 function. T4: monoclonal anti-NKCC1 antibody. Data redrawn from Delpire et al.80 and Koumangoye et al.91
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observation that the loss of NKCC1 led to macrophage switch-
ing their program from anti-inflammatory to proinflamma-
tory. Using a well-established apoptotic-cell-clearance model,
the authors demonstrated that a low dose of LPS delivered in-
tranasally in mice, caused neutrophil and monocyte infiltra-
tion in the lung with induction of proinflammatory cytokines.
Animals administered with bumetanide, or a WNK inhibitor,
exhibited enhanced levels of proinflammatory cytokines in
the bronchoalveolar fluid, compared to vehicle-treated ani-
mals.97 NKCC1-deficient phagocytes also demonstrated in-
creased amounts of reactive oxygen species (ROS) known to
induce the production of proinflammatory cytokines.
Remarkably, fibroblasts isolated from NKCC1 knockout
mice also displayed significant increases in ROS, as estab-
lished through increase in hydrogen peroxide production
and peroxidase activity.89 These data indicate that the

phagocyte phenotype switch might be extendable to other
cell types.

SLC12A2 Haplotype Insufficiency and Hearing
Loss

Two recent papers linked human NKCC1 mutations to hearing
loss. Mutai et al. reported the cases of three SLC12A2 variants
from three unrelated Japanese families (Table 2). The affected
individuals presented with severe hearing loss.98 In the first
family, a 7-month-old female infant and her twin brother
shared a SLC12A2 c.2145C > G variant, resulting in p.Asp981Tyr
mutation. In the second family, the affected individual carried a
c.2930-2A > G mutation; which affects the splice acceptor site of
exon 21. In the third family, the affected infant had a c.2962C >

A variant; resulting in the substitution of a proline residue into

Table 2. Disease-Causing SLC12A2 Variants

Variant Sex Age Origin Exon Prot. domain Reference
Hearing Dev. del. Phenotype Effect

p.Val1026Phefs*2 Girl 14 year old California Exon 22 C-terminus Delpire et al. 80

NKCC1-DFX hetero None Lung, GI, bladder,
endocrine

Dominant Negative

22 kb deletion Boy 5 year old Illinois Exons 2–7 TM1–TM5 Macnamara et al.79

Killquist homo Deaf Brain, lung, GI,
sweat

Knockout

c.1431delT
c.2006-1G>A

Girl 8 year old Sweden Exon 8
Exon 13

Stodberg et al.81

comp Deaf Brain, lung, GI,
sweat

Knockout

p. Asp981Tyr Girl þ
Brother þ 4 adults

7 months Japan Exon 21 C-terminus Mutai et al.98

Hetero Loss LOF
p.Pro988Thr Boy 22 months Japan Exon 21 C-terminus Mutai et al.98

Hetero Loss Minor motor de-
velopmental
delay

LOF

c.2930AA>G Girl 17 months Japan Exon 21 30 splicing Mutai et al.98

Hetero Loss Minor motor de-
velopmental
delay

p.Val327Ala Boy 1 year old United Kingdom Exon 4 TM2 McNeill et al.99

Hetero Loss LOF
p Arg410Gln Boy 9 year old United Kingdom Exon 6 TM4 McNeill et al.99

Hetero LOF
p.Try892* Girl 15 year old United Kingdom Exon 18 C-terminus McNeill et al.99

Hetero Loss LOF
p.Asn376Ile Girl 3 year old United Kingdom Exon 5 TM3 McNeill et al.99

Hetero LOF
p.His186Alafs*17 Girl 6 year old United Kingdom Exon 1 N-terminus McNeill et al.99

Hetero LOF
p.Ala379Leu Boy 21 year old Italy Exon 5 TM3 McNeill et al.99

Hetero LOF
p.Glu980Lys Boy 2 year old United States Exon 21 C-terminus McNeill et al.99

Hetero Loss LOF
p.Glu979Lys Man 44-year-old father France Exon 21 C-terminus McNeill et al.99

Hetero Loss LOF
p.Glu979Lys Boy 5-year-old son France Exon 21 C-terminus McNeill et al.99

Hetero Loss LOF
p. Tyr199Cys Quebec Exon 1 N-terminus Merner et al.100

Hetero Normal Schizophrrenia GOF?

Comp, compound heterozyote; Hetero, heterozygote; Homo, homozygote; LOF, loss-of-function; GOF, gain-of–function; TM2, transmembrane domain 2; TM4, trans-

membrane domain 4; TM1, transmembrane domain 1; TM5, transmembrane domain 5.
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threonine (p.Pro988Thr). Interestingly, all these variants were
confined to exon 21 (Figure 5).98 In addition to the hearing loss,
affected infants in two families had difficulties in holding their
heads up, maintaining a sitting position, or walking, indicative
of minor motor developmental delays. In a second study, we
identified three individuals from two independent families with
mutations in exon 21 associated with nonsyndromic bilateral
sensorineural deafness (Table 2).99 In the first family, a 2-year-
old boy had a p.Glu980Lys mutation, and in the second family, a
44-year-old father and his 5-year-old son carried a mutation of
the preceding residue (p.Glu979Lys). Note that two additional
patients with mutations in other parts of the transporter
(p.Ala327Val and p.Trp892*) also demonstrated bilateral sensori-
neural hearing impairment.99

The NKCC1-DFX patient, the father of the Kilquist pa-
tient, and the father and mother of the sisters from Sweden
all carry a wild-type SLC12A2 allele alongside an abnormal
SLC12A2 allele, and they have no signs of hearing deficit or
loss. Thus, 50% expression of the cotransporter in the inner
ear is sufficient to support proper or adequate hearing. This
observation does not exclude the possibility that they will
experience accelerated age-related hearing loss.101 Why is
exon 21 so significant to the function of the inner ear? From
these observations, it is evident that the NKCC1 protein
expressed in the stria vascularis must contain exon 21. In
fact, this was addressed in the Dixon et al. study which
established that the exon 21-containing splice form was the
only transcript detected in the cochlea.48 Because the lack of
exon 21 (splicing mutations) or single amino acid substitu-
tions in this exon lead to hearing loss, it is possible that the
16 amino acids peptide encoded by this exon is part of a
protein-protein interaction that is specific to the inner ear.
What would cause a defective exon 21 to exert a dominant-
negative effect specifically in the inner ear is currently un-
known and should be investigated. Note that the structure
of the zebrafish NKCC1 did not resolve the region of the
carboxyl-terminus containing this unique exon (Figure 5).

SLC12A2 Haplotype Insufficiency and
Neurodevelopmental Disorders

The study of McNeill and colleagues reported the cases of
6 children with de novo mutations in SLC12A2 linked to neurodeve-
lopmental disorders such as autism spectrum disorders (ASDs),
spastic dysplasia, developmental delays, and spastic quadriparesis.
Two of these patients have been already mentioned since they had
bilateral sensorineural hearing loss. Remarkably, neurodevelop-
mental disorders such as attention-deficit/hyperactivity disorder
and anxiety-related disorders occur at rates 2–3 times higher in deaf
children compared with children with normal hearing.102 While
nonbiologic factors such as social interaction might be involved,
mouse models of inner ear dysfunction support the link between
vestibular dysfunction and hyperactivity and anxiety. Similarly, au-
tistic patients can develop symptoms related to abnormal modula-
tion of vestibular input.103

Additional human SLC12A2 variants have been linked to in-
tellectual disability,104 macrocephaly and epilepsy associated
with ASDs105 and schizophrenia.100

Variants in the Vanderbilt BioVU Database

With the increase of genetic data available, we wanted to query
a database existing in our institution and test the hypothesis

that variants in SLC12A2 can be identified in patients with
CFTR-like symptoms. BioVU is Vanderbilt Medical Center’s bio-
repository of DNA extracted from discarded blood collected dur-
ing routine clinical testing and linked to de-identified medical
records in the Synthetic Derivative. To date, BioVU contains
over 250,000 samples from both adult and pediatric populations.
We queried two BioVU cohorts to identify individuals with rare
exonic mutations in SLC12A2. The exome cohort contained a set
of 35,842 individuals and the MEGA cohort contained a set of
94,489 individuals. In total, we identified 9 rare coding variants
in SLC12A2 with data available in both Exome and MEGA
cohorts (Table 3). On the Exome Beadchip, 38 individuals were
heterozygotes for one of these variants and 2 homozygous.
A phenome-wide association study (PheWAS) was conducted
on the 36 SLC12A2 rare variant heterozygotes against all wild-
type individuals. In total, we tested 1426 phenotypes with at
least 100 cases; and excluded pregnancy-related codes. Only
one association exceeded the Bonferroni correction (phecode
686.1—carbuncle and furuncle). Several associations related to
what was observed in the NKCC1 patients were found to be
nominally significant (P< 0.05) in this analysis, including dys-
hidrosis, chronic bronchitis, and intestinal obstruction (see
Table 4). These data highlight the need for clinicians and geneti-
cists to pay attention to deleterious mutations in the Na-K-2Cl
cotransporter-1 gene when lung and/or intestinal obstruction
symptoms are associated.

NKCC1, Bumetanide, and Autism

ASDs are a group of neurodevelopmental disorders in children
that affect their ability to socially interact and communicate
with peers, parents, and others. The condition is also character-
ized by restricted and repetitive pattern of behaviors and lim-
ited interests.106 Hundreds of genes have been linked to ASD,
and there is no definitive etiology or diagnosis established. In
some cases, children with similar genetic variants present with
drastically different phenotypes.107 ASD is thought to be caused
by a complex interaction between genetic variations and envi-
ronmental factors. Although the molecular mechanisms that
cause ASD are not fully understood, recent studies suggest that
genes and pathways involved in neuronal excitability and
GABAergic signals are involved in the pathophysiology of
ASD.108–110 NKCC1 and KCC2 play key roles in modulating
GABA-mediated synaptic transmission as they control the level
of intracellular Cl� concentration (Figure 6).111–114 In newborn
mice, NKCC1 expression is high, while KCC2 expression is low.
The resulting effect is an elevated intracellular Cl� concentra-
tion. Consequently, when GABA binds to its ligand-activated
Cl� channel, it causes net Cl� efflux that leads to membrane de-
polarization and excitation. This is the basis for the giant depo-
larizing potentials (GDPs) observed in young rat brains.115 In the
more mature brain, NKCC1 expression is lower, while expres-
sion of KCC2 is high leading to a low intracellular Cl� concentra-
tion. When GABA binds, the opening of the Cl� conductance
leads to an influx of the anion into the cell, further hyperpola-
rizing the plasma membrane.3,116 Thus, the cotransporters con-
tribute to the developmental shift in GABA-mediated synaptic
responses from depolarizing to hyperpolarizing (Figure 6). In
human brain development, this switch is believed to occur pre-
natally toward term or 40 weeks of gestation.117

In rodents, birth constitutes an important event that is criti-
cal for brain development. During delivery, the release of oxyto-
cin produces a signal that leads to GABA inhibition.118 This is at
a time when intracellular Cl� in neurons is still elevated and
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GABA release produces these giant depolarizing potentials.
During delivery, however, [Cl�]i drops precipitously, in so doing
producing GABA inhibition and sedation.118 Importantly, this
signal is abolished in two rodent models of autism. The likely
explanation is that in these models, at P0, NKCC1 activity
remains high and intracellular Cl� remains elevated. This hy-
pothesis was confirmed with the addition of bumetanide on

hippocampal slices, as well as through pretreatment of the
dams with bumetanide before delivery. In addition, blocking
oxytocin signaling in wild-type mice, produced offspring having
electrophysiological and behavioral autistic-like features.118

This study supports the idea of a link between NKCC1 function,
GABA signaling, and autism.

Based on these studies, bumetanide is being tested in clini-
cal trials as a potential therapeutic agent to treat patients with
ASDs.119–123 While these early trials are encouraging, this work
is ongoing and no final conclusions can be made at this time re-
garding the effectiveness of the treatment. Bumetanide was
also proposed as a potential therapeutic agent for the treatment
of neonatal seizures.124 In a clinical trial, the diuretic however
failed to treat hypoxic-ischemic encephalopathy-induced seiz-
ures in newborn babies.125

We should also mention the existence of an extensive litera-
ture linking glial cell and blood-brain barrier NKCC1 function to
ischemic brain injury. During stroke and/or cerebral ischemia,
there is release of Kþ in the extracellular space from neurons
and glial cells.126 High Kþ, in turn, leads to NKCC1-mediated as-
trocyte swelling and the release of excitatory amino acids.127,128

In addition, the Kþ-induced increased in NKCC1 function leads
to the accumulation of Naþ, the activation of the Naþ/Ca2þ ex-
changer (NCX1), and Ca2þ overloading in mitochondria.129

Administration of bumetanide in rats was shown to reduce
edema and neuronal damage following occlusion of the left
middle cerebral artery.130 Similarly, the extent of damage
caused by focal cerebral edema was significantly reduced in
NKCC1 knockout mice.131 Thus, NKCC1 function seems to be
detrimental following injury and therefore a reduced cotrans-
porter function might be protective in the setting of stroke or
ischemic injury.

Conclusions

The data and literature reviewed here provide evidence that dis-
ruption of human SLC12A2 (NKCC1) results in severe dysfunc-
tion involving multiple organs and systems. The spectrum of

Figure 5. Structure of the Carboxyl-Terminus of NKCC1 Highlighting the

Absence of a Peptide Containing Exon 21. Note that monomer A sits under the

transmembrane core of monomer B and vice versa, with two helices crossing in

scissor shape. The a-helices 1–4 and b-sheet 1–5 of monomer B are highlighted

in orange and green colors, respectively. Residues between His855 and L925

(zebrafish) were nor resolved and therefore missing from the structure. Note

that they are oriented in opposite directions in the two monomers making them

unlikely to interact. The 69 stretch of missing residues in the structure includes

the 16 amino acid encoded by exon 21. Four residues in this exon (human se-

quence, labeled by stars), including those creating an acidic motif, are involved

in loss of hearing. These residues are highly conserved among vertebrate spe-

cies. The D. rerio (zebrafish) NKCC1 structure26 was drawn using Pymol

Molecular Graphic System (version 2.3.1, Schrodinger). The sequence alignment

was created using VectorNti (version 6, Informax).

Table 3. Rare SLC12A2 Coding Variants Identified in BioVU

dbSNP ID Coding Protein # Patients

rs115472345 c.G2987A, c.G3035A p.S996N, p.S1012N 3
rs142251614 c.A770G p.D257G 1
rs146381223 c.A839G p.K280R 15
rs147627093 c.A1204G p.M402V 1
rs116191759 c.A2380G p.M794V 14
rs142105778 c.G2402A p.R801H 1
rs114752904 c.A3400G, c.A3448G p.I1134V, p.I1150V 1

One individual who was homozygous for a rare variant in SLC12A2 (p.M794V)

was a pediatric patient seen at VUMC between the ages of 12 and 16 years. Using

phecodes, we determined that this patient was diagnosed with abdominal pain

and constipation, chronic sinusitis, and migraines. Upon further chart review

we found that, despite extensive workup, the underlying cause of this patient GI

complaints was never identified.

Table 4. PheWas Data from BioVU Query of SLC12A2 Variants

Phecode Description P-value OR (L95–U95)

686.1 Carbuncle and furuncle 0.0000075** 8.97 (3.43–23.43)
705.1 Dishydrosis 0.0003* 9.26 (2.74–31.2)
705 Sweat gland disorders 0.0012* 5.73 (1.99–16.50)
496.2 Chronic bronchitis 0.0018* 4.35 (1.73–10.94)
772.1 Muscular wasting 0.0086* 6.96 (1.64–29.64)
560.4 Other intestinal obstruction 0.0123* 3.37 (1.30–8.73)
578 Gastrointestinal hemorrhage 0.0205* 2.32 (1.14–4.74)
496.21 Obstructive chronic bronchitis 0.0212* 3.59 (1.21–10.66)
771.1 Swelling of limb 0.0539 2.12 (0.99–4.57)
497 Bronchitis 0.0569 2.77 (0.97–7.94)
496 Chronic airway obstruction 0.0650 2.11 (0.95–4.66)

Cases were defined using phecodes (ICD-10 codes), requiring only one billing

code. No exclude ranges were used. Association results were generated using lo-

gistic regression, with sex, race, and age at last visit as covariates. The

Bonferroni correction for this analysis was calculated as 0.05/1426. We also ana-

lyzed single SLC12A2 homozygote individually, using phecodes followed up by

chart review. All analyses were performed in R statistical software. OR, odds ra-

tio (confidence interval). Use of the BioVU and Synthetic Derivative databases

was approved by our Institutional Review Board.

**P < Bonferroni correction value.

*P<0.05.

R. Koumangoye et al. | 11



disorders caused by mutations in SLC12A2 is vast because the
cotransporter is expressed in so many tissues and its specific
function cannot be compensated by other transporters. With
the exception of the kidney which abundantly expresses the
Na-K-2Cl cotransporter-2, NKCC1 is the only isoform of the Na-
K-2Cl cotransporter that is found in all other tissues. During late
embryonic–early postnatal development, NKCC1 function in the
nervous system seems to be tightly controlled and cotrans-
porter dysfunction might be involved in autism, neonatal seiz-
ures, and schizophrenia. Additional studies are also required to
better understand the molecular underlying mechanisms by
which a loss of NKCC1 function leads to intestinal and pulmo-
nary obstruction, pancreatic insufficiency, chronic GI, and lung
infections, constipation, intestinal dysmotility, or malrotation,
failure to grow and maintain body weight, muscle weakness, fa-
tigue, chronic pain, and sensorineural hearing loss. This review
and its recent primary sources now better identify NKCC1 as a
disease-causing transporter. Ultimately, it is hoped that infor-
mation here should prompt genetic testing when early symp-
toms of deafness, hypotonia, lung, and intestinal obstruction
are encountered; and the study of additional cases can be trans-
lated to a more personalized and scientifically-driven approach
for treating these ailments.
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membrane.
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