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multisystemic roles of K*-Cl~ cotransporter 3 (KCC3). Am J Physiol Cell
Physiol 313: C516—C532, 2017. First published August 16, 2017; doi:10.1152/
ajpcell.00106.2017.—Long before the molecular identity of the Na™-dependent
K*-CI~ cotransporters was uncovered in the mid-nineties, a Na*-independent
K™-Cl~ cotransport system was also known to exist. It was initially observed
in sheep and goat red blood cells where it was shown to be ouabain-insensitive
and to increase in the presence of N-ethylmaleimide (NEM). After it was
established between the early and mid-nineties, the expressed sequence tag
(EST) databank was found to include a sequence that was highly homologous
to those of the Na*-dependent K*-Cl~ cotransporters. This sequence was
eventually found to code for the Na™-independent K*-CI~ cotransport function
that was described in red blood cells several years before. It was termed KCCl1
and led to the discovery of three isoforms called KCC2, KCC3, and KCC4.
Since then, it has become obvious that each one of these isoforms exhibits unique
patterns of distribution and fulfills distinct physiological roles. Among them, KCC3
has been the subject of great attention in view of its important role in the nervous
system and its association with a rare hereditary sensorimotor neuropathy (called
Andermann syndrome) that affects many individuals in Quebec province (Canada).
It was also found to play important roles in the cardiovascular system, the organ of
Corti, and circulating blood cells. As will be seen in this review, however, there are
still a number of uncertainties regarding the transport properties, structural orga-
nization, and regulation of KCC3. The same is true regarding the mechanisms by
which KCC3 accomplishes its numerous functions in animal cells.

CCC; cation-Cl~ cotransporter; KCC; K*-Cl~ cotransporter; Andermann syn-
drome; animal models

K"-cL” CcOTRANSPORTER 3 (KCC3) is a membrane protein that
belongs to the cation-Cl™~ cotransporter (CCC) family along
with three other closely related isoforms called KCC1, KCC2,
and KCC4 (Fig. 1). It is also called SLC12A6 according to the
HUGO nomenclature. Its main function is to facilitate the
translocation of K™ and Cl~ across the surface of many cell
types, and unlike certain of the other CCC family members, its
activity is entirely Na*-independent (57, 96). Even if the
existence of a K*-Cl~ cotransport system has been uncovered
in the late seventies (14, 38, 71) and its characteristics exam-
ined at length since then, the subgroup of proteins responsible
for this process was only uncovered in the late nineties,
approximately five years after the first CCC family members
were identified.
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In the last two decades, it has become increasingly apparent
that KCC3 plays important physiological roles in many tissues.
It has also become apparent that even if this member of the
KCC subfamily is widely distributed in any given animal
species and is present in certain cell types along with KCCl,
KCC2 or KCC4, its overall pattern of distribution is still
relatively unique. Although it is perhaps still unclear based on
the current literature, the same will probably hold true regard-
ing the operational characteristics of KCC3, its functional
purpose within specific systems, and the molecular mecha-
nisms or environmental factors through which its activity is
affected.

This review will focus on the molecular features and phys-
iological roles of KCC3 in animal species. Those of various
CCCs will also be tackled on occasion, but only to draw
relevant inferences on KCC3 itself or to highlight potentially
important differences between this isoform and the other iso-
forms. Otherwise, the proposed recapitulation is not intended
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Fig. 1. Phylogenetic tree of the cation-Cl~ cotransporter (CCC) family. The
cladogram was generated with the programs Clustal Omega and FigTree v1.4.3
(97) using the longest human amino acid sequences for all of the CCCs
included in the analysis. Potassium-chloride cotransporter type 3 (KCC3)
has evolved from a common ancestor in bacterium and falls into one of four
clades, that is, in the Na*-independent K*-coupled CI~ cotransporters.
Scale is in genetic distance. NKCCI, NP_001037.1; NKCC2, NP_
000329.2; NCC, NP_000330.2; KCCI1, NP_005063.1; KCC2, NP_
001128243.1; KCC3, NP_598408.1; KCC4, NP_006589.2; CCCS8,
NP_064631.2; CCC9, NP_078904.3.

to cover all of the approaches through which KCC3 has been
characterized or all of the functions it has been ascribed. From
reading the following document, it will appear nonetheless
evident that much work still needs to be accomplished before
a more integrated picture on the molecular mechanisms of
KCC3-mediated K™-CI~ cotransport is conceived.

KCC3, A COTRANSPORTER WITH MANY FACES

Place of KCC3 in the CCC Family, Historical
Considerations, and Splice Variants

As shown in Fig. 1, KCC3 falls into a distinct phylogenetic
clade within the CCC family and it does so along with KCCl1
(SLC12A4), KCC2 (SLC12A5), and KCC4 (SLC12A7). As
for the other CCCs, they fall into three supplementary clades.
One includes the Na*-dependent Cl~ transporters, that is,
secretory or housekeeping NKCC1 (SLC12A2), absorptive or
renal Na™-K*-Cl~ cotransporter (NKCC2; SLC12A1), and
renal Na™-Cl~ cotransporter (NCC; SLC12A3). The other two
clades include one member each, that is, CCC8 (SLC12A9)
and CCC9 (SLCI12A8).

The molecular identity of KCC3 was first reported by three
independent research groups from December 1998 to February
1999 (time of submission). One group, Hiki et al. (57), iden-
tified KCC3 in VEGF-stimulated human umbilical vein endo-
thelial cells (HUVECs) through differential display PCR and
cloned it subsequently from a phage HUVEC library through
homology-based screening. The two other groups, Race et al.
(96) and Mount et al. (88), identified KCC3 in the expressed
sequence tags (EST) database using KCC1 and KCC2 as
queries. They cloned it afterwards through conventional PCR
from a human placenta cDNA library (Race et al.) and from
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both a human muscle and a human brain cDNA library (Mount
et al.). Note that the cDNA isolated from the muscle and brain
libraries was termed KCC4 initially, but that it is now referred
to as KCC3.

After its discovery, KCC3 was found to be highly homolo-
gous to the other KCCs, sharing ~73% identity in amino acid
sequence with either of them, and moderately homologous to
the Na™-coupled NKCCI, sharing ~29% identity with this
other transporter (Table 1). When the NH, terminus is ex-
cluded from the alignment studies, the identities increases to
~76 and 32%, respectively. KCC3 was also found to exist as
several variants. As shown in Fig. 2, these variants are formed
as follows: ) through alternative splicing of exon 1A
(KCC3A) or 1B (KCC3B); 2) through alternative exclusion of
a first initiation site in exon A (KCC3Ajy,) or a first and second
initiation site in the same exon (KCC3Ajs3); and 3) through the
possible exclusion of exon 2 in either of KCC3A (KCC3Aae2)
and KCC3B (KCC3Bae2). Of note, KCC3A is the longest and
most abundantly expressed of these splice variants.

Structure

X-ray-based structural determinations have been obtained
for only one CCC family member until now (124). At the same
time, the member in question was from an archea species
(Methanosarcina acetivorans) and the protein region analyzed,
the COOH terminus, only ~10%-identical compared with that
of mammalian KCC3. Elseways, much of the insight gained
into the tertiary organization of the CCCs was derived from in
vitro analyses of animal NKCC1. More specifically, it came
from the identification of phosphorylation, N-glycosylation and
self-interacting sites within the carrier as well as from the
topological localization of inserted tags within its large central
domain (15, 23, 42, 52, 87, 111). Additional insight has now
been obtained for the KCCs as well (36, 98, 110, 126).

Based on the Kyte-Doolittle algorithm, the hydropathy plot
model of KCC3 is predicted to consist of a central core of 12
transmembrane segments (TMs) flanked by intracellular ter-
mini (see Fig. 3). Not surprisingly, it is very similar to that of
the other KCCs and of the NKCCs. All of the CCC family
members are indeed highly conserved, especially in their
central core and COOH terminus. The only notable difference
between the KCCs and the NKCCs is the position of the
longest extracellular loop in which all of the putative N-linked
glycosylation sites are localized. In KCC3; this loop is between
TMS5 and TM6 and in NKCCl1, it is between TM7 and TMS8
(see Fig. 3).

Multiple lines of evidence suggest that the Na*- and K*-
coupled CCCs are organized in the cell membrane as homo-

Table 1. Percentage identities in amino acid sequence
between human KCC3 and human KCCI1, KCC2, KCC4 or
NKCCI

Carrier Entire Sequence, % Central Core + COOH Terminus, %
KCC1 76.6 80.7
KCC2 71.5 74.6
KCC4 69.8 73.7
NKCC1 29.4 323

Alignments and identity scores were generated by the program Clustal
Omega (108). KCC3, NP_598408.1; KCCI, NP_005063.1; KCC2,
NP_001128243.1; KCC4, NP_006589.2; NKCC1, NP_001037.1.
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Fig. 2. KCC3 splice variants. The primary transcript counts 108,069 nucleotides. Boxes correspond to exons and lines correspond to untranslated regions. They
are all drawn to scale horizontally, but those of the introns are reduced by a factor of 250. Open reading frames are indicated by blue filling. While the variants
are named according to a descriptive nomenclature for this review (left), their original designations (88) and those used in GenBank are also provided (right).
Numbers above the boxes correspond to initiation sites. Abbreviations: is, initiation site; *, stop codon.

oligomers, perhaps mainly as dimers, and that the COOH
terminus plays a key role in carrier assembly. Part of this
evidence was provided through yeast two-hybrid analyses by
Simard and colleagues (110, 111) and by Brunet et al. (15),
who demonstrated that the COOH termini of NKCC1, NKCC2,
KCC2, and KCC4 were each endowed with self-interacting
properties. Evidence was also provided through structural stud-
ies by Bergeron et al. (7), who found that KCC4 was present at
the cell surface in both monomeric and homodimeric forms.
Through the work of Bergeron et al., notably, it was the first
time that the shape, dimensions and oligomeric state of an
animal CCC were determined through a direct method, that is,
through transmission electron microscopy and single particle
analysis.

Convincing data to the effect that KCC3 is also organized at
the cell surface as a homo-oligomer came initially from Simard
et al. (110), who were able to coimmunoprecipitate c-Myc-
tagged KCC3 and human [Influenza hemagglutinin (HA)-
tagged KCC3 after coexpression of the two proteins in Xeno-
pus laevis oocytes. They found, in addition, that KCC3 could
be immunoprecipitated with either of KCC1, KCC2, KCC4 or
NKCC1, and on this basis, concluded that it could then exhibit
different functional characteristics through hetero-oligomeric
associations with other CCCs. In the yeast two-hybrid studies,
however, Simard et al. were unable to identify self-interacting
domains for KCC3. Presumably, the specific baits or preys
derived from this isoform adopted a disrupted conformational
state in Saccharomyces cerevisiae so that no associations were
revealed.

Sites and Domains of Interest

Figure 3 is used to show the localization of various protein
domains or consensus sites in the amino acid sequence of
KCC3A, the most abundantly expressed splice variant. As
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Fig. 3. Hydropathy plot model of human KCC3A. Amino acid residues are
represented by round or square forms (one form per residue) and putative
glycosylation sites are represented by branched lines. Other residues,
canonical sites, and domains are indicated through different colors as per
the legend accompanying the model. Abbreviations: *, conserved among
isoforms and orthologs; ?, role inferred through indirect evidence, —, role
inferred through direct evidence. Not shown: residues or canonical sites
that are not expected to play a role based on their topological localization.
The model was drawn by the program PLOT and canonical sites were
identified through a variety of computational tools. Abbreviations: CaM,
calmodulin; CK, casein kinase; PK, protein kinase; TPR, tetratricopeptide
repeat domain.
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described in the associated legend, it was generated through a
combination of computational tools. In this figure, the sites are
accompanied by the star sign if they are conserved among
isoforms and orthologs, pointed by an arrow if they were
shown to play a role, and adjoined with the question mark if a
role was inferred through indirect indications. Excluded from
the sequence displayed are canonical phosphorylation sites in
the putative transmembrane domains and extracellular loops as
well as canonical N-glycosylation sites outside of the putative
extracellular loops.

As seen, multiple S/T residues and canonical phosphoryla-
tion sites are present in the cytosolic domains. Two research
groups have reported that Sos, Tog;, and Tjoss correspond to
actual phosphoacceptors. Sos was identified by Melo et al. (81)
through liquid chromatography tandem-mass spectrometry
(LC-MS/MS) in an epitope-tagged NH,-terminal fragment of
human KCC3A purified from Escherichia coli. Yet, So did not
appear to play a role in carrier regulation, at least not on its
own. As for Tog; and Toss, they were identified by Rinehart et
al. (98) also through LC-MS/MS, but in an epitope-tagged
full-length KCC3A purified from human embryonic kidney
(HEK)-293 cells. Importantly, these sites were shown to be
dephosphorylated under hypotonic condition and their replace-
ment by alanine residues to increase carrier activity. In the
study by Rinehart et al., additional phosphopeptides were
identified under basal conditions, but their phosphorylation
state was unaffected by changes in cell volume.

As also seen in Fig. 3, five putative N-linked glycosylation
sites (N1 to N5) are present in KCC3A. However, only three of
them (N1, N2, and N5) are fully conserved among isoforms
and orthologs. Although KCC3 is known to be a glycoprotein
(57, 88) as are the other KCCs (53, 92, 126), the sites poten-
tially involved in glycosylation have still not been subjected to
experimental confirmation. At the same time, it should be
noted that Weng et al. (126) did obtain such confirmation for
the four NXS/T sites (N1, N2, N3, and N5) of KCC4 through
mutagenic studies. It is therefore likely that the glycosylation
sites of KCC3 consist of at least N1, N2, and N5, and perhaps
of the nonconserved N3 and N4 sites as well.

The other canonical sites or protein domains of potential
importance in KCC3 include a tetratricopeptide repeat (TPR)
and an amidation motif in the distal NH, terminus, a cys-
teine-rich stretch in TM2, an amino-acid permease box
encompassing the central core, a leucine zipper in TM9 and
in the proximal COOH terminus, and a polyproline-rich
sequence in the distal COOH terminus. A number of them
could play a role in protein-protein interactions, all the more
that they are conserved among isoforms and orthologs. As
for the permease domain, it is unclear at this time whether it
could actually serve as a pathway for amine-containing substrates
in KCC3. Yet, this possibility cannot be excluded given that
Daigle et al. (22) have shown CCC9, another CCC family mem-
ber, to be endowed with the ability of transporting spermidine and
spermine across the cell membrane.

Expression and Distribution

Expression patterns inferred from the human EST databank
show that KCC3 is widely distributed, that is, present in 34
different tissues out of the 45 for which a library was gener-
ated. They also show relatively high transcript abundance in
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many of these tissues. For instance, there are more than 37
messages per million (MPM) in (by decreasing order of abun-
dance) testis, bone, cervix, adipose tissue, mouth, pituitary,
esophagus, pharynx, salivary gland, parathyroid, thyroid, bone
marrow, vascular tissues, spleen, and thymus. KCC3 is also
expressed in brain and kidney (24 and 28 MPM, respectively)
as well as in heart and skeletal muscle (11 and 9 MPM,
respectively). Based again on the human EST databank, KCC3
is not detected in adrenal gland, ear, or peripheral nerve.
Further localization studies, however, did show that this iso-
form was present in such structures but confined to a limited
number of specialized cell types within them (13, 50, 93, 100).

Multiple tissue Northern and Western blot analyses have
also revealed wide distribution of KCC3 in human (57, 88, 96),
but expression levels were higher in brain, heart, kidney, and
skeletal muscle. While KCC3 was found to be widely distrib-
uted in mouse as well (13, 93), its relative abundance in lung
was higher compared with human. Otherwise, studies in single
cell types or cells lines have shown that KCC3 was expressed
in mouse and human erythrocytes (90), rat vascular smooth
muscle cells (VSMCs; 34), human colonocytes, leucocytes,
and melanocytes (96), VEGF-stimulated HUVECsS (57) as well
as in mouse sciatic axons (13, 16) and hippocampal neurons
(13, 16, 93).

As for the compartmental localization of KCC3 inside var-
ious tissues, organs, and cells, it has been mainly examined in
the central (CNS) and peripheral nervous system (PNS), kid-
ney, arterial tree, inner ear, adrenal gland, and blood. In
particular, the protein has been detected in the hippocampus,
cerebral cortex, cerebellum, spinal dorsal root ganglion, sciatic
nerve, aortic VSMCs, mesenteric and saphenous arterial
VSMCs, organ of Corti, medullary adrenal gland, and basolat-
eral membrane of proximal renal tubular cells (13, 50, 80, 93,
104). As for the subcellular sites of expression, they have been
shown to include various organelles as well as the plasma-
lemma (45, 101, 115).

Characteristics of lon Transport

By and large, the main transport role of KCC3 is probably
similar to that of the other subfamily members, that is, to
promote the electroneutral transmembrane symport of K* and
Cl™ ions in a 1:1 stoichiometric ratio. For instance, Jennings et
al. (63) have shown that in rabbit erythrocytes, where KCC3 is
more abundant than the other Na™-independent CCCs (90, 99),
the ratio of KCC-specific K™ efflux to KCC-specific Cl~ efflux
at a clamped membrane potential of 0 mV was 1.12 = 0.26. In
various studies, furthermore, the dependence of KCC-depen-
dent K™ transport or Cl~ transport on extracellular K* con-
centration ([K™].) and [Cl”]. was generally described by a
single-site binding model for each of the transported ions (83,
84, 91, 113). This has been shown to be the case for KCC3 as
well (83, 84).

Based on the studies available, however, it is unclear
whether the number of ions translocated per transport cycle is
1K*:1Cl~, 2K™:2C1~, 3K*:3Cl™ or more. In some of these
studies, for instance, transport activities at the 0 mM concen-
tration point were not always determined experimentally (84).
In addition, the activities versus [ion]. relationships were not
fitted with a Hill-type four-parameter equation, but with the
Michaelis-Menten equation. Yet, they would have been more
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Fig. 4. Effect of changes in [Cl™]; on KCC4 activity as a function of external
[C17]. Oocytes were first incubated in 5 mM or 55 mM CI~ for 1 h. They were
subsequently assayed for °Rb* transport activity at different [Cl~]e over 45
min. Data are presented as mean background-subtracted measurements among
4 experiments using 8 oocytes per condition in each experiment. Curves were
fitted through least square analysis using a 4-parameter Hill-type equation.
Between 5 mM and 55 mM C1-, Hill coefficients were statistically different.
The data shown in this figure are from unpublished experiments.

adequately fitted through Hill coefficients of more than one
(see Figure 6D in Reference 83 for KCC1 and Figure 3D in
Reference 10 for KCC4). Frenette-Cotton et al. (44) have also
observed through additional experiments that the number of
apparent Cl™ transport sites in certain KCCs was higher than
one, and that for an unknown reason, it increased even further
when carrier activity was measured after intracellular Cl—
concentration ([CI™];) reduction (see Fig. 4 in this review).
Even if such studies had consistently revealed Hill coeffi-
cients of 1.0 as determined through least squares analysis, it
should be remembered that the presence of multiple binding
sites for the same ion in a multiporter system will only be
revealed through kinetic determinations if such sites share
similar affinities for this ion (61, 62). As it stands, moreover,
experimental evidence to confirm that K*-Cl~ cotransport is
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electroneutral under all circumstances or for all of the KCCs is
unavailable. The possibility of alternate transport stoichiome-
tries would appear even more likely if, as was previously
described for NKCC1 (77), substrate translocation by the
KCCs could also proceed despite incomplete reactions.

The kinetic characteristics of KCC3 and of the other iso-
forms have been examined primarily in the X. laevis oocyte
expression system. Nonetheless, the data reported thus far are
probably physiologically relevant given that these cells have
generally been shown to reproduce the in vivo characteristics
of other foreign transport proteins rather accurately (109). It
was found that in comparison to KCC1 and KCC4, KCC3
exhibited the same affinity for K* (~20 mM), NH4+ (~20 mM),
or C1~ (~50 mM), but much higher transport capacity (10, 53,
83, 84). It was also found that KCC3 was inhibited by cell
shrinking, low [CI™];, paraphysiological pH; levels (>7.25 and
<6.75), furosemide (K; in the low uM range), and [(dihydro-
indenyl)oxy]alkanoic acid (DIOA); relatively resistant to inhi-
bition by bumetanide (K; in the high wM range); and activated
by cell swelling, high [C]"];, and N-ethylmaleimide (NEM)
(83, 84, 96, 107).

If the transport stoichiometry of KCC3 is in fact 1K™:1CI~,
net ion transport by this carrier is expected to be outwardly
directed. Indeed, [K*]i-to-[K™]e ratios commonly found in
tissues are over 25 (see Table 2) so that when [Cl™ ] is 100
mM, a [Cl]; of 4 mM or more will be associated with net ion
efflux. Yet, [K*]. can reach much higher levels in certain
tissues or during certain processes such as cell repolarization,
so that an even higher [C]™ ]; could also be associated with net
ion influx. As for NH;r -CI” movement by KCC3, it is expected
to be inwardly directed given that [NH;r ]i-to-[NH;r ]e ratios are
below two in most tissues (40, 54, 95, 121). Despite such
predictions, however, it should be noted that ion movement by
the K*-Cl~ cotransport system is not perfectly symmetrical, at
least not in the low-K™ sheep erythrocyte model where it is in
fact outwardly poised even at equilibrium (30). The efficiency
of KCC3 as an influx system could thus be lower than ex-
pected.

Activation of KCC3 is expected to generate several effects
inside and outside the cellular environment. Examples of
changes induced in this setting (some of which are illustrated
in Fig. 5) are as follows: /) osmotically driven outward
movement of water through the aquaporins causing the cell to
dehydrate (25); 2) decreases in [K™'];, [C17];, and [H'];
affecting the activity of K*-, CI™-, and pH-sensitive pro-
teins such as ion transport systems and growth factors (10,
13, 128); 3) increases in [K™ ], [C17 ], and [H"]. causing
many additional effects. Given that KCC3 in polarized cells
has been found to be basolaterally disposed thus far (45, 49,
80, 84), activation of K™-Cl~ efflux in various epithelia

Table 2. [CI" ], [KT ], [Cl”]., and [K™ ], in selected human cell types

[Na*]e [Na*]; [Na*]es [K*]e [K*]i [K*ive [Cl7]e [CI™]i [Cl']en Ref.
Cardiomyocyte (relaxed) 140.0 10.0 14 4.0 140.0 35.0 120.0 30.0 4.0 (74)
Smooth muscle cell 137.0 9.0 15.2 5.0 165.0 33.0 134.0 55.0 2.4 (74)
Red blood cell 145.0 11.0 13.2 4.5 140.0 31.1 116.0 80.0 1.5 (58)
Neuron 142.0 14.0 10.1 4.5 120.0 26.7 107.0 8.0 13.4 (56)

The data shown were obtained from multiples sources as indicated in the Table.
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Fig. 5. Examples of interaction between KCC3 and other transport systems. A:
CI7/HCO; exchanger. Activation of KCC3 causes [Cl™]; to decrease so that
the driving force for inward CI~ movement is increased and the HCO; is
driven out of the cell in exchange for Cl1-. B: NKCCI activation of KCC3
causes [Cl™]; to decrease so that water is osmotically driven out of the cell.
Through the decrease in [Cl™]; and cell volume, NKCCI is activated second-
arily and causes [Cl ™ ]; to increase so that water is osmotically driven into the
cell. Through the increase in [C1™]; and cell volume, KCC3 is activated
secondarily.

should also be associated with net Cl~, Na*, and water
reabsorption in most tissues (25, 47, 69, 86).

The Na*-dependent cotransporter NKCC1 is often ex-
pressed in the same cell types as KCC3 (54, 89, 120).
Although these carriers both belong to the CCC family and
share common transport roles overall, they nonetheless
display reciprocal functional properties (49, 89). For in-
stance, NKCC1 generally promotes net inward Cl~ move-
ment rather than outward CI~ movement, is more active at
low [C1™]; rather than at high [C]™];, and is induced by cell
shrinking rather than cell swelling. As illustrated in Fig. 5,
expression of NKCCI1 and KCC3 in the same cell type
would therefore imply that activation of one transporter
could lead to upregulation of the other and, accordingly, that
inhibition of one transporter could lead to downregulation of
the other. It would also imply that these transporters could
counteradjust the effect of each other to prevent excessive
volume regulatory responses or changes in cellular ion
concentration induced by either of them.

C521
Regulation of KCC3 and of Other Subfamily Members

The mechanisms of KCC3 regulation have been introduced
in section Sites and Domains of Interest. As it stands, they are
generally presumed to be analogous with those of the other
Na™"-independent CCCs, that is, to involve the same group of
regulatory targets as well as intermediates and to alter carrier
activity through similar effects. Yet, this rule does not apply
entirely to KCC2, also referred to as neuron-specific KCC, in
that K*-Cl~ cotransport by this subfamily member is not
highly sensitive to changes in cell volume even when it is
analyzed in a nonneuronal cell expression system (91, 113,
114). Such a rule probably does not entirely apply to KCC3
either, but future studies will be required to prove it incorrect.

The environmental factors through which KCC3 activity is
affected have also been introduced in previous sections. It is
generally postulated that they affect cotransporter function
through posttranslational modifications. More specifically, in-
activation of K™-CI™ cotransport is believed to occur through
carrier phosphorylation by protein kinases (PKs) and activation
to occur through carrier dephosphorylation by protein phos-
phatases (PPs). This model has been initially deduced from the
effect of pharmacological agents on KCC activity during
changes in cell volume (3, 27, 72, 105). It is now supported by
the identification of phosphoacceptor sites in the COOH ter-
minus of KCC3 (Tg9; and Tjo4g) and the observation that
native KCC3 in human red blood cells is dephosphorylated at
these sites during cell swelling (98).

The kinases potentially involved in KCC3 downregulation
include members of the with-no-lysine (WNK) protein kinase
family, of which four different isoforms are known to exist, as
well as SPSl1-related proline/alanine-rich kinase (SPAK) or
oxidative stress response kinase (OSR1). In many studies, all
of the WNK kinases have been found to inhibit KCC3 (28, 51,
64, 81, 82, 98), and based on two such studies, to exert this
effect by phosphorylating the carrier via SPAK at residue Soe
(81) as well as at residue To4g (28). Yet, there is evidence to
suggest that SPAK can affect cation-Cl~ cotransport even
when it is unable to interact with a CCC (94). In addition,
Frenette-Cotton et al. (44) have found that inhibition of KCC4
activity by WNK4 was SPAK-insensitive in X. laevis oocytes
and that its phosphorylation state was unaffected by either of
these enzymes. Whether the same will hold true for KCC3 in
this expression system remains to be confirmed.

Other kinases have been found to play a role in regulation of
K*-Cl~ cotransport, but most of the studies carried out thus far
have not been concerned with KCC3 per se. PKC is nonethe-
less a potential candidate given that phorbol esters have been
found to exert an inhibitory effect on K™-Cl~ cotransport by
native KCCs and by mouse KCC4 expressed in X. laevis
oocytes (8, 9, 55). However, mutagenic studies have revealed
that this effect was not mediated through phosphorylation of
putative PKC sites within the carrier, at least not for KCC4.
Elseways, there also are reasonable indications for the involve-
ment of PKG in KCCl and KCC4 regulation as well as
tyrosine kinases in KCC2 regulation (2, 32, 34, 125). Their
involvement in KCC3 regulation is therefore a possibility to
entertain as well.

As for the phosphatase at play, its molecular identity is still
uncertain. Given that cell swelling-induced KCC3 activation is
sensitive to calyculin A but insensitive to okadaic acid, it is
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likely to consist of a PP1 family member (29, 51, 84, 105).
More recently, a study by Frenette-Cotton et al. (44) in X.
laevis oocytes showed that for KCC4, PPla and PP1yl were
probably the enzymes involved, but that abrogation of WNK
kinase activity was necessary for K*-CI™ cotransport to be
induced by PP1 activity under isotonic conditions. While it was
already known that these enzymes affected K*-CI~ cotrans-
port through a common pathway, Frenette-Cotton et al. have
found that the kinase acted on the phosphatase to inhibit
K™*-Cl~ cotransport during cell swelling and not the other way
around as suggested previously (48, 75).

In the study of Frenette-Cotton et al. (44), intriguingly, cell
swelling-induced KCC4 activation was seen to be associated
with a clear increase in carrier phosphorylation rather than
carrier dephosphorylation. At the same time, their approach
was not to examine the phosphorylation state of individual
residues as in other studies (28, 81, 98), but that of the entire
protein. These observations point to the existence of additional
phosphoacceptor sites in the KCCs, KCC3 included, and imply
that their phosphorylation by a yet unidentified kinase could
cause K*-Cl~ cotransport to be induced. Not inconceivably,
the accessibility of such sites could depend on the phosphor-
ylation state of other sites such as Tog; and T;o4s in the COOH
terminus of KCC3.

Aside from the phosphoregulatory enzymes mentioned in
this section, there are several lines of evidence to suggest that
the cytoskeletal network is involved in regulation of KCC3 as
well (2, 46, 102). For instance, Salin-Cantegrel et al. (102)
have shown that in order to be activated in cervical cancer
cells, the carrier needed to associate with Vav2, a guanine
nucleotide exchange factor (GEF) involved in Rho GTPase-
dependent actin remodeling. More specifically, they found that
when these cells were swollen in tissue culture plates, they
formed actin-rich protruding lamellipodia in which KCC3
colocalized with the active form of Vav2 at their surface. They
also found that the carrier-GEF interaction was supported by
the COOH terminus of both proteins, namely, by a polyproline-
rich domain in KCC3 and a Src-homology 3 (SH3) domain in
Vav2.

Kcc3 Is Responsible for Andermann Syndrome

In the early 2000s, a collaborative research group from
McGill University (Montreal, QC, Canada), Harvard Medical
School (Boston, MA), and Vanderbilt University (Nashville,
TN) showed that KCC3 was responsible for a recessively
inherited neurodegenerative disorder called agenesis of the
corpus callosum with peripheral neuronopathy (ACCPN) or
Andermann syndrome (60). This disorder is extremely rare
with a prevalence rate of less than 1:1,000,000 individuals
worldwide. Because of a founder effect, however, it is much
more common in Quebec (Canada), especially between the
Saguenay-Lac-Saint-Jean and Charlevoix regions near the Ap-
palachian front where it affects ~1:2,000 live births (26, 39).
Andermann syndrome, accordingly, is sometimes referred to as
Charlevoix disease.

The neuropathy in ACCPN is sensorimotor in nature. It is
therefore typically accompanied by areflexia, amyotrophy, and
muscle weakness (5, 68). The corpus callosum is almost
always atrophied as well, albeit to variable degrees (79). For
this reason, at least in part, signs and symptoms may also
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include developmental delays, hypotonia, ataxia, decreased
pain threshold, cognitive disabilities, and autistic-like behav-
iors. In addition to these abnormalities, many individuals with
Andermann syndrome exhibit typical dysmorphic features such
as hypertelorism, brachycephaly, a high-arched hard palate,
syndactyly, and crossover toes (39).

The chromosomal region responsible for Andermann syn-
drome was first reported in 1996 by Casaubon et al. (18). This
region, which was identified through linkage disequilibrium
and genetic cartography analysis, corresponded to a 5-cm
interval on chromosome 15 between markers D15S1040 and
D15S118 (maximal LOD score: D15S971). Howard et al. (59)
eventually uncovered the gene at cause by fine-mapping the
same interval in 231 individuals from 50 different families and
by screening Kcc3, a candidate gene within this interval, for
pathogenic mutations. Through these studies, the region of
interest was narrowed to ~1,000 kb between markers
D15S1040 and ACTC (maximal LOD score: D15S1232) and
four truncation mutations were identified in Kcc3. Eventually,
the most common mutation in the French Canadian population
was found to be c.2436delG; p.Thr813fs X 813, that is, a
frameshift mutation in exon 18.

Howard et al. (60) obtained definitive proof that Kcc3 was
associated with Andermann syndrome by testing the functional
consequences of p.Thr813fs X 813. Indeed, the truncated pro-
tein was found to be normally glycosylated and expressed at
the cell surface of X. laevis oocytes, but it was completely
inactive. In the mixed 129/Sv X C57BL/6 mouse background
(Sv X BL6), along the same line, systemic (syst) homozygous
replacement of exon 3 by a B-galactosidase-neomycin cassette
flanked by stop codons on the 3’-end resulted in locomotor
deficit and sensorimotor peripheral neuropathy as observed in
the human disease. It was concluded then that KCC3 plays a
critical role in central nervous system development and main-
tenance.

In a patient who was affected by early-onset and progressive
peripheral motor neuropathy with axonal degeneration, Kahle
et al. (64) have more recently identified a de novo heterozy-
gous mutation in the Kcc3 gene (c.2971A>G; p.T991A). In
cultured fibroblasts isolated from this patient, the mutation was
shown to activate the cotransporter constitutively by preclud-
ing its phosphorylation. In contrast to previous observations,
however, phosphorylation of residue Tog; in wild-type (WT)
fibroblasts was enhanced under hypotonic condition (see Fig.
3C in Ref. 64, white boxes). Otherwise, the KCC3T°'4 mutant
was found to be insensitive to WNK inhibitors in HEK-293
cells, and a syst-Kcc3 991491 51 ¢ mouse model gener-
ated by the same research group reproduced the patient’s
clinical, electrophysiological, and histopathological abnormal-
ities.

Based on these observations, it was proposed that the mu-
tation exerted its deleterious effect through cell shrinking-
induced neuronal or axonal injury. In and of itself, however,
the report of Kahle et al. revealed that a gain in KCC3 function
could also elicit Andermann-like features in both mouse and
human. Moreover, some of the structures affected by patho-
logical changes in the syst-Kcc3TOOMATOIA - &) ¢ model
were the same as in the psyst-Kcc32372%g, « pre model. It
was thus unclear why the gain in gene function failed to
produce a mirror image phenotype. As an explanation for their
findings, the research group suggested that the response of
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certain cell types to either chronic shrinking or chronic swell-
ing translated into analogous functional or lesional conse-
quences in the nervous system.

Models of KCC3 Inactivation

Since the early 2000s, several mouse models of Kcc3 inac-
tivation were phenotyped to gain further insight regarding the
role of this transporter in a variety of tissues or cell types and
in a variety of physiological processes. In many studies, the
mouse models exploited to these ends were the same as the one
produced by Howard et al. (60) and by Boettger et al. (13).
They will be called henceforth psyst-Kcc343/43"g, « pre and
pSyst-Kcc383/83"g . pre, respectively, using H to indicate
that the model was from Howard, B that it was from Boettger,
syst that gene inactivation was systemic, and Ax* that the
mutated protein is devoid of exon x (in part or in full) and the
subsequent amino acid sequence.

Table 3 lists the different Kcc3-null mouse models in ques-
tion and provides a summary of the strategy used for gene
inactivation along with some of the phenotypic features re-
ported. Several of the abnormalities described and their phys-
iological meaning will be presented at greater length below and
in the light of additional observations. However, focus will be
devoted to the phenotypes for which characterizations were
more extensive. Note that most investigators have exploited the
Sv X BL6 mixed mouse line as background to conduct their
experiments. Garneau et al. (50), on the other hand, have
recently opted for a pure C57BL/6] (BL6J) mouse line as a
theoretically more suitable background to study the effect of
Kcc3 inactivation on cardiometabolic function (112, 118).

Central Nervous System

Much knowledge has been gained regarding the role of
KCC3 in the central and peripheral nervous systems by iden-
tifying the gene responsible for Andermann syndrome. Sub-
stantial knowledge has also been gained by characterizing the
Kcc3-null mouse models listed in Table 3. It will be summa-
rized in this section along with a more precise account on the
neural localization of KCC3. Despite the progress accom-
plished, however, it will appear obvious that uncertainty still
remains as to the underlying pathological mechanisms and
subpopulation of neurons or axons through which defective
K™-CI™ cotransport accounts for the neurological manifesta-
tions of Andermann syndrome.

The usyst-Kee323743g, « e model initially characterized
(60) was found to exhibit weakness of the hindlimbs, loss of limb
extension reflex during tail suspension, deficient sensory gating
based on prepulse inhibition tests, and reduced exploratory move-
ments. As for the associated pathological defects, they consisted
of hypomyelination, axonal swelling, and fiber degeneration af-
fecting peripheral nerves as observed in Anderman syndrome.
Intriguingly, however, no such pathological defects were found in
the brain or spinal cord of psyst-Kcc3437A43", gL mice even if
KCC3 was found to be normally expressed in hippocampus,
pyramidal cells, cerebral cortex, Purkinje cells, and glial white
matter tracts within the central nervous system of WT littermates.
In this regard, KCC3 had also been detected by another research
group in several structures of the central nervous system including
white matter tracts along the corpus callosum and spinal cord (93).

Table 3. Models of Kcc3 inactivation

Garneau

Ding

Shekarabi

Lucas

Sun

Jiao
Nat Genet ’02 EMBO J *03 AEMB 04 Circ Res '06; JCI 07 NBD *07 Genomics 08 Glia 10  MCN 12

Rust Byun

Adragna

Howard Boettger

First Author

PloS One ’16

BBR ’14

Sv X BL6 Sv X BL6 Sv X BL6 Sv X BL6 Sv X BL6 Sv X BL6

J Neurosci *12

Journal

BL6J
A2*

AT*

Dhh

AT7*
ScenlOa
Normal

AT7*
Eno2
Normal

AT7*
Pvalb
Abnormal

A18*

A18*

IIA3*

Sv X BL6 Sv X BL6%
HA3*

C3H

A4

Syst
Abnormal

Sv X BL6
nA3*

Sv X BL6F
pA3*

pA3* nA3*

Sv X BL6 Sv X BL6

Sv X BL6
nA3*

Background
Mutation

syst
Abnormal

Actb
Abnormal

Syst Synl
Abnormal

syst
Abnormal

Syst
Abnormal

Syst

syst

Syst
Abnormal

Syst
Abnormal

Cells targeted
Gait, posture
Locomotion
Nociception
C. callosum

Normal

| Normal  Normal  Normal —

7
I

7

0
Hypoplasia Hypoplasia

Normal

n

\
Normal
Degen
Degen
Degen
Degen

l

Normal

Normal
Normal

Normal

i
+18

Normal
Normal
Normal
Degen
Normal?
Normal

Neurons CNS
Axons CNS
Root ganglia
Axons PNS
MAP, mmHg
Weight, %
Water intake, %
Chow intake, %

Hearing
Diuresis, %
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At least 11 different Kcc3-null mouse models were generated since the early 2000s. The mixed 129/Sv X C57BL/6 mouse background (Sv X BL6) was used for most of them. The other backgrounds were:

C3H X HeDiSnJ (C3H), and C57BL/6J (BL6J). H is used to indicate that the model was generated by Howard et al. (60), B, that it was generated by Boettger et al. (13). TModel was also produced in the

SAD (syst-HbbS*Pg1 65 x ceasy) background; £Swiss mice were used as WT controls. While the strains of Howard et al. and Boettger et al. look alike, the nucleotide cassette used for recombination was very
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different. Symbols used: —, data not provided; | , decreased; 1, increased; Ax*, resulting protein devoid of exon x (in part or in full) and subsequent residues; degen, degenerescence; ns, nonsignificant;
syst, systemic. Other abbreviations: AEMB, Advances in Experimental Medicine and Biology; BBR, Behavioural Brain Research; JCI, Journal of Clinical Investigation; MCN, Molecular and Cellular
Neuroscience; NBD, Neurobiology of Disease.
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In 2003, Boettger et al. (13) reported the neurological
phenotype of their own psyst-Kcc323723"g,  p1¢ model. They
observed posture and motor defects as well, but in addition to
these abnormalities, epileptic thresholds under flurothyl inha-
lation were decreased concomitantly. As for the tissues af-
fected by degenerative changes, they not only included the
peripheral nervous system, but also white matter tracts in the
brain and spinal cord, various regions of the hippocampus and
cerebellum as well spinal root ganglia. Otherwise, refined
localization studies were partly consistent with those of How-
ard et al. (60) but failed to reveal the presence of KCC3 in glial
white matter tracts along the corpus callosum and spinal cord.
In fact, KCC3 was detected more specifically within the
synaptic domains of brain and spinal cord neurons.

Such differences in anatomical phenotypes and sites of
KCC3 expression between the psyst-Kcc323/43", « gL and
psyst-Kce343/43"¢ o pr6 mouse models could be due to a
number of factors. For instance, it is possible that the
Sv X BL6 backgrounds used for Kcc3 inactivation were not
exactly the same, especially if they were not generation-
matched during the studies. It is also possible that the truncated
KCC3 protein exerted a number of divergent cellular effects
between the genotypes in not being identical either. Lastly, the
approaches and antibodies used by each of the research groups
in various characterizations differed as well so that inconsis-
tencies were to be expected from the outset.

Based on their observations, Boettger et al. (13) suggested
nonetheless that the absence of KCC3 in glial cells played no
pathophysiological role in neuronal or axonal degeneration as
previously suggested by other research groups (60). They
suggested that this abnormality was due instead to chronic
swelling of KCC3-deficient neurons. To this effect, they
showed that primary cultures of hippocampal neurons de-
rived from gsyst-Kcc323"/23"g, « pre mice exhibited an ab-
normal regulatory volume decrease (RVD) response. They
also showed that Purkinje cells analyzed in parasagittal
brain slices derived from these mice exhibited increased
[C1"]i along with vy-aminobutyric acid (GABA)-induced
hyperpolarization. Lucas et al. (76) later demonstrated that
Kcc3 inactivation caused [Cl ™ ]; to increase in other types of
neurons, that is, in primary cultures of dorsal ganglia cells
derived from the gsyst-Kce323/43" mouse model.

Two research groups have recently used the psyst-
Kce343"83% g o gre model to investigate the role of KCC3 in
peripheral axons (16, 116). One group (Byun and Delpire)
observed that the sciatic nerve of these mice was affected by
periaxonal fluid accumulation at an early age followed by
axonal and myelin degeneration at an older age. Yet, interest-
ingly, the sciatic nerve of WT littermates only expressed KCC3
at an early age. They concluded that Kcc3 inactivation caused
sciatic nerve damage through an initial phase of axonal hy-
drops due to loss of K*-C1~ cotransport in situ. Another group
(Sun et al.) found that KCC3 was expressed in sciatic nodal
segments and that loss of K*-Cl~ cotransport at this site led in
vivo conduction velocity to decrease. In this study, the mutant
mouse model was exploited as is or WT mice were injected in
their sciatic nerve with inhibitors of KCC3, the main KCC
isoform in peripheral axons. It was concluded that KCC3
played an important role in action potential propagation
peripherally.
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In 2012, Shekarabi et al. (104) examined a neuron-specific
Kce3-null model in which gene ablation was limited to Synl-
expressing neurons (Synl-Kcc3*18/A18"¢ . p16) and compared it
to a model in which ablation was more generalized, that is,
affected B-actin-expressing cells (Acth-Kcc3'87A18% o pre).
Both genotypes were found to be affected by a hyperactive
rather than hypoactive locomotor phenotype, corpus callosum
atrophy and severe sciatic axonopathy with decreased sensi-
tivity to inflammatory pain responses, but no signs of abnormal
corpus callosum development during embryogenesis. From
these observations, which were in contrast with those of
previous studies (35, 60), Shekarabi et al. concluded that Kcc3
deletion in neurons was sufficient to cause the observed ab-
normalities and that KCC3 was not involved in axonal growth
during development but axonal maintenance during life.

To identify the population of cells through which defective
KCC3 activity causes neurological manifestations, Ding et al.
(35) reported the phenotypes of four additional neuron-specific
Kce327AT g o sLe models. Mice were inactivated for Kce3 in
parvalbumin (Pvalb)-, enolase-2 (Eno2)-, sodium channel
Na, 1.8 (ScnlOa)-, or desert hedgehog (Dhh)-expressing neu-
rons, that is, in fast-spiking GABAergic interneurons, mature
neurons, nociceptive neurons, and Schwann cells, respectively.
Neurological abnormalities were only observed in Pvalb-
Kce327 AT, « BLe mice and were accompanied by vacuoliza-
tion of proprioceptive type 1A fibers in dorsal root ganglia.
Intriguingly, inactivation driven by Eno2 produced no defects
even if this gene is expressed in the same cell types as Syn/
(11, 66, 78, 117, 127). Background- or mutation-dependent
effects could have thus accounted once again for a number of
discrepancies. In addition, it is not clear that the degree of Kcc3
inactivation was equivalent in all cell types between the two
models.

Growth, Adiposity, and Metabolism

Five of the Kcc3-null mouse models generated during the
last 15 years have been reported to be affected by low body
weight with or without reduced size at adult age (see Table 3).
This trait was initially described in 2004 by Adragna et al. (1)
in the psyst-Kce343743%g, « pLe mouse model. Based on the
available literature, however, it was found to be most pro-
nounced in the syst-Kcc3%2/A2"g; ¢; model of Garneau et al.
(50), that is, in a background generally considered as more
suitable to study the effect of various interventions on cardio-
metabolic function. The data generated by this research group
are summarized in Table 4. Striking differences were seen
between mutant and WT animals at 5 to 7 months of age. In
particular, body weight was 1.2-fold lower and gonadal fat
weight 4.5-fold lower. The phenotype observed was therefore
one of marked leanness.

Subsequent to their initial observations, Garneau et al. (50)
conducted a series of additional experiments to understand the
mechanisms of low adiposity in the syst-Kcc3427A2"g; o
model and its potential consequence on metabolism and energy
allocation. They found that in comparison to WT littermates,
serum catecholamine levels were not altered substantially,
chow intake was unexpectedly much higher, serum profile of
adipokines was healthier, and glucose utilization was probably
enhanced (see examples of data obtained in Table 4). Among
different possibilities, these findings suggest that KCC3 could

AJP-Cell Physiol « doi:10.1152/ajpcell.00106.2017 - www.ajpcell.org
Downloaded from journals.physiology.org/journal/ajpcell a Univ De Montreal (132.204.0009. 239) on October 28, 2022.



MOLECULAR MECHANISMS AND PHYSIOLOGICAL ROLES OF KCC3

play an important role in energy homeostasis or adipocyte
function and, therefore, in obesity development and cardio-
metabolic dysfunction. They also suggest that Kcc3 inactiva-
tion in certain tissues or cell types could exert beneficial
effects.

At this stage, whether low adiposity occurred because of
deficient K*-Cl~ cotransport in adipocytes or in the nervous
system needs to be clarified. In this regard, the Synl-
Kce3A18/A18% . 516 mouse model of Shekarabi et al. (104)
was also found to exhibit a significant decrease in body weight
at 2 months even if gene inactivation in these mice was
theoretically limited to neurons. As stated earlier, however, the
Synl-Kcc3218 /218" g1 model was affected much more
severely than the Eno2-Kcc327/A7"s, x srLe model of Ding et
al. (35) while Synl and Eno2 are expressed in the same
neurons. Hence, one cannot exclude that in the study of
Shekarabi et al., Synl-driven Kcc3 inactivation affected non-
neuronal or nonextraneural cell types through leaky Synl/
expression. One cannot exclude either that in the study of
Garneau et al. (50), some of the observed metabolic defects
also developed through unique, background-specific mecha-
nisms.

Table 4. Cardiometabolic phenotype of syst-Kcc32?722 g6,
mouse model

Determinations Kce3+* Kce3™'—

A) Hemodynamics (change relative to WT)

Systolic blood pressure, mmHg — —02*1.8

Mean arterial pressure, mmHg — +8.1 38

Diastolic blood pressure, mmHg — +11.2 43

Pulse pressure, mmHg — —94x20

Heart rate, beats/min —_ —62 =12
B) Cardiac weight

Absolute weight, mg 141929 149.1 2.7

Absolute weight normalized to TBW, % 0.391 = 0.010 0.510 £ 0.007
C) Echocardiographic measurements
LV end-diastolic diameter, mm
LV weight/tibial length, g/mm

LV weight/TBW, %

D) Metabolic features

385*0.05 4.18=*0.05
524030 632x025
0.408 = 0.026 0.544 * 0.025

Adult TBW, g 36.6 = 1.1 293 +0.5
Gonadal fat normalized to TBW, % 4.85 = 0.39 1.51 £0.27
Adiponectine, n-fold change relative to WT 1.00 = 0.20  3.68 * 1.02*
Fasting glycemia, mmol/l 8.78 £0.23  6.16 = 0.13*
E) Other parameters

Daily chow intake, g 22*0.2 3.7*+0.1
Daily water intake, ml 30x03 40=0.1
Hourly diuresis, pl 314 3.6 50.2 £3.2
Urine osmolality, osmol/kg 1.99 = 0.15 1.99 £0.11

Data are expressed as means = SE. A) Hemodynamic parameters were
obtained through sphygmomanometric measurements (n = 4—-6 mice). B)
Cardiac weight (n = 29-32). TBW, total body weight. C) Echocardiographic
measurements (n = 8). LV, left venricular. D) Metabolic features (n = 16 for
TBW and gonadal fat weight, 4 for adiponectine, 9 for glycemia). E) Other
parameters (n = 5-11 mice). Statistical analyses were carried out through
Student’s r-tests or Wilcoxon’s rank-sum tests. The data presented are from
Garneau et al. (50) and from subsequent unpublished experiments by the same
research group (*). Except for systolic blood pressure and urine osmolality, all
of the data shown are statistically different between Kcc3-null mice and
wild-type littermates. Note that blood pressure measurements were also re-
ported by other research groups in the Sv X BL6 mouse background. They are
partially summarized in Table 3 and presented in greater detail under section
Cardiovascular Function. Otherwise, most of the measurements shown in the
Table have only been reported in the BL6J background.
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Three of the Kcc3-null mouse models produced were found
to manifest arterial hypertension in addition to the other traits.
Boettger et al. (13) were the first research group to report this
abnormality. In more specific terms, they found that light phase
mean arterial blood pressure (MAP) measured in their gsyst-
Kce383783% g gre model through femoral artery catheteriza-
tion was 18 mmHg higher compared with WT mice. Animals
were 3 to 5 months of age and tethered during the measure-
ments. Adragna et al. (1) later reported the same abnormality in
the psyst-Kec343723g, « sLe model of Howard et al. (60). In
their study, indeed, both light and dark phase MAPs measured
by telemetry through carotid artery catheterization were found
to be 30 mmHg higher compared with WT mice. Animals were
5 to 6 months of age during the experiments.

The mechanisms of high blood pressure were explored a few
years later by Rust et al. (100) in the psyst-Kcc3*3723"g, « BLe
model. Animals were 3 to 4 months of age during the studies.
It was found that dark phase MAP measured through femoral
artery catheterization in tethered Kcc3-null mice and WT
littermates was equally reactive to «;-adrenoreceptor stimula-
tion, (3;-adrenoreceptor inhibition, and exogenous nitric oxide
administration, but more sensitive in the null mice to gangli-
onic and ap-adrenoreceptor inhibition. It was found, in addi-
tion, that third-order saphenous arteries isolated from the null
mice and their WT littermates exhibited the same reactive
phenotypes in response to intravascular pressure, oj-adrenore-
ceptor stimulation, exogenous nitric oxide administration, or
Ca’*-activated C1~ channel (CACC) inhibition. It was there-
fore concluded that Kcc3 inactivation led to arterial hyperten-
sion through neurogenic mechanisms.

In the study of Rust et al. (100), it is noteworthy that the
saphenous arteries of gsyst-Kcc322"/A2", . 16 mice were hy-
pertrophied and that their [C]1™]; was also increased compared
with WT littermates. Other mechanisms could have thus con-
tributed to the cardiovascular phenotype reported by this re-
search group such as decreased K*-C1~ cotransport in VSMCs
where KCC3 is known to be expressed (33, 50, 100). To this
effect, isolated arterial vessels inactivated for Nkccl have been
found to display decreased Cl1~ content as well as blunted
responses to vasoconstrictive agents (4, 85), implying that
KCC3 and NKCC1 could play reciprocal functional roles in the
arterial wall. As already stated, importantly, the mixed
Sv X BL6 background is perhaps not ideal to study the car-
diovascular system of mouse models (112).

Garneau et al. (50) have recently reassessed the effect of
Kce3 inactivation on cardiovascular function in their BL6J
model to determine whether vasculogenic mechanisms could
be at play. Animals were 2 to 3 months of age during the
experiments and their blood pressures were measured by
sphygmomanometry. As shown in Table 4, these studies led to
the identification of previously unreported features. Compared
with WT mice, for instance, pulse pressure and heart rate were
lower in the null mice, but diastolic blood pressure, left
ventricular mass, and urine output were higher. In addition,
thoracic aortas isolated from g5 Kcc322/2%" g1 ¢y mice exhibited
decreased wall thickness and reactivity to «;-adrenoreceptor
stimulation (Fig. 6). Given that they were characterized while
denervated and that WT thoracic aortas were found to express
KCC3, Garneau et al. concluded that reduction of K*-Cl1~
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cotransport in the cardiovascular tree could have accounted for
a number of the observed abnormalities.

Hearing

Epithelial ion transport systems in the organ of Corti play a
crucial role in vestibulocochlear function and development. It
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is thus not surprising that three CCC family members have
been detected in this structure, namely, KCC3, KCC4, and
NKCC1 (12, 13, 31, 37, 41, 67, 104, 122). While KCC3 is
expressed in the stria vascularis (type I and III fibrocytes),
supporting inner hair cells (sSIHCs), Deiters’ supporting outer
hair cells (SOHCs), and other supporting cells within the inner
hear of rodents, KCC4 and NKCC1 are expressed more re-
strictively, that is, in sIHCs and sOHCs for the Na*-indepen-
dent CCC and the stria vascularis (type II fibrocytes and
marginal cells) for the Na*-dependent CCC.

Based on their localization and as illustrated in Fig. 7, the
role of KCC3, KCC4 and NKCCI1 in the inner ear is probably
to sustain K recycling after its entry in IHCs and OHCs, that
is, to promote K™ movement from these cells to the perilymph
through supporting cells (KCC3 and KCC4) and its movement
from the perilymph to the endolymph through the stria vascu-
laris (NKCC1 and KCC3). According to certain investigators,
the role of these CCCs could also be to buffer [K*]. or to
regulate the volume of various cell types within the inner ear
(12, 122). Another possibility is that the auditory CCCs could
play either of these roles in response to specific environmental
cues.

In their gsyst-Kcc343743"g, « pre model, Boettger et al. (13)
found that hearing was normal at birth, but that deafness
progressed slowly thereafter during the first year of life and
that this anomaly was accompanied by degenerative changes of
several structures and cell rarefaction within the inner ear. As
expected, type II fibrocytes were spared even in the older
animals. Intriguingly, inactivation of Kcc4 in another study by
Boettger et al. (12), apparently led to more rapid hearing loss
and degenerative changes even though its expression in the
organ of Corti is more restricted and is redundant with that of
Kcc3. Perhaps the effect of interrupting the perilymph-to-
endolymph and endolymph-to-perilymph K* recycling axes
together is more deleterious than interrupting only one of them.

In more recent studies, Shekarabi et al. (104) also charac-
terized the auditory system of their two animal models, that is,
of Actb-Kce3218A18%g o g1 and Synl-Kcc3218/A18%g, o s
mice, but through a combination of functional studies and
diffusion magnetic resonance imaging of the auditory cortex.
They observed that acoustic tests were abnormal in the sys-
temic null mouse, but not in the neurospecific one, and that the
auditory cortex was atrophied in the latter, but not in the
former. They therefore concluded that auditory dysfunction
through systemic Kcc3 inactivation originated from defective
K*-CI™ cotransport in nonneuronal cells. It should be noted,

Fig. 6. Reactivity of isolated thoracic aorta cut into 2-mm segments. A: effect
of phenylephrine hydrochloride shown as normalized isometric force devel-
opment. Data expressed as means * SE are from 6 mice among 6 experiments.
*and T indicate that the data are statistically different between Kcc3-null mice
and wild-type littermates at P < 0.05 and P < 0.01, respectively. B: effect of
furosemide on precontracted aortic segments shown as inhibitor-induced
changes in aortic tone. Data expressed as means = SE are from 4 mice among
4 experiments. I indicates that the mean is statistically different compared with
WT littermates. C: effect of carbamoyl chloride on precontracted aortic
segments shown as normalized isometric force development. Data expressed as
means * SE are from 5 mice among 5 experiments. D: effect of Na*
nitroprusside on precontracted aortic segments shown as normalized isometric
force development. Data expressed as means * SE are from 5 mice among 5
experiments. The data and figure presented are from Garneau et al. (50).
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Fig. 7. KCC3-dependent ion transport in the inner ear. A: cross section of the
cochlea with its main compartments, that is, the scala vestibuli, scala media,
scala tympani, and stria vascularis. B: magnification of the regions shown by
the boxes in A with the cells types where the CCCs are expressed. The precise
localization of each isoform within these cell types has not been definitively
established. Color codes and abbreviations used are as indicated in the
accompanying legend.

K+

however, that the organ of Corti was not subjected to histo-
logical analyses in this study.

Renal Function

According to the EST database and Northern blot analyses,
KCC3 is clearly expressed in the kidney of rat and human (57,
88, 96), and according to immunofluorescence studies, it is
confined to the basolateral membrane of proximal renal tubular
cells along the S1, S2, and S3 segments (13, 80, 84). In two
different reports (84, 93), Northern blot analyses also showed
that the KCC3B splice variant was more abundant in mouse
kidney than the KCC3A variant. At the same time, the probes
used to detect each of the transcripts were not the same (84,
93), and in one of the reports (84), concomitant reverse
transcriptase (RT)-PCR studies did not corroborate these find-
ings. Melo et al. (80) have more recently found that KCC3 was
upregulated in the kidney of WT rodents during hyperglyce-
mia. However, the splice variant at cause and its specific renal
localization within the renal epithelium were not determined.

Because of its renal localization and transport properties,
one would expect KCC3 to play an important role in solute
reabsorption by the proximal nephron. One would also expect
both KCC3A and KCC3B to be involved in this process given
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that each of them has been found to be functional in X. laevis
oocytes (84). Yet, the study by Melo et al. (80) convincingly
showed that carrier expression was not upregulated in rodents
through salt deprivation. It was not upregulated either during
chronic acidosis even though KCC3 activity is known to be
highly pH-sensitive (10). While, as just reported, hyperglyce-
mia did augment carrier abundance in the renal cortex, the
underlying mechanisms were not explored experimentally.
Among other possibilities, an increase in tubular flow due to
prolonged glycosuria could have accounted for these observa-
tions given that it has been shown to alter the activity of other
ion transport systems as well (17).

In earlier studies, two research groups have convincingly
demonstrated the presence of a K*-Cl~ cotransport system in
the basolateral membrane of isolated rabbit proximal tubules
(6, 103). However, it was not possible to determine the exact
isoforms at play given that their molecular identity was still
unknown at the time. In retrospect, KCC3 was certainly a good
candidate, all the more so that the K*-CI~ cotransport system
characterized in one of these studies (6) was found to be
enhanced in the presence of glucose. Importantly, however,
KCC4 could also play an important role in solute reabsorption
by the proximal nephron given that two research groups have
detected its presence at the basolateral membrane of this
tubular segment (12, 119).

The animal models of Kcc3 inactivation have provided addi-
tional indication that KCC3 could play a role in water and salt
handling by the proximal nephron. For instance, Boettger et al.
(13) showed strong expression of KCC3 at the basolateral mem-
brane of proximal tubular cells in WT mice, and loss of expression
in psyst-Kcc343"/43"g, « pre littermates. Along the same line,
Wang et al. (123) observed that the psyst-Kce323743", « pre
model was affected by higher urinary output compared with
WT mice and lower fluid reabsorption in their proximal
nephron. Importantly, however, fluid intake was also increase
in the mutant mice. Garneau et al. (50) have found more
recently that their syst-Kcc342"/A2"g; 5 mice presented similar
abnormalities and that, in addition, they ingested higher daily
amounts of chow compared with WT mice. As it stands, hence,
it cannot be excluded that the renal phenotype of these Kcc3-
null models was dietary in origin.

Red Blood Cells

As mentioned earlier, erythrocytes have long been known to
display robust KCC activity. Although they express five dif-
ferent KCC splice variants (21, 70, 99), that is, KCCIA,
KCC1B, KCC3A, KCC3B, and KCC4, K*-CI~ cotransport
activity in these cells is primarily accounted for by KCC3A. In
particular, Western blot analyses and qPCR studies carried out
by Pan et al. (90) have shown that the other variants were
expressed at much lower levels in human and mouse erythro-
cytes. Along the same line, Rust et al. (100) have shown that
the erythrocytes of psyst-Kcc323A3"g, « pLe mice exhibited
much lower K™-CI™ cotransport activity than those of a model
called syst-KccIA*/A%g, . 16 generated more recently by the
research group itself.

Many investigators have now established that the presence
of KCC3 at the cell surface of erythrocytes is of central
importance in the pathophysiology of sickle cell anemia (19,
21, 73, 99), an inherited hemoglobinopathy that affects mil-
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lions of individuals worldwide. In this disorder, the mutated
hemoglobin (Hb) forms large insoluble polymers that alter the
shape of erythrocytes both directly and through cytoskeletal
rearrangements. In this setting, but through unknown mecha-
nisms, K*-C1™~ cotransport is enhanced so that erythrocytes are
partially dehydrated due to secondary osmotic efflux of water.
From these additional changes, the abnormal shape and in-
creased rigidity of erythrocytes are accentuated and the abnor-
mal Hb is concentrated excessively so that it polymerizes even
more easily.

Rust et al. (99) have confirmed more definitively the role of
KCC3 in the pathophysiology of sickle cell anemia by studying
the effect of Kcc3 inactivation in a transgenic mouse back-
ground of hypersickling human HbS overexpression called
SAD (or syst-HbbS“Pg; 65 x cas). They observed that the
erythrocytes of syst-Kcc343/A3"g,p mice were not as dense
and not as small in volume as those of syst-Kcc3 /" gap mice.
However, the abnormal cells were morphologically similar
between the two models and the densest ones were not rescued
through Kcc3 inactivation, suggesting that other transport pro-
teins such as KCCl and Ca**-activated K" channel 4
(KCNN4) could have contributed to the loss of cytosolic water.
In this regard, Rust et al. (99) also observed that dual inacti-
vation of Kccl and Kcc3 in the SAD background led mean
corpuscular volume to increase further, confirming that KCCl1
does play an accessory role in the pathophysiology of sickle
cell anemia.

White Blood Cells

KCC3 has been found to play additional roles in blood such
as regulating the activity of neutrophils through its Cl™ trans-
port function (43, 115). In this cell type, pathogens are inter-
nalized from the cell surface into phagosomes where they are
killed through chemical digestion. One of the compounds
involved, hypochlorite, is generated in situ from hydrogen
peroxide and C1™. The first substrate is derived from superox-
ide, itself generated by nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, and the second substrate is
provided by the cytosol where, in neutrophils, [Cl]; is espe-
cially high. Dedicated CI™ transport systems must therefore be
present at the surface of phagosomes in order for this organelle
to dispose of all of the substrates required for hypochlorite
synthesis.

Sun et al. (115) were the first research group to demonstrate
the dependence of phagosomal function on KCC3. Indeed, they
found that neutrophils isolated from WT mice were less prone
to activation in the presence of KCC inhibitors, that is, super-
oxide production was lower, and so were the membrane re-
cruitment and phosphorylation state of oxidases such as neu-
trophil cytosolic factors 1 and 4. They found more importantly
that ysyst-Kcc343/43"g, « pre mice infected with Staphylococ-
cus aureus suffered higher mortality rates as well as lower
bacterial clearance compared with WT littermates and that
their neutrophils were also less prone to activation. In light of
these findings, and based on concomitant localization studies,
Sun et al. concluded that KCC3 sustains the bactericidal
activity of phagosomes by providing them with an inward
pathway for CI™ movement during neutrophil activation.
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CONCLUSIONS

Through this review, it was shown that KCC3 is involved in
a variety of physiological processes. It was also shown that this
transport system is likely to play an essential, nonredundant
role in many cell types within the central and peripheral
nervous systems, inner ear, cardiovascular tissue and blood.
Additional processes for which KCC3 could be of importance,
but were not discussed through this review, include spermato-
zoal subsistence (65), catecholamine release by adrenal med-
ullary chromaffin cells (50), and glucagon secretion by pan-
creatic a-cells (24). As alluded to in Regulation of KCC3 and
of Other Subfamily Members, they also include normal as well
as abnormal cell growth and proliferation. In fact, the role of
KCC3 in cancer development and invasiveness has now be-
come the object of an emerging literature of potentially high
future impact (20, 46, 106).

Although the animal models of Kcc3 inactivation have
revealed physiologically and pathophysiologically informative,
they have also led to conflicting results due perhaps to differ-
ences in the animal backgrounds, targeting strategies and
experimental approaches exploited. In particular, the mecha-
nisms of axonal degeneration in ACCPN are still largely
unknown and so is the subpopulation of neurons that are
adversely affected through loss of K*-Cl1~ cotransport. Addi-
tionally, protein expression was not completely ablated in
some of the cell-specific Kcc3-null mouse models generated
and it was even partially ablated in one study (104) through
mere recombination of a flox cassette at the Kcc3 locus, that is,
in Cre™ Kcc3A187/AIS* . 516 mice.

There are many additional uncertainties besides those per-
taining to the physiological roles of KCC3 in the nervous
system and other tissues. For instance, the number of ion
transport sites that are required for translocation is still un-
known and the mechanisms by which K*-Cl~ cotransport is
regulated remain poorly understood. Likewise, the deleterious
effects of Kcc3 inactivation have generally been ascribed to
perturbed RVD responses and yet this transporter is known to
affect the intracellular and extracellular concentrations of many
solutes either directly or through other transport systems.
Although the “KCC3 story” has been unfolding before our eyes
for almost four decades, its final chapter will certainly not be
written any time soon.
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