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Kir5.1-Associated Channelopathies
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"Neuroscience, Physiology and Pharmacology, University College London, London, United Kingdom, 2Medical Cell Biology,
Institute of Physiology, University of Regensburg, Regensburg, Germany, *Centre for Nephrology, University College London,
London, United Kingdom

In 2009, two groups independently linked human mutations in the inwardly rectifying K+
channel Kir4.1 (gene name KCNJ10) to a syndrome affecting the central nervous system
(CNS), hearing, and renal tubular salt reabsorption. The autosomal recessive syndrome
has been named EAST (epilepsy, ataxia, sensorineural deafness, and renal tubulopathy)
or SeSAME syndrome (seizures, sensorineural deafness, ataxia, intellectual disability, and
electrolyte imbalance), accordingly. Renal dysfunction in EAST/SeSAME patients results
in loss of Na*, K*, and Mg?* with urine, activation of the renin—angiotensin—aldosterone
system, and hypokalemic metabolic alkalosis. Kir4.1 is highly expressed in affected organs:
the CNS, inner ear, and kidney. In the kidney, it mostly forms heteromeric channels with
Kir5.1 (KCNJ16). Biallelic loss-of-function mutations of Kir5.1 can also have disease
significance, but the clinical symptoms differ substantially from those of EAST/SeSAME
syndrome: although sensorineural hearing loss and hypokalemia are replicated, there is
no alkalosis, but rather acidosis of variable severity; in contrast to EAST/SeSAME
syndrome, the CNS is unaffected. This review provides a framework for understanding
some of these differences and will guide the reader through the growing literature on
Kir4.1 and Kir5.1, discussing the complex disease mechanisms and the variable expression
of disease symptoms from a molecular and systems physiology perspective. Knowledge
of the pathophysiology of these diseases and their multifaceted clinical spectrum is an
important prerequisite for making the correct diagnosis and forms the basis for
personalized therapies.

Keywords: KCNJ10, KCNJ16, EAST syndrome, SeSAME syndrome, channelopathy, epilepsy, deafness, distal
convoluted tubule

INTRODUCTION

K* Channels: Membrane Proteins Important for Life

K* channels are indispensable components in the mammalian organism, as they make a crucial
contribution to the membrane potential and to electrical processes at the membrane. Therefore,
defects of K* channels lead to disturbances of these processes, possible consequences of which
are altered neuronal excitability and hormone secretion as well as impaired membrane transport,
cell volume regulation, and cell migration. The tasks of K* channels in different cell types are
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unique and require specific functional and biophysical properties
as well as a very precise coordination with other processes at
the cell membrane and in the cell. In light of the manifold
functional requirements, it is not surprising that the K* channel
family is the largest of the ion channels, comprising approximately
80 different pore-forming subunits."? Hetero-oligomerization
and splice variants further increase the diversity of different
functional K* channels and enable the organism to meet a
wide variety of requirements. The NC-IUPHAR subcommittees
on K* channels have grouped channels based on gene family:
Ca’- and Na'-activated K* channels (KCa, KNa); inwardly
rectifying K* channels (KIR); two-pore domain K* channels
(K2P); voltage-gated K* channels (Kv), and their structure:
channels that exhibit six, four or two transmembrane domains.’
This review article focuses on the pathophysiology of the inward
rectifying K* channels Kir4.1 and Kir5.1 and the diseases caused
by mutations in their genes.

Inward Rectifiers

Inwardly rectifying K* channels have long been characterized
functionally in the absence of detailed structural information
(reviewed, for example, in Isomoto et al, 1997). Sir Bernard
Katz noted a K' current in muscle cells that increased with
hyperpolarization and thus behaved fundamentally differently
to the voltage-gated currents that increase with depolarization
more commonly found in neurons (Katz, 1949). The first
mammalian inward rectifier cloned is still widely known as
Renal Outer Medullary K* channel (ROMK) for its prominent
expression in the renal thick ascending limb of Henle’s loop
(TAL), distal convoluted tubule (DCT; Ho et al, 1993) and
collecting duct (CD). Mutations in ROMK lead to Bartter
syndrome (Bartter et al., 1962; Simon et al., 1996). This channel
is also known as Kirl.l or KCNJI in genetic nomenclature
and is the founding member of the inward rectifier family.
The family has been grouped into seven classes, based on
sequence homology, as outlined in (Doupnik et al., 1995), and
now features subunits transcribed from 16 genes. Multiple splice
products from the same gene, and heteromerization within,
or, more rarely, across these seven classes, add considerable
complexity. Many inward rectifiers are sensitive to one or
multiple regulating factors, such as intracellular ATP/ADP
concentration, membrane phosphatidylinositol 4,5-bisphosphate
(PIP2), intracellular pH, phosphorylation, or are coupled to G
protein-coupled receptors via trimeric G proteins, to name but
a few. With channel crystallization came more detailed
understanding of their functional mechanisms. The very first
K* channel crystalized, by Rod MacKinnon’s group (Doyle et al.,
1998), was indeed an inward rectifier from Streptomyces lividans,
now known as KcsA (PDB 1BLS8). Like most other K* channels,
inward rectifiers are tetrameric and share structural similarity
and a signature pore motif with most K* channels known to
date (Gonzalez et al,, 2012). Inward rectification means that

'https://www.genenames.org/data/genegroup/#!/group/183
*https://www.guidetopharmacology.org/GRAC/FamilyDisplayForward?familyld=1
33&familyType=IC

*https://www.guidetopharmacology.org/

inward currents (K' entering the cell) induced by the same
absolute driving force (voltage difference between membrane
voltage and K* equilibrium potential) are greater than outward
currents (K* leaving the cell) driven in the opposite direction
(Nichols and Lopatin, 1997). Detailed studies showed that this
property depends on intracellular Mg** and polyamines partially
blocking the pore at membrane voltages more depolarized than
the K* equilibrium potential (Fakler et al., 1995). Since K*
itself competes with these blockers for the pore, inwardly rectified
currents often increase with increased extracellular K*
concentration despite a reduction in driving force, forming the
physiological basis for K*-induced vasorelaxation in brain and
muscle (Gonzalez et al, 2012). In contrast to most voltage-
gated K* channels commonly expressed in excitable cells, which
are activated by depolarization, these channels exhibit larger
conductance at more negative voltages and thus can stabilize
the resting membrane voltage in non-excitable cells close to
the K* equilibrium potential. This is highly relevant to the
Kir4-containing K* channels discussed here, in the context of
their function in glial cells and renal and stria vascularis epithelia.

MOLECULAR AND BIOPHYSICAL
PROPERTIES OF Kir4.1 AND Kir5.1

Cloning and Characterization of Kir4.1
(KCNJ10)

Kir4.1 was cloned independently by two groups (Bond et al,
1994; Takumi et al., 1995). Like other inward rectifiers (Hilgemann
and Ball, 1996), its activity depends on PIP2 in the inner
leaflet of the phospholipid bilayer and this has been studied
even before structural information became available (Rapedius
et al., 2007), building on research into other family members
(Lopes et al, 2002; Schulze et al., 2003). Kir4.1-containing
channels are also sensitive to intracellular pH, and in fact,
the two properties may be closely linked (Rapedius et al,
2007). Loss-of-function mutations affecting PIP2 binding and
regulation by intracellular pH in Kir4.1 highlight the importance
of these regulatory mechanisms (Reichold et al., 2010). Whereas
wild-type Kir4.1 activates around pH 6, Kir4.1*** and Kir4.1*'7*?
(the latter also shows reduced PIP2 affinity) activate at
intracellular pH values more alkaline than pH 7.5, which is
unlikely to be reached in most cells. Since protons and PIP2
regulate the channel allosterically, there is scope for the
development of small molecule activators with potential for
personalized medicine.

Heteromerization of Kir4.1 With Other Kir
Subunits

Heteromerization of Kir4.1 with other subunits is more limited
than for some other Kir family members. Kir4.1 forms weakly
rectifying channels as homotetramer. As a heteromer with
Kir5.1, it rectifies strongly (Lagrutta et al., 1996). By examining
rectification of channels formed from concatenated subunits,
Lagrutta et al. inferred that Kir4.1 and Kir5.1 alternate in the
tetramer (Figure 1). Interestingly, heteromerization with Kir5.1
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FIGURE 1 | Structural model of the Kir4.1/Kir5.1 heteromer (rendered with
PyMol 2.5.2) of a Kir4.1/Kir5.1 model generated with AlphaFold Multimer
(Jumper et al., 2021, Evans and O’Neill, https://www.biorxiv.org/content/10.1
101/2021.10.04.463034v1). We truncated both N- and C-termini slightly, to
reduce complexity. AlphaFold yielded three models with almost identical
ranking, but only one of them conformed to the alternating subunit structure
postulated by Lagrutta et al. (1996). Kir4.1 subunits are brown, and Kir5.1
subunits are green.

also shifts intracellular pH dependence of both Kir4.1 and
Kir4.2 (which does not heteromerize with Kir4.1, but may
compete with Kir4.1 for Kir5.1) into a more physiologically
relevant pH range (Tucker et al, 2000; Pessia et al., 2001),
and Kir4.1/Kir5.1 heteromeric channels may be involved in
the pH-dependent regulation of respiration (Trapp et al., 2011):
see section “Kir5.1 Variants: A Risk Factor for SIDS?”.

Cloning and First Characterization of
Kir5.1 (KCNJ16)

Kir5.1 was first described in a conference abstract (Bond et al.,
1994) and subsequently characterized in more detail (Pessia
et al., 1996). These initial studies (corroborated by most
subsequent work) concluded that Kir5.1 cannot form functional

channels when expressed in oocytes alone, but that it modified
current properties of Kir4.l when coexpressed. Heteromeric
channels produced currents that were bigger, more strongly
rectified and which also showed some time dependence in
comparison to homotetrameric Kir4.1. Tanemoto et al. (2002)
noticed a PDZ binding motif in Kir5.1 and observed inwardly
rectified currents when coexpressing PSD-95 in HEK cells.
Moreover, Kir5.1 expressed alone showed diffuse cytoplasmic
localization, whereas PSD-95 coexpression led to clustering of
Kir5.1 at the plasma membrane, suggesting that Kir5.1 could
have a role in the postsynaptic terminal. The relatively high
expression level of Kir5.1 in some organs (Figure 2) in the
absence of Kir4.1 could suggest that Kir5.1-mediated currents
depend on anchoring proteins, other than heteromerization
with Kir4.1 or Kir4.2. However, the expression pattern of Kir4.2
has not been as firmly established as good antibodies are
lacking, so an alternative explanation for functional expression
of Kir5.1 could be heteromerization with other channel subunits,
possibly even Kir2.1 (Fakler et al., 1996). However, the genetic
evidence discussed below, with the absence of CNS symptoms
in patients with homozygous or compound heterozygous Kir5.1
mutations at least makes this possibility less likely, as all Kir5.1
mutations investigated, scattered over different functional domains
of Kir5.1, strongly affected heteromers with either Kir4.1 or
Kir4.2 (Schlingmann et al., 2021).

Tissue-Specific Expression

The expression of Kir4.1, Kir5.1, and other inward rectifying
channels is highly variable and specific in different tissues of
the organism. Understanding this, and thus, the possibility of
forming heteromeric channels is key to predicting which organs
may be affected by channel mutations and which clinical symptoms
may result. Current research suggests that the symptomatology
triggered by Kir4.1 mutations is primarily due to disruption of
Kir4.1 homomers and Kir4.1/Kir5.1 heteromers. Unlike Kir4.1,
Kir5.1 does not appear to form homomeric channels, but forms
heteromeric channels primarily with Kir4.1 and Kir4.2. For this
reason, Kir4.2 was also included in the representation of tissue
expression (Figure 2) in addition to Kir4.1 and Kir5.1. However,
it can be assumed that in addition to these heteromers highlighted
here, others exist with other members of the Kir family. Kir4.1
shows highest levels of expression in various brain regions
(Figure 2A). Kir4.1, and to a much lesser degree Kir5.1, is
expressed predominantly in glial cells, most highly at astrocyte
end feet, which are in close contact to cerebral blood vessels
(Poopalasundaram et al., 2000), but some expression of Kir4.1
was also evident at astrocyte processes close to synaptic clefts
(Higashi et al., 2001). In some brain regions, homomeric Kir4.1
channels are expressed, whereas heteromeric channels with Kir5.1
are found in others (Hibino et al., 2004a). Immunohistochemistry
confirmed expression of Kir4.l in astrocytes throughout the
brain (Li et al, 2001; Hibino et al, 2004a). Using both
immunoprecipitation and immunohistochemical methods, the
latter group identified homomeric Kir4.1 or Kir4.1/Kir5.1
heteromers in astrocyte endfeet facing blood vessels. In peripheral
tissues, the highest Kir4.1 expression levels are found in the
kidney (Takumi et al., 1995; Lourdel et al., 2002; Lachheb et al.,
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FIGURE 2 | (A) Expression of KCNJ10 (Kir4.1), KCNJ16 (Kir5.1), and KCNJ15 (Kir4.2) in human tissues. Data were obtained from “The Human Protein Atlas”
(https://www.proteinatlas.org/ENSG00000177807-KCNJ10/summary/rna; https://www.proteinatlas.org/ENSG00000153822-KCNJ16/summary/rna; https://www.
proteinatlas.org/ENSG00000157551-KCNJ15/summary/rna). Data are presented as “consensus dataset” consisting of normalized expression ("\TPM) levels,
created by combining the HPA and GTEx transcriptomics datasets using the internal normalization pipeline of “The Human Protein Atlas” (https://www.proteinatlas.
org). Please note that the number of samples for each tissue and the origin of the different tissues is different. Therefore, it can be difficult to quantitatively compare
expression in different tissues. (B) Expression of KCNJ10, KCNJ16, and KCNJ15 along the human nephron. Data are taken from (Chabardes-Garonne et al., 2003).
In this beautiful study, fresh human kidney tissue from nine donors was microdissected into glomeruli (glom), proximal convoluted tubules (PCT), proximal straight
tubules (PST), medullary thick ascending limbs (MTAL), cortical thick ascending limbs (CTAL), distal convoluted tubules (DCT), cortical collecting ducts (CCD), and
outer medullary collecting ducts (OMCD). Gene expression was assessed by “serial analysis of gene expression” (SAGE). (C) Expression of KCNJ10, KCNJ16, and
KCNJ15 along the mouse tubular system. Data are taken from https://esbl.nhlbi.nih.gov/MRECA/Nephron/ (Chen et al., 2021). In this beautiful study, RNA-seq was
performed on murine microdissected tubular segments. Initial segment of the proximal tubule (PTS1); proximal straight tubule in cortical medullary rays (PTS2); last
segment of the proximal straight tubule in the outer stripe of outer medulla (PTS3); short descending limb of the loop of Henle (DTL1); long descending limb of the
loop of Henle in the outer medulla (DTL2); long descending limb of the loop of Henle in the inner medulla (DTL3); thin ascending limb of the loop of Henle (ATL);
medullary thick ascending limb of the loop of Henle (MTAL); cortical thick ascending limb of the loop of Henle (CTAL); macula densa (MD); distal convoluted tubule
(DCT); connecting tubule (CNT); cortical collecting duct (CCD); outer medullary collecting duct (OMCD); inner medullary collecting duct (IMCD). Another excellent
source of transcriptome data is https://cello.shinyapps.io/kidneycellexplorer/, which provides single cell RNA-seq data of mouse kidney (Ransick et al., 2019). These
single cell-based data indicate that Kir4.1 and Kir5.1 are strongly expressed in principal cells of connecting tubules and collecting ducts, but not in intercalated cells
(data not shown).

2008; Bockenhauer et al., 2009; Reichold et al., 2010). Throughout ~ Henle (TAL), the distal convoluted tubule (DCT), and in the
the tubular system, Kir4.1 is found in the basolateral membrane  principal cells of the connecting tubule (CNT) and cortical
of only a few segments, that is, the thick ascending limb of  collecting duct (CCD; Figures 2B,C). Kir5.1 is also expressed
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in several brain regions, where it may underlie pH-sensitive K*
conductance. In peripheral tissues, Kir5.1 forms heteromeric
channels with Kir4.1 mainly in the tubular segments of the
kidney, where Kir4.1 is expressed. In other nephron segments,
thyroid, and gastric parietal cells (Lambrecht et al., 2005), Kir5.1
likely forms heteromeric channels with Kir4.2 and/or other Kir
channels (Figure 2A). Kir4.2 is most highly expressed in renal
proximal tubules, where it likely assembles with Kir5.1 to form
basolateral K* channels (Bignon et al, 2020; Figures 2A-C).
In addition to the tissues shown in Figure 2, Kir4.1 and Kir5.1
are also expressed in the inner ear. The expression will be discussed
in more detail in the sections on hearing impairment with
Kir4.1 and Kir5.1 mutations.

EAST/SeSAME SYNDROME: A
PLEIOTROPIC MONOGENETIC DISEASE
CAUSED BY MUTATIONS IN KCNJ10
(Kir4.1)

This syndromic disease affects hearing, the kidney, and CNS.
Mutations in Kir4.1 typically affect the function of both
homomeric Kir4.1 (Bockenhauer et al, 2009) as well as
heteromeric Kir4.1/Kir5.1 (Reichold et al., 2010) channels,
although there are some interesting exceptions to this rule
(see section “Autism,” Table 1). EAST is an acronym for epilepsy,
ataxia, sensorineural hearing loss, and renal tubulopathy
(Bockenhauer et al., 2009). It is also known as SeSAME syndrome
(seizures, sensorineural deafness, ataxia, intellectual disability,
and electrolyte imbalance; Scholl et al.,, 2009).

We will start by describing the typical symptoms seen in
most patients carrying loss-of-function mutations in Kir4.1,
affecting both homomeric as well as Kir4.1/Kir5.1 heteromers.

Epilepsy

Epileptic seizures occur in ~0.5% of the population over their
lifetime (Schroeder et al., 1998), and monogenic causes include
a wide variety of proteins (Guerrini et al., 2021). Some of the
first genes identified in epilepsy families encode for ion channels.
They include mutations in subunits of Na* channels (Escayg
et al, 2000; Vanoye et al, 2014) and K* channels (Biervert
et al,, 1998; Schroeder et al., 1998). These channels are expressed
in neurons and directly affect neuronal excitability. KCNQ2/
KCNQ3, for example, mediate the important “M current’, named
after its characteristic inhibition by muscarinic stimulation (Brown
and Adams, 1980). At that time, research into epilepsy was
decidedly focused on neurons. However, Kir4.1, and to a much
lesser degree Kir5.1, are expressed predominantly in glial cells.
Long before the first K* channels were cloned, it was speculated
that glial cells were involved in spatial K* buffering (Kuffler
et al., 1966; Orkand et al., 1966). This concept postulates that
glial cells use K* channels and other K* transporting membrane
proteins to funnel K* away from sites of high neuronal activity
(where the local extracellular K* concentration is high enough
for entry into glial cells) toward blood vessels, where the
extracellular K* concentration is low. Figure 3 illustrates how

K* handling occurs at the nodes of Ranvier. They are instrumental
for regenerating the action potential using voltage-gated Na*
channels, as excitation jumps electrotonically from node to node.
In the CNS, voltage-gated K* channels (Kv) predominate in the
paranode for repolarization, but in the peripheral nervous system
there are “leak” K* channels in addition, expressed in the nodal
axon itself (Kanda et al., 2019). Astrocytes use Kir4.1 channels
to temporarily absorb K' released at the junctions between
oligodendrocytes where the action potential is actively regenerated.
It is noteworthy that Kir channels are uniquely suited for this
task as their conductance will increase when extracellular K*
concentration rises. In addition, homomeric Kir4.1 is less rectifying
than some other members of the family, which might facilitate
movement of K* in both directions. Butt and Kalsi (2006)
summarize the spatial buffering concept. Electrical coupling of
astrocytes by gap junctions may help to extend their reach and
K* buffer capacity. It may also help to maintain their hyperpolarized
membrane voltage at sites of neuronal K* release, allowing the
unusual passive entry of K* into the astrocyte. Since K* is lower
in the perivascular space, astrocytes may release their K" at
their endfeet contacting vessels. In support of the role of electrical
coupling, it is known that gap junctions are more numerous
in gray matter astrocytes, where more K* is released. Indeed,
K* clearance from the extracellular space was shown to
be dependent on astrocytic gap junctions (Wallraff et al., 2006).
Seizures as a major symptom of loss of function in homomeric
Kir4.1 (Bockenhauer et al, 2009; Scholl et al, 2009) suggest
that Kir4.1 channels are crucial for human brain K* homeostasis.
More direct, functional evidence for a major role for Kir4.1-
containing channels for removal of K* from the synaptic cleft
came from studies in astrocyte-specific Kir4.1 knockout mice
(Djukic et al., 2007), which showed depolarized astrocytes and
complex glia, as well as changes to synaptic potentiation, suggesting
that the change in astrocyte function can have long-term effects
on synaptic transmission. In addition, K* clearance capability
correlated with Kir4.1 expression level in the spinal cord (Olsen
et al, 2007). More recently, K* clearance following tetanic
stimulation was directly shown to be delayed in hippocampal
slices from glial-specific conditional Kir4.1 knockout mice using
ion-selective microelectrodes, although resting K* was unchanged
(Haj-Yasein et al., 2011). The latter may be a result of testing
this parameter in slices, rather than intact tissue, where diffusion
in the extracellular space may be more limited. Interestingly,
this group did not observe any evidence for osmotic changes
on stimulating wild-type or Kir4.1-deficient slices, which suggests
that K* movement is accompanied by movement of water. Indeed,
AQP-4 was shown to be present in astrocyte endfeet (Neely
et al,, 2001; Hibino et al.,, 2004a) and may even form a protein
complex with other homoeostatic proteins (AQP4 and the
dystrophin complex; Horio et al, 1997; Neely et al, 2001),
mutations of which have been shown to cause white matter
changes (see section “Is There Structural Change to the CNS?
The MLC1 Connection in Oligodendrocytes”). Altered expression/
localization of Kir4.1 channels has been found in tissue from
pharmacoresistant seizure patients. Loss of its expression has
also been reported for sclerotic hippocampal tissue from mesial
temporal lobe epilepsy patients (Heuser et al., 2012), but these
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TABLE 1 | Mutations identified in KCNJ10/Kir4.1.

Associated phenotypes Typical/  Function Reference
. CADD .
Mutation score Atypical/ (expressed alone)
E A S T WM ASD
R18Q 22.4 Y Y N N N ASD Gain of function Sicca et al., 2011, 2016
25.8 Y Y Y Y N T Complete LOF Scholl et al., 2012
24.9 Y Y ND N Y A Not determined Al Dhaibani et al., 2018
22.5 N Y Y N N A Not determined Nicita et al., 2018
R65C 29.1 Y Y Y Y N T Not determined Papavasiliou et al., 2017
R65C 29.1 Y Y Y Y Y T Not determined Celmina et al., 2019
_ 290.1 Y Y Y Y ND T 82% reduction in currents  Freudenthal et al., 2011
R65P 28.5 Y ND ND ND ND T Not determined Thompson et al., 2011
28.5 Y Y Y Y N T 75% reduction in currents  Bockenhauer et al., 2009;
Williams et al., 2010
28.5 Y Y Y Y ND T >80% reduction in Scholl et al., 2009;
currents Reichold et al., 2010;
Williams et al., 2010
L68P 26.0 Y Y ? ? ? ? Not determined Lemke et al., 2012
27.7 Y Y Y Y ND T Complete loss of function  Parrock et al., 2013
23.6 Y Y Y Y ND T >90% reduction in Freudenthal et al., 2011
currents
25.2 Y Y Y Y ND T >90% reduction in Bockenhauer et al., 2009;
currents Reichold et al., 2010;
Williams et al., 2010
26.4 ? ? ? ? ? ? Complete loss of function  Mendez-Gonzalez et al., 2016
V84M 24.9 Y N N N N ASD Gain of function Sicca et al., 2011
_ Y Y Y Y ND T Complete loss of function  Parrock et al., 2013
F119Gfs*25 Y Y Y Y N T Not determined Papavasiliou et al., 2017
1129V 24.6 Y Y ? ? ? ? Not determined Lemke et al., 2012
26.7 Y Y Y Y ND T Complete loss of function  Scholl et al., 2009;
Williams et al., 2010
26.8 N Y Y N N A Complete loss of function  Morin et al., 2020
23.6 Y Y Y Y Y T Complete loss of function  Scholl et al., 2009;
Williams et al., 2010
27.2 ? ? ? ? ? ? 50% reduction in currents  Mendez-Gonzalez et al., 2016
25.8 N N N Y ND A 40% reduction in currents  Parrock et al., 2013;
Suzumoto et al., 2021
25.8 Y Y Y Y ND T ~50% with R297C Scholl et al., 2009;
Williams et al., 2010
28.1 N Y Y N N A 50% reduction in currents  Morin et al., 2020
29.8 Y Y Y Y ND T >90% reduction in Reichold et al., 2010
currents
23.7 N N Y N ND A 51% reduction in currents  Yang et al., 2009
Y Y Y Y ND ? Complete loss of function  Scholl et al., 2009;
Reichold et al., 2010;
Williams et al., 2010;
Thompson et al., 2011
27.4 Y Y N N N A Almost complete loss of Zhang et al., 2019
function
R204H 29.2 Y Y Y Y N T Not determined Kara et al., 2013
_ 25.9 Y Y N N N A 37% reduction in currents  Zhang et al., 2019
Q212R 26.0 ? ? ? ? ? ? Currents similar to WT Mendez-Gonzalez et al., 2016
_ 27.3 Y Y N N N A 60% reduction in currents  Hasan et al., 2017
N232Qfs*14 Y Y Y Y Y T Not determined Severino et al., 2018;
Suzumoto et al., 2021
Y Y Y Y ND T Complete loss of function  Freudenthal et al., 2011
Y Y N Y Y A Predicted to Severino et al., 2018;
be deleterious Suzumoto et al., 2021
25.8 Y Y Y N N A 60% reduced currents Nadella et al., 2019
(LCcL)
32 Y Y Y Y ND T >90% reduction in Freudenthal et al., 2011;
currents Thompson et al., 2011

(Continued)
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TABLE 1 | Continued

Associated phenotypes Typical/  Function Reference
. CADD .
Mutation score Atypical/ (expressed alone)
E A S T WM ASD
- 32 Y Y Y Y ND T Complete loss of function  Scholl et al., 2009;
Williams et al., 2010

_ 22.7 N N Y N ND ? 44% reduction in currents  Yang et al., 2009
R348H 16.5 Y N N N ND ASD Gain of function Sicca et al., 2016

>25% Residual function
<25% Residual function
Atypical features

Gain of function
Function unknown

Table 1 summarizes the consequences of KCNJ10 mutations. CADD score according to https.//cadd.gs.washington.edu/snv (Rentzsch et al., 2019). Associated phenotypes refer to
epilepsy (E), ataxia (A), sensorineural deafness (S), tubulopathy, hypokalemia and alkalosis (T), white matter abnormalities (WM), and autism spectrum disorder (ASD). Yes (Y); No (N);
Not determined (ND). * indicates a “stop codon”. Color code is shown for functional effects when expressed as homomeric Kir4.1. Note that pink coloration was given to “atypical”
(=A) mutations which lead to partial EAST syndrome, that is, lack some of its characteristic features, as opposed to “typical,” featuring all cardinal symptoms Epilepsy, Ataxia,
Sensorineural hearing loss, and renal Tubulopathy. LCL: Kir4.1 T290A was examined in patient-derived lymphoblast cells. (1) Compound heterozygous state. (2) With mutations in
Slc26A4. (3) Compound heterozygous state. (4) With mutation in KCNT1. (5) With mutations in Slc26A4.

could reflect secondary changes. However, the important role
of glial Kir4.1 for K* clearance per se is well established, and
loss of Kir4.l function causes epilepsy not only in humans
(Bockenhauer et al, 2009), but also mice
(Djukic et al., 2007), dogs (Gilliam et al., 2014), and zebrafish
(Bockenhauer et al., 2009).

Ataxia

Bergmann glial cells, as well as Miiller cells in the retina, are
radial glial cells which are hugely important as a scaffold for
migrating neurons in the developing cerebral and cerebellar cortex
as well as the retina. They exclusively persist in the adult cerebellum
and retina and continue to have important roles in maintaining
the integrity of these structures (Mori et al, 2005). Cerebellar
Purkinje cells have two distinct “resting” membrane voltage states
and display a relatively high “resting” spontaneous firing rate, with
much higher frequencies when they are in the more depolarized
state (Hausser et al, 2004). Bergmann glial cells are thought to
modify Purkinje cell spiking via regulating K* homeostasis (Wang
et al,, 2012). Their close proximity to Purkinje cells and the high
expression of Kir4.l suggests that Kir4.1 might be involved in
this function. Many patients with homozygous or compound
heterozygous loss-of-function mutations in Kir4.1 suffer from severe,
debilitating ataxia from infancy. They showed pronounced gait
ataxia, intention tremor, and dysdiadochokinesis (Bockenhauer
et al, 2009), with some affected individuals being unable to walk.
Meanwhile, disruptive mutations have been identified in older
atactic patients (Morin et al,, 2020), and cerebellar imaging has
revealed progressive cerebellar vermis degeneration in some of
these individuals, while more discrete changes in MRI seem to
prevail at younger age (Scholl et al, 2009), which were not
appreciated in our early study (Bockenhauer et al., 2009), nor in
a clinical update on the initial study (Abdelhadi et al.,, 2016). The
reported signs and symptoms in children clearly indicate cerebellar
dysfunction. However, it remains to be determined whether ataxia
originates from subtle developmental effects, functional defects in

K* homeostasis, degenerative processes, or, most likely, a combination
thereof. Structural change of the cerebral cortex will be discussed
below in the context of white matter abnormalities.

Retinal Expression and
Electroretinographic Changes

Miiller cells are a type of radial glial cell specific to and persisting
throughout life in the retina, which also highly expresses Kir4.1
(Ishii et al., 1997; Kofuji et al, 2000), particularly in its endfeet
membranes (Kofuji et al, 2002). However, no defects in vision
have been reported in patients to date. EAST patients do exhibit
electroretinographic changes, some of which are likely due to
impaired K* homoeostasis and others secondary to reduced glutamate
retrieval by Miiller cells, which depends on the K*-dependent
Miiller cell membrane potential (Thompson et al., 2011). Interestingly,
Miiller cells were shown to express both Kir4.1 homomeric as
well as (presumably) Kir4.1 and 5.1 heteromeric channels.
Photoreceptors are highly active metabolically, producing lactic
acid, which could induce a pH gradient across the retina. Whether
this arrangement of pure Kir4.1 at the endfeet and heteromeric
Kir4.1/5.1 elsewhere allows Miiller cells to maintain their K*
conductance, or even make it respond to demand, is currently
unclear, as is the significance of loss of Kir4.1 function for the retina.

Intellectual Disability

Before we begin discussing intellectual disability, it is worth
noting that due to the severity of other neurological symptoms,
children with EAST syndrome are actually difficult to examine
(Abdelhadi et al., 2016). Severe ataxia and sensorineural hearing
loss are likely contributing to slowed speech and impaired
general intellectual development, particularly in early years.
Epileptic seizures may lead to excitotoxicity, in turn causing
intellectual disability, which may otherwise be absent. Conversely,
learning and intellectual ability also have morphological
correlates, such as changes to dendrite morphology, albeit more
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FIGURE 3 | Principles of astroglial K* buffering. (A) Astrocytes are in close
contact with Ranvier nodes, exposed parts of the axon between segments
wrapped with myelin (light gray) provided by oligodendrocytes. The nodes
“regenerate” the action potential as it travels in a saltatory (jumping) mode to
the next node. Conduction between nodes is electrotonic. When firing, Na*
enters the axon, depolarizes the nodal axolemma and K* is leaving the axon
through K* channels (Kanda et al., 2019). The ensuing K* exit from the axon
increases extracellular K* locally and induces K* uptake by astrocyte
processes in close proximity. A prerequisite of locally restricted K* uptake by
astrocytes is their hyperpolarized membrane voltage (requiring Kir4.1
channels depicted in black). On the other hand, K* uptake depolarizes the
astrocyte membrane and enhances the driving force for K* exit at areas closer
to blood vessels, where the K* concentration is low. In addition, K* is also
transferred by electrical coupling to neighboring astrocytes which are, at this
moment in time, not surrounded by increased K*. Once the nodal axon
repolarizes, the axolemmal Na*/K*-ATPase takes up K* released slowly by the
astrocyte. (B) When astrocytes lack functional Kir4.1 channels, extracellular
K* is expected to rise (darker yellow extracellular space), and spontaneous
action potential generation ensues, explaining the epilepsy seen in EAST
patients.

discreet than currently detectable by standard imaging techniques.
It is clear, however, that with optimal treatment some children
with functionally disruptive mutations in KCNJ10 manage to
attend normal schools (Abdelhadi et al., 2016), particularly if
symptoms are picked up early, suggesting that intellectual
disability could be secondary to the other forms of disability
experienced by these patients.

Is There Structural Change to the CNS?
The MLC1 Connection in Oligodendrocytes
K* channels may have an interesting additional role in
oligodendrocyte precursor cells, which were shown to upregulate
their Kir4.1 currents and mRNA expression during maturation
(Maldonado et al., 2013). Following up from (Scholl et al,
2009), who reported spinal cord abnormalities as well as
peripheral nerve abnormalities in children with SeSAME
syndrome, a longitudinal study has concluded that there are
subtle and variable morphological changes both to cerebellar
nuclei as well as white matter structures in the CNS (Cross
et al., 2013). The white matter changes were most pronounced
in the corpus callosum, which predominantly mediates
communication between neocortical hemispheres, and appeared
stable. However, the authors suggested that more longitudinal
studies in older patients were required to settle this question.
The MRI signal abnormalities reported could be consistent
with some vacuolization of myelin, which has been observed
in Kir4.1 KO mice (Neusch et al., 2001). In this work, which
focused on the spinal cord of young mice (up to ~day 20,
due to early mortality in KO mice), it is mostly oligodendrocytes
which appear to be affected, and this matches with
immunohistochemical localization of Kir4.1 in these young
mice, which, in this study, was exclusive to oligodendrocytes.
The vacuolization observed, although more discreet, shows
some parallels with both humans and mice deficient in MLCI,
a protein of still somewhat unclear function (reviewed in Bosch
and Estevez, 2020). It is believed to establish a complex with
other oligodendrocyte membrane proteins (Lanciotti et al,
2012). These proteins include Kir4.1, GlialCAM, and AQP-4.
Independently, Glial CAM was shown to dramatically alter the
gating of CIC-2, a CI~ channel, which changes its strong inward
rectification to a “leak-like;” more linear conductance upon
coexpression with Glial CAM (Jeworutzki et al., 2012). Together,
they could furnish developing oligodendrocytes with a mechanism
to reduce their cytoplasmic volume while wrapping around
axons, satisfying charge neutrality (parallel Cl~ flux through
CIC-2) and isoosmolarity (owing to AQP4). It is predicted
that failure to do so would result in vacuoles or less compact
myelin sheaths, which was described for Kir4.1 knockout mice
(Neusch et al,, 2001), and has also be observed in CIC-2
knockout mice. It is possible that this phenotype is less
pronounced in humans because myelinization occurs over a
much longer time scale. Alternatively, astrocytic expression
could have independent and stronger effects in humans on
other phenotypes, mediated by disrupted function of astrocytes
and Bergmann glial cells, as outlined above. In any case, we are
likely to learn from vacuolization in other mouse models, and
possibly human postmortem tissue, in the future.

Sensorineural Deafness

The inner ear hair cells are unusual in their handling of
K*. While most cells stabilize their membrane voltage using
K* channels and the steep K* gradient generated by Na'/
K*-ATPases (Skou, 1957), the specific arrangement of inner
ear hair cells allows K* to both enter and leave the cell
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passively. This may serve to compartmentalize blood flow
and vibration blood flow entails away from the highly sensitive
hair cells. This is probably crucial to achieve the high dynamic
range of hearing, which covers nearly six orders of magnitude
in sound pressure level. The stria vascularis, the only human
epithelium with intraepithelial vessels, generates the driving
force for this passive K* movement across the hair cells. It
provides both a high extracellular K* concentration as well
as a positive voltage, the endocochlear potential, to the
endolymph [reviewed, for example, in (Zdebik et al., 2009)],
which is in contact with the apical side of the hair cell. Its
insulation from the perilymph, more similar in ionic
composition to extracellular fluid found elsewhere in the
human body, and in contact with the basal part of the hair
cells, is notably dependent on the expression of certain
“sealing” claudins, Claudin-14 and Claudin-9, and disruption
of these claudins in mice, or mutations in humans also lead
to deafness (Wilcox et al., 2001; Nakano et al., 2009). Kir4.1
is particularly crucial for the endocochlear potential, as it
is largely generated across the luminal membrane of strial
intermediate cells which show high expression of Kir4.1
(Marcus et al., 2002). Efficient removal of K* from the
intrastrial apical fluid facing the strial intermediate cells is
also crucial, shown by loss of endocochlear potential and
hearing in barttin knockout mice (Rickheit et al., 2008),
compromising chloride recycling across strial marginal cells
by abolishing function of both CIC-Ka and CIC-Kb. There
is also hearing loss in humans with mutations in both CIC-Ka
and Kb channels (Schlingmann et al., 2004). Electrolyte
abnormalities in the endolymph may also affect the survival
of outer hair cells which have been shown to degenerate in
several mouse models with targeted disruption of inner ear
K" recycling mechanisms [reviewed in (Zdebik et al., 2009)].
Lastly, loss of expression of Kir4.1 has been shown to underlie
hearing loss in mice with targeted disruption of pendrin,
an anion transporter also important for iodination in the
thyroid (Wangemann et al, 2004). Heterozygous human
mutations in pendrin are usually benign, but when paired
with a heterozygous mutation in Kir4.1 may also lead to
deafness with digenic inheritance (Yang et al., 2009).

Autism

Several reports from the same group have described dominant,
gain-of-function mutations in Kir4.1 associated with Autism
Spectrum Disorder (Sicca et al., 2016), reviewed in Cheng
et al. (2021). These mutations have shown mild gain of
function, due to several mechanisms (increased surface
expression, open probability and single channel conductance;
Sicca et al., 2016). Interestingly, they also described epilepsy
in these patients. While two of these mutations are located
in parts of Kir4.1 that might affect trafficking and stability,
it is currently unclear how they affect single channel
conductance. Even more unclear is how gain-of-function
mutations in K" channels can lead to epilepsy. Further
research is needed to place these mutations in the context
of all other mutations which invariably lead to loss of function
alone or when coexpressed with Kir5.1.

Renal Tubulopathy
Tubular transport processes in the kidneys are central to the
water and electrolyte homeostasis of the body. In this context,
the function of K* channels is pivotal for numerous transport
processes by hyperpolarizing the membrane potential and
providing the energy for potential-dependent transport (Warth,
2003). In addition, apically located K* channels provide a
pathway for direct K* secretion, allowing K* to be efficiently
and rapidly excreted in the urine upon an increase in plasma
K* (Hebert et al., 2005). While the proximal tubule and thick
ascending limb of Henle’s loop provide the bulk reabsorption,
it is the task of the distal nephron to precisely match urine
volume and composition to the body’s particular requirements.
To allow accurate adjustment, transepithelial transport processes
including K* conductances in the distal nephron are precisely
controlled and fine-tuned by various hormones, mediators—and
in the case of urinary K* excretion—also by plasma K" itself.
What is the renal phenotype in classical EAST/SeSAME
syndrome? The main symptoms are metabolic alkalosis,
hypokalemia, and hypomagnesemia. Hypocalciuria increased
urinary Na* loss, and increased plasma renin and aldosterone
concentrations are also observed (Bockenhauer et al.,, 2009;
Scholl et al., 2009). The tubulopathy and resulting electrolyte
disturbance of EAST/SeSAME patients are reminiscent of the
symptoms in Gitelman syndrome, in which the NaCl transporter
(NCC) is defective in the distal convoluted tubule (DCT).
Interestingly, Kir4.1 is also relevant in this segment: along the
nephron, Kir4.1 is strongly expressed in the basolateral membrane
of the DCT, but it is also present in the cortical part of the
thick ascending limb (CTAL) in humans and some mouse
strains (Reichold et al, 2010) and in the principal cells of
connecting tubule (CT) and collecting duct (CD; Ito et al,
1996; Lourdel et al.,, 2002; Lachheb et al.,, 2008; Bockenhauer
et al., 2009; Reichold et al, 2010; Zhang et al, 2015). There,
Kir4.1 presumably forms mainly heteromeric channels together
with Kir5.1 and substantially contributes to the basolateral K*
conductance of these segments (Lourdel et al, 2002). Intact
basolateral K* conductance is essential for the establishment
of hyperpolarized membrane voltage, drives other transport
systems, and acts as a sensor for plasma K* (see section “Kir4.1/
Kir5.1: A Sensor of Plasma K* in the Distal Convoluted Tubule”).
Figure 4 illustrates the function of Kir4.1/Kir5.1 in the DCT.

Urinary Loss of Na* and K*

What is the mechanistic link between Kir4.1 inactivation in
the distal nephron and electrolyte disturbance in EAST/SeSAME
syndrome? Inactivation of Kir4.1 leads to a drastic reduction
in basolateral K* conductance and depolarization, because Kir5.1
alone cannot form functional channels. Thus, tubular transport
is directly affected: the pump-leak mechanism described by
Koefoed-Johnsen and Ussing (1958)—the coupling of Na*/K"-
ATPase activity to the activity of basolateral K* channels—is
impaired, reducing the export of Na*. In addition, potential-
dependent transport processes for efflux of Mg®* and Ca*" are
reduced, as is the efflux of Cl~. Decreased salt reabsorption
leads to salt loss with urine, reduction in extracellular volume,
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FIGURE 4 | Schematic of normal Kir4.1/Kir5.1 function in the DCT. Kir4.1/Kir5.1
heteromeric channels are localized in the basolateral membrane, which has
numerous deep infoldings. There, the channel ensures that sufficient K+ is
available to be taken up by the Na*/K*-ATPase (pump-leak coupling). Moreover,
Kir4.1/Kir5.1 channels hyperpolarize the basolateral membrane, generating the
driving force for the potential-dependent export of Mg?* and Ca?* and the efflux of
CI~ through CLCKB/Barttin CI~ channels. The latter has implications for cytosolic
Cl- concentration and is thought to indirectly modulate NCC activity. Ca?* is also
extruded basolaterally via Ca?*-ATPase (not shown). The molecular nature of the
pathway for basolateral Mg+ extrusion is still a matter of debate; likely candidates
are shown.

and compensatory increases in renin and aldosterone. The
increase in aldosterone leads to increased Na' reabsorption
via epithelial Na* channels (ENaC) in the distal nephron and
partially compensates the salt loss with urine. At the same
time, high aldosterone causes increased K* secretion, which
contributes to the development of hypokalemia. The “silencing”
of DCT-mediated transport also leads to morphological changes
as indicated by a flattened epithelium and reduced density of
mitochondria, a situation reminiscent of tubular atrophy in
Gitelman syndrome (Loffing et al., 2004; Reichold et al., 2010).

Kir4.1/Kir5.1: A Sensor of Plasma K" in the
Distal Convoluted Tubule

In addition to this “classical” aldosterone-induced K* loss,
another aspect likely contributes to the hypokalemia in EAST/
SeSAME syndrome: Sorensen and colleagues found that NaCl
reabsorption by the thiazide-sensitive NaCl transporter (NCC)
is completely put at the service of K* excretion under certain
circumstances: in hyperkalemia, the increased K* concentration
is sensed by DCT cells and leads to inhibition of NCC
(Sorensen et al., 2013). In this way, more NaCl enters the
collecting system (CS) consisting of connecting tubule (CT)
and collecting duct (CD), where Na* is taken up via ENaC
in principal cells. Na* uptake depolarizes the apical membrane,
thereby maximizing K* secretion through K* channels in these
cells. Via this inter-segmental functional crosstalk, K*-mediated
inhibition of NCC ensures that Na* availability in CS does
not limit the extent of K' secretion during hyperkalemia.
How is this related to the hypokalemia in EAST/SeSAME
syndrome? Solid experimental evidence indicates that Kir4.1/

Kir5.1 channels are indispensable for the proper “plasma K*
sensing” of DCT cells and inactivation of Kir4.1 leads to
impairment of Na' reabsorption similar to the effect of
hyperkalemia (Cuevas et al., 2017; Wang et al., 2018). Kir4.1
is considered an essential component for plasma K* sensing.
Physiologically, hyperkalemia reduces K* efflux through
basolateral Kir4.1/Kir5.1, depolarizes DCT cells and thereby
reduces Cl~ efflux. Increased intracellular Cl- then appears
to inhibit WNK kinases, ultimately leading to decreased
phosphorylation of NCC and its inhibition (Terker et al.,
2015; Wang et al., 2018). Inactivation of Kir4.1 likely causes
a situation with depolarization and increased intracellular
Cl~ similar to hyperkalemia and prevents the phosphorylation
of NCC that is required for NCC activity. Thus, in EAST/
SeSAME patients, the loss of Kir4.1 probably impairs transport
across both the apical and the basolateral membrane (Figure 5).

It is widely accepted that impairment of the DCT is crucial
for the development of tubulopathy in EAST/SeSAME syndrome.
But is this focus on the DCT justified, given that Kir4.1 is
expressed not only in the DCT but also the cTAL and in
particular in the principal cells of the connecting tubule and
collecting tubule? Penton and colleagues addressed this question
by selectively inactivating Kir4.1 in the CS (Penton et al., 2020).
Under control conditions, CS-specific Kir4.1 knockout mice
were without obvious phenotype. However, when animals were
put on a low K' diet, the knockout mice developed marked
hypokalemia. These data indicate that Kir4.1 is not only important
for K* sensing in the DCT but is also part of a K" sensor
in the CS and helps to adapt K' secretion there to plasma
K* concentration. This adaptation no longer functions in
CS-specific Kir4.1 knockout mice, and the animals show increased
ENaC and ROMK activity under hypokalemia (Su et al., 2016;
Penton et al., 2020). The exact signaling pathways modulated
by Kir4.1 in the CS are currently unknown. It is conceivable
that the WNK1 and mTORC2-dependent regulation of apical
K* secretion by ROMK may be influenced by plasma K* via
a K*-sensing mechanisms involving basolateral Kir4.1/Kir5.1.

In summary, the disturbed Na* and K* handling in EAST/
SeSAME syndrome thus results from defects in at least two
nephron segments (Wang et al., 2018; Zhang et al., 2018, 2021;
Wu et al, 2019a,b): (i) a major consequence of the Kir4.1
defect is the impaired function of the DCT, which leads to
flooding of the CS with NaCl due to decreased NCC-mediated
NaCl reabsorption. Due to the large amount of Na* and the
increased aldosterone, Na* reabsorption is increased in the CS
and, in parallel, K* secretion is enhanced; (ii) in EAST/SeSAME
syndrome, the inadequately high K* secretion is worsened by
a dysregulation of the CS itself, which is no longer able to
properly adapt the apical transport of Na* and K* to dietary
Na* and K" intake due to the lack of functioning Kir4.1 channels.

Impaired Handling of Mg?* and Ca?*

Typically, EAST/SeSAME patients exhibit hypermagnesiuria and
hypocalciuria, as is also characteristic of other situations with
impaired DCT function (e.g., Gitelman syndrome, chronic
hydrochlorothiazide treatment [Schultheis et al., 1998; Nijenhuis
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FIGURE 5 | Simplified model explaining the hypokalemic phenotype of
EAST/SeSAME patients. Inactivation of basolateral Kir4.1 in the distal
convoluted tubule (DCT) results in reduced potential-driven transport across
the basolateral membrane and inhibition of apical NCC-mediated uptake of
NaCl. As a consequence, increased amounts of NaCl enter the collecting
system (CS), where Na* is taken up by ENaC and K* is secreted by ROMK
channels leading to urinary K* loss. Inactivation of Kir4.1 in the CS worsens
urinary K* loss since apical ENaC and ROMK activities are unleashed and
the physiological inhibition (via Kir4.1-dependent signaling) of both
conductances under hypokalemic conditions is abrogated [modified from
Penton et al. (2020)].

et al,, 2005)]. The current understanding of the pathophysiology
underlying these symptoms is discussed below.

Transcellular reabsorption of Mg®* is restricted to the distal
convoluted tubule (DCT). At the apical membrane, TRPM6
(transient receptor potential melastatin, subtype 6) channels,
supported by TRPM?7 in its surface expression, allow Mg*
influx into the DCT cell (Schlingmann et al., 2002; Chubanov
et al., 2004; Voets et al., 2004). As basolateral extrusion
mechanisms, Na*/Mg* exchangers and an Mg**-ATPase have
been proposed (Dai et al., 2001; Ellison et al., 2021). How
does decreased Mg®* reabsorption occur in EAST/SeSAME
syndrome? The exact mechanisms underlying this are the subject
of debate (Bandulik et al., 2011; Claverie-Martin et al., 2021).
Interestingly, reduced NaCl transport, as also seen in thiazide
treatment or Gitelman syndrome, leads to shortening of the
DCT segment and downregulation of the Mg** influx pathway
(Maeoka and McCormick, 2020; Franken et al., 2021). This
linkage of NaCl and Mg* transport may also be present in
EAST/SeSAME syndrome, where NaCl transport in the DCT
is also severely decreased and DCT cells are flattened and
have less mitochondria (Reichold et al., 2010). Another possible
mechanism is based on the membrane voltage dependence of
basolateral Mg** extrusion: in patients with mutations of Kir4.1,

reduction of K* conductance results in depolarization of the
basolateral membrane and thus the driving force for voltage-
dependent Na*-coupled Mg** export in DCT is diminished.

Based on the changes in Mg®* reabsorption, one would also
expect a loss of Ca? in the urine. However, this is not the
case: decreased DCT function is usually accompanied by
increased reabsorption of Ca?'. It is thought that the most
likely reason for this surprisingly increased reabsorption is
increased Ca’ reabsorption in the proximal tubule: hypovolemia
triggered by DCT dysfunction leads to a compensatory increase
in proximal tubular Na* reabsorption and concomitantly to
increased paracellular Ca** reabsorption in the proximal tubule
(Nijenhuis et al., 2005). This is not possible for Mg*, since
paracellular Mg®* reabsorption in the proximal tubule is low
(Lelievre-Pegorier et al., 1983), resulting in hypermagnesiuria
with concomitant hypocalciuria.

Alkalosis in EAST/SeSAME Patients

As in Gitelman syndrome, patients with EAST/SeSAME syndrome
show renal Na* and K" loss, activation of the renin-angiotensin-
aldosterone system, and metabolic alkalosis. What are the
mechanisms leading to alkalosis? First, the decreased reabsorption
capacity of the distal convoluted tubule (DCT) in the EAST/
SeSAME syndrome is likely to lead to an increase in Na*
reabsorption in the proximal tubule, similar to that observed
with thiazide administration (Nijenhuis et al., 2005). Thiazides
lead to an upregulation of NHE3-dependent Na* reabsorption
(Nijenhuis et al., 2005; NHE3 is an apical Na*-H" exchanger)
and thus proximal tubular bicarbonate reabsorption is likely
to be enhanced, too. Furthermore, increased aldosterone leads
to activation of H* secretion in type A intercalated cells in
the collecting duct (Wagner, 2014). Proton secretion is further
facilitated by the lumen-negative transepithelial potential, which
was increased by aldosterone-induced activation of ENaC
channels in principal cells of the collecting duct. Although
aldosterone-mediated activation of pendrin and thus bicarbonate
secretion in type B intercalated cells also occurs (Ayuzawa
et al, 2020; Pham et al, 2020), acid excretion ultimately
predominates and causes metabolic alkalosis.

Functional and Biophysical Consequences
of Mutations in Kir4.1

Table 1 lists mutations in Kir4.1 (KCNJj10) found by an
extensive literature research and classifies them according
to their functional properties, both expressed alone, or as
heteromers with Kir5.1 (KCNJI6), or wild-type Kir4.1 if
available, mimicking the heterozygous state. The majority
lead to pronounced loss of function, mostly exceeding 75%
loss of function, and cause the cardinal symptoms of EAST/
SeSAME syndrome: epilepsy, ataxia, sensorineural hearing
loss, and renal tubulopathy. We include white matter
abnormalities in the table as this may be an emerging feature
which is not always obvious in childhood, but seems to
be present at least in some older patients (Bockenhauer
et al., 2009; Scholl et al., 2009; Cross et al., 2013). A possible
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disease mechanism is discussed in section “Is There Structural
Change to the CNS? The MLC1 Connection in
Oligodendrocytes” There are a few exceptions: Sicca et al.
described a quite striking 2- to 3-fold gain-of-function in
mutant Kir4.1 identified in heterozygous state in patients
with autism spectrum disorders and epilepsy (Sicca et al,
2011). They identified a range of mechanisms, including

increased surface expression and open probability. Only three
gain-of-function mutations have been described so far (colored
yellow in Table 1, Figure 6, and Supplementary Figure S1;
Sicca et al,, 2016). They retain some gain of function when
coexpressed with wild type (Sicca et al,, 2011). How both
loss and gain of function in the same K* channel can cause
epilepsy is currently unclear.

et al., 2022). For more detailed information see Tables 1 and 2.
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Dominant-negative effects of a single mutated subunit on
tetrameric channels are common in the voltage-gated KCNQ
channel family, for example, for KCNQ1 (Wollnik et al., 1997)
and other members of this family (Biervert et al., 1998; Kubisch
et al., 1999; Lehman et al, 2017). Kv channel mutations also
display dominant-negative effects: Some mutations in the
tetrameric Kvl.1 cause dominant episodic ataxia (Adelman
et al., 1995; Zerr et al, 1998). If a single mutated subunit is
able to disrupt function of the tetramer completely, assuming
random mutant/wild-type assembly, the conductance would
be reduced to just 6.25%. Those Kir4.1 mutations which provide
more than 20% function (R65P/C), yet cause typical EAST
syndrome, suggest that strongly dominant-negative mutations
are yet to be identified. The absence of dominant-negative
mutations in Kir4.1 could reflect preferential assembly of
functional, correctly folded Kir4.1 channels, or early embryonic
lethality induced by dominant mutations. In addition, not all
mutations have been rigorously assessed for dominant effects.
The recessive nature of diseases associated with most (known)
mutations is a strong argument against a significant dominant-
negative effect.

Another interesting observation is the apparent lack of some
typical EAST/SeSAME phenotypes in patients carrying disruptive
mutations: although Kir4.1*'V was initially assumed to
be pathogenic when present in the context of another, more
disruptive mutation on the other allele (Scholl et al., 2009),
we found this mutation in homozygous state in two boys who
appear to have mild, or no neurological symptoms at all, but
show a typical, Gitelman-like renal phenotype (Parrock et al.,
2013). Kir4.14V showed 65% residual function (which is not
expected to cause disease), but coexpression with Kir5.1 abolished
function completely (Parrock et al., 2013). This could explain
the lack of neurological symptoms, as only the kidney shows
a complete co-localization of these two subunits. Conversely,
no kidney involvement has been found in two patients with
a Kir4.1 mutation affecting isoleucine 60 (I60T and 160M; Al
Dhaibani et al.,, 2018; Nicita et al,, 2018), suggesting that in
this case, coexpression with Kir5.1 rescues the functional defect.
These unusual mutations are colored in pink. To facilitate
functional prediction of mutations identified by future work,
we mapped all point and missense/truncation mutations on a
simple topology model (Figure 6) as well as the point mutations
on a 3D structure obtained with AlphaFold Multimer (Jumper
et al., 2021), Evans and O'Neill, https://www.biorxiv.org/conte
nt/10.1101/2021.10.04.463034v1 (Supplementary Figure S1).

Kir5.1-LINKED CHANNELOPATHY

Lessons From Kir5.1 Knockout Mice

The fact that Kir4.1 (KCNJ10) and Kir5.1 (KCNJ16) function
as heteromers in the distal convoluted tubule (DCT; Lourdel
et al, 2002) suggested that the effects of loss-of-function
mutations in Kir5.1 would be similar to those in Kir4.1 found
in EAST/SeSAME syndrome. Surprisingly, however, Teulon and
colleagues (Paulais et al., 2011) had found in a Kir5.1 knockout
mouse that although the animals also had hypokalemia, their

remaining phenotypes were opposite to EAST/SeSAME syndrome:
instead of alkalosis, metabolic acidosis was found, and instead
of hypocalciuria, hypercalciuria was observed. Neurologic
abnormalities or deafness were not reported in this study. The
authors further examined renal function and found that the
DCT (as measured by thiazide effect size) showed an increase
in function, rather than a decrease as in EAST/SeSAME
syndrome. Patch-clamp studies suggested that Kir4.1 in the
DCT was disinhibited by inactivation of its partner Kir5.1,
and the K* conductance was increased. Consistent with these
data, inhibition of transport in the DCT by administration of
hydrochlorothiazide resulted in a stronger effect in Kir5.1
knockout animals. This elegant study therefore suggested that
Kir5.1 appears to have a regulatory effect on Kir4.1 in the
DCT and that omission of Kir5.1 disrupts the regulation of
the K* conductance in this segment. However, how does
hypokalemia arise when, unlike in the EAST/SeSAME syndrome,
there is increased function in the DCT? Teulon and colleagues
speculated that the hypokalemia is most likely to have a cause
outside the DCT and that the low urine pH and low renal
ammonium excretion are indicative of a functional defect in
the proximal tubule, where Kir5.1 is also expressed (Paulais
et al.,, 2011).

Clinical Presentation of Patients Carrying
Kir5.1 Mutations

The complex phenotype of Kir5.1 knockout mice supported
the view that Kir5.1 mutations could also be relevant in human
disease. In 2021, two other studies independently described
the effects of biallelic Kir5.1 mutations in humans (Schlingmann
et al., 2021; Webb et al., 2021). The phenotype of these patients
showed parallels to the symptoms described in Kir5.1 knockout
mice: patients presented with a distinct renal transport
dysfunction (tubulopathy), metabolic acidosis of variable severity
(in fact, one patient presented with alkalosis), and sensorineural
hearing loss. Interestingly, however, no CNS symptoms were
observed, whereas epilepsy and ataxia are characteristic symptoms
in EAST/SeSAME syndrome.

How can different symptoms be explained in patients with
biallelic Kir5.1 mutations and in patients with EAST/SeSAME
syndrome? (i) Kir4.1 and Kir5.1 serve different roles in the
heteromeric Kir4.1/Kir5.1 channel complex: compared to
homomeric Kir4.1 channels, the heteromeric Kir4.1/Kir5.1
channel is more sensitive to intracellular pH changes, the single
channel conductance is increased, and inward rectification is
more pronounced. Moreover, patch-clamp data from DCT cells
of Kir5.1 knockout mice suggest that Kir4.1 is disinhibited in
the absence of Kir5.1, and K* conductance increases (Paulais
et al., 2011). (ii) The expression of Kir4.1 and Kir5.1 in different
tissues is overlapping but not identical (Figure 2). (iii) Kir5.1
forms more than one type of heteromeric channel: the importance
of Kir5.1 as a regulatory partner of Kir4.1 in the heteromeric
channel complex is well-established. However, Kir4.1 is not
the only channel with which Kir5.1 interacts. For example,
Kir5.1 is thought to form heteromeric channels with Kir4.2 in
the proximal tubule of the kidney and in parietal cells of the
stomach. Also, Kir4.1 and Kir5.1 show a different expression
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pattern in the inner ear, but inactivation of both channels
results in impaired hearing. In the following, the pathophysiology
of patients with biallelic Kir5.1 mutations is presented in
more detail.

The Peculiar Renal Phenotype in Kir5.1
Inactivation

The renal phenotype in patients with biallelic Kir5.1 mutations
and in Kir5.1 knockout mice has peculiarities. Whereas in
Na* transport defects in the distal nephron, hypokalemia
usually indicates compensatory activation of the renin-
angiotensin-aldosterone system and is associated with
alkalosis, the homozygous Kir5.1 defect also leads to
hypokalemia, but mostly in association with acidosis. In
an acid load test, patients with mutations in Kir5.1 show
preserved ability to acidify urine, but increased urinary
ammonium excretion is absent. What is the best explanation
for the unusual combination of symptoms: hypokalemia
and acidosis? As mentioned above, mutations of distal
tubular proteins involved in salt transport, for example, in
Bartter and Gitelman syndromes, typically lead to
hypokalemia and alkalosis. In these disorders, compensatory
elevated aldosterone results in Na' reabsorption and K*
secretion in the principal cells of the collecting system
and increased proton secretion in the intercalated cells. In
contrast to these transport proteins, Kir5.1 expression is
not restricted to the distal nephron, but Kir5.1 is probably
involved with Kir4.2 in the formation of basolateral K*
channels of the proximal tubule. Interestingly, Kir4.2 knockout
mice showed a phenotype that parallels the one seen with
Kir5.1 inactivation (Bignon et al., 2020): Kir4.2 knockout
mice exhibited metabolic acidosis and decreased proximal
tubular ammonium formation and excretion. The proximal
tubule cells were depolarized, but there was no general
dysfunction of the proximal tubule; rather, the transport
defect was limited to bicarbonate reabsorption and ammonium
excretion. The clinical symptoms of Kir5.1 patients and
functional analysis of mutant proteins indicate that loss-
of-function mutations of Kir5.1 also profoundly disrupt
the function of heteromeric Kir4.2/Kir5.1 channels. Indeed,
data from expression systems suggest that the functional
impairment caused by Kir5.1 mutations is more pronounced
in Kir4.2/Kir5.1 heteromers than in Kir4.1/Kir5.1 channels.
The variable extent of acidosis and of a salt-wasting phenotype
in patients with Kir5.1 mutations (Schlingmann et al., 2021)
may suggest that the nature of the mutation and the ability
to compensate influence the degree of impairment of proximal
tubular function.

Hearing Impairment Associated With

Kir5.1 Inactivation

In addition to hypokalemia and acidosis of variable severity,
patients with Kir5.1 mutation had in common sensorineural
hearing loss that appeared in childhood or adolescence
(Schlingmann et al., 2021). The hearing loss affected mainly

the higher frequencies, similar to the hearing loss in EAST/
SeSAME syndrome. Interestingly, however, the expression pattern
of Kir4.1 and Kir5.1 differs in the inner ear (https://umgear.
org/; Burns et al, 2015). Kir4.l is expressed primarily in
intermediate cells of the stria vascularis and is responsible for
endolymph composition and endocochlear potential (Hibino
et al,, 1997). Kir5.1 is expressed mainly in the root cells and
spindle cells of the spiral ligament (Hibino et al., 2004b), where
it possibly forms functional channels with Kir4.2 (Burns et al,,
2015). However, unlike Kir4.1, the functional relationships and
pathophysiological consequences of Kir5.1 are less understood
(Hibino and Kurachi, 2006). In an elegant study, Hibino and
colleagues (Hibino et al., 2004b) investigated the age dependence
of Kir5.1 expression and, on the basis of these data, proposed
that Kir5.1 is involved in K* cycling and may play a role in
the establishment of the endocochlear potential. Surprisingly,
hearing function has been shown to be unaffected in a Kir5.1
knockout mouse model (Lv et al, 2021). This may indicate
efficient compensatory mechanisms in this strain of Kir5.1
knockout mice that are not present to the same extent in
humans with biallelic Kir5.1 mutations.

Kir5.1 Variants: A Risk Factor for SIDS?

The strong pH dependence of Kir4.1/Kir5.1 channels and
the presence of Kir5.1 in peripheral chemoreceptors and in
the brainstem (D'Adamo et al, 2011) prompted Trapp and
colleagues (Trapp et al., 2011) to investigate the respiratory
regulation in these acidotic Kir5.1 knockout mice. Indeed,
they observed a reduced ventilatory response of knockout
animals to hypoxia and hypercapnia with preserved function
of chemosensitivity of carotid bodies: the peripheral
chemoreceptors. The authors concluded that Kir4.1/Kir5.1
channels are not an indispensable component of respiratory
regulation but that they rather mildly modify the ventilatory
response to stimuli.

Interestingly, Neubauer et al. (2022) recently found single
nucleotide polymorphisms in the gene for Kir5.1 (KCNJ16
variants p.R137S and p.A188S) in two cases in a study of 155
cases of sudden infant death syndrome (SIDS) using exome
sequencing. The authors speculated that these monoallelic
variants, which have a high CADD score (Table 2), may impair
central CO, sensitivity and thus may have contributed to the
cause of death. Surprisingly, in a patch-clamp analysis on cells
coexpressing the Kir5.1 mutants with Kir4.1, only the Kir5.1
variant R137S (rs766250689) showed functional impairment,
whereas the variant A188S was functional. However, it cannot
be excluded that the mutant A188S also exhibits defects in a
context-dependent manner, for example, in heteromer formation
with other Kir channels or with respect to regulation. It is
therefore conceivable that missense variants in the gene of
Kir5.1, which appears to contribute to respiratory chemoreception,
could play a role in a minority of SIDS cases as it has been
postulated for other genes controlling respiration (Laer et al.,
2015). Additional studies are needed to further explore this
hypothesis and its relevance to this disease with multifactorial
etiology in larger cohorts.
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TABLE 2 | Mutations identified in KCNJ76/Kir5.1.

Associated phenotypes

Function with

Function with

Reference

Mutation CADD Score Kir4.1 Kir4.2
H A D SIDS
36 Y N ND ND ND Webb et al., 2021

23.8 Y N Y Reduced by 70%  Reduced by >90%  Schlingmann et al., 2021

24.7 Y Y) Y Reduced by 74%  Reduced by >90%  Schlingmann et al., 2021
Y ) Y ND ND Schlingmann et al., 2021
Y Y Y Reduced by 83%  Reduced by >90%  Schlingmann et al., 2021
ND ND ND Y Reduced by 80% ND Neubauer et al., 2022
Y ) Y Reduced by 54%  Reduced by >90%  Schlingmann et al., 2021
ND ND ND Y Increased by 10% ND Neubauer et al., 2022
Y Y) Y Reduced by 39%  Reduced by >90%  Schlingmann et al., 2021

>25% Residual function
<25% Residual function

Atypical features
Gain of function
Function unknown

Table 2 summarizes the consequences of KCNJ16 mutations. CADD score according to https://cadd.gs.washington.edu/snv (Rentzsch et al., 2019). Associated phenotypes refer to
hypokalemia (H), acidosis (A), sensorineural deafness (D), and a possible association with sudden infant death syndrome (SIDS). Yes (Y); probably Yes (Y); No (N); Not examined
(ND). Color code is shown for functional effects when coexpressed with Kir4.1. * indicates a “stop codon”. Note that functional consequences were generally more severe when

Kirb.1 mutants were coexpressed with Kird.2 (Schlingmann et al., 2021).

CONCLUSION AND OUTLOOK

EAST/SeSAME syndrome due to mutations in KCNJ10 (Kir4.1)
was first described in 2009. Initially, epilepsy, ataxia,
sensorineural hearing loss and electrolyte abnormalities due
to changes in renal salt handling appeared to be constant
features of this syndrome. However, the clinical picture has
become considerably more granular, and so has our
understanding. One of the main recently emerging complications
is that heteromerization with Kir5.1 blurs the picture. Some
Kir4.1 mutations may be rescued by coexpression of Kir5.1,
while others, only mildly affecting homomeric Kir4.1, may
become pathogenic. Different levels of residual function, or
particular properties such as pH sensitivity, required in different
organs, may determine which systems will show symptoms.
Some phenotypes only develop over time, as degenerative
changes dominate. In addition, there is considerable clinical
variability for patients carrying the same mutation(s) even
within one family. This may indicate that modifier genes,
epigenetic differences, or even environmental factors, determine
much of the severity and the range of symptoms. Recently,
we described a novel syndrome due to mutations in Kir5.1.
It shares some features, but none of the neurological symptoms,
with EAST/SeSAME syndrome. The kidney phenotype also
shows some striking differences to EAST/SeSAME, and future
work will show whether this is due to interaction of Kir5.1
with Kir4.2, in which no human mutations have been described
so far. We expect next-generation sequencing and genome-
wide association studies to provide the clues and animal
models to confirm hypotheses and fill in the remaining gaps
in our understanding. In addition, efforts are underway to
develop specific compounds with the intention of targeting
these channels (Kharade et al., 2018; Ohno et al., 2021; Weaver

and Denton, 2021). This will provide further insight into the
fascinating physiology of this group of K* channels and can
pave the way for new therapeutic strategies.
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<25% residual function), green >25% residual function, cyan if one report
found >25% and another <25% residual function, yellow (gain of function)
and pink (atypical behavior, that is, absence of one or more cardinal
symptoms). We truncated both N- and C-termini slightly, to reduce
complexity. AlphaFold yielded three models with almost identical ranking, but
only one of them conformed to the alternating subunit structure postulated by

REFERENCES

Abdelhadi, O., Iancu, D., Stanescu, H., Kleta, R., and Bockenhauer, D. (2016).
EAST syndrome: clinical, pathophysiological, and genetic aspects of mutations
in KCNJ10. Rare Dis. 4:¢1195043. doi: 10.1080/21675511.2016.1195043

Adelman, J. P, Bond, C. T., Pessia, M., and Maylie, J. (1995). Episodic ataxia
results from voltage-dependent potassium channels with altered functions.
Neuron 15, 1449-1454. doi: 10.1016/0896-6273(95)90022-5

Al Dhaibani, M. A., El-Hattab, A. W., Holroyd, K. B., Orthmann-Murphy, J.,
Larson, V. A, Siddiqui, K. A., et al. (2018). Novel mutation in the KCNJ10
gene in three siblings with seizures, ataxia and no electrolyte abnormalities.
J. Neurogenet. 32, 1-5. doi: 10.1080/01677063.2017.1404057

Ayuzawa, N., Nishimoto, M., Ueda, K., Hirohama, D., Kawarazaki, W,
Shimosawa, T., et al. (2020). Two mineralocorticoid receptor-mediated
mechanisms of pendrin activation in distal nephrons. . Am. Soc. Nephrol.
31, 748-764. doi: 10.1681/ASN.2019080804

Bandulik, S., Schmidt, K., Bockenhauer, D., Zdebik, A. A., Humberg, E., Kleta, R.,
et al. (2011). The salt-wasting phenotype of EAST syndrome, a disease with
multifaceted symptoms linked to the KCNJ10 K(+) channel. Pflugers Arch.
461, 423-435. doi: 10.1007/s00424-010-0915-0

Bartter, E C., Pronove, P,, Gill, J. R. Jr., and Maccardle, R. C. (1962). Hyperplasia
of the juxtaglomerular complex with hyperaldosteronism and hypokalemic
alkalosis. A new syndrome. Am. J. Med. 33, 811-828. doi:
10.1016/0002-9343(62)90214-0

Biervert, C., Schroeder, B. C., Kubisch, C., Berkovic, S. E, Propping, P,
Jentsch, T. J., et al. (1998). A potassium channel mutation in neonatal
human epilepsy. Science 279, 403-406. doi: 10.1126/science.279.5349.403

Bignon, Y., Pinelli, L., Frachon, N., Lahuna, O., Figueres, L., Houillier, P,, et al.
(2020). Defective bicarbonate reabsorption in Kir4.2 potassium channel
deficient mice impairs acid-base balance and ammonia excretion. Kidney
Int. 97, 304-315. doi: 10.1016/j.kint.2019.09.028

Bockenhauer, D., Feather, S., Stanescu, H. C., Bandulik, S., Zdebik, A. A,
Reichold, M., et al. (2009). Epilepsy, ataxia, sensorineural deafness, tubulopathy,
and KCNJ10 mutations. N. Engl. J. Med. 360, 1960-1970. doi: 10.1056/
NEJMo0a0810276

Bond, C. T, Pessia, M., Xia, X. M., Lagrutta, A., Kavanaugh, M. P, and
Adelman, J. P. (1994). Cloning and expression of a family of inward rectifier
potassium channels. Recept. Channels 2, 183-191.

Bosch, A., and Estevez, R. (2020). Megalencephalic Leukoencephalopathy: insights
Into pathophysiology and perspectives for therapy. Front. Cell. Neurosci.
14:627887. doi: 10.3389/fncel.2020.627887

Brown, D. A, and Adams, P. R. (1980). Muscarinic suppression of a novel
voltage-sensitive K* current in a vertebrate neurone. Nature 283, 673-676.
doi: 10.1038/283673a0

Burns, J. C., Kelly, M. C., Hoa, M., Morell, R. J., and Kelley, M. W. (2015).
Single-cell RNA-Seq resolves cellular complexity in sensory organs from
the neonatal inner ear. Nat. Commun. 6:8557. doi: 10.1038/ncomms9557

Butt, A. M., and Kalsi, A. (2006). Inwardly rectifying potassium channels (Kir)
in central nervous system glia: a special role for Kir4.1 in glial functions.
J. Cell. Mol. Med. 10, 33-44. doi: 10.1111/j.1582-4934.2006.tb00289.x

Celmina, M., Micule, 1., Inashkina, 1., Audere, M., Kuske, S., Pereca, J., et al.
(2019). EAST/SeSAME syndrome: review of the literature and introduction
of four new Latvian patients. Clin. Genet. 95, 63-78. doi: 10.1111/cge.13374

Chabardes-Garonne, D., Mejean, A., Aude, J. C., Cheval, L., Di Stefano, A.,
Gaillard, M. C,, et al. (2003). A panoramic view of gene expression in the
human kidney. Proc. Natl. Acad. Sci. U. S. A. 100, 13710-13715. doi: 10.1073/
Ppnas.2234604100

Chen, L., Chou, C. L., and Knepper, M. A. (2021). A comprehensive map of
mRNAs and their isoforms across All 14 renal tubule segments of mouse.
J. Am. Soc. Nephrol. 32, 897-912. doi: 10.1681/ASN.2020101406

(Lagrutta et al., 1996). We also highlight mutations in Kir5.1 (described below)
in the model for reference. Mutations leading to more than 75% loss of
function in homomers and show typical EAST features are colored in blue,
mutations with residual function in green, and mutations that show a partial
clinical phenotype are colored in pink. Gain-of-function mutations are colored
in yellow.

Cheng, P, Qiu, Z., and Du, Y. (2021). Potassium channels and autism spectrum
disorder: an overview. Int. J. Dev. Neurosci. 81, 479-491. doi: 10.1002/
jdn.10123

Chubanov, V., Waldegger, S., Mederos, Y., Schnitzler, M., Vitzthum, H.,
Sassen, M. C,, et al. (2004). Disruption of TRPM6/TRPM?7 complex formation
by a mutation in the TRPM6 gene causes hypomagnesemia with secondary
hypocalcemia. Proc. Natl. Acad. Sci. U. S. A. 101, 2894-2899. doi: 10.1073/
pnas.0305252101

Claverie-Martin, E, Perdomo-Ramirez, A., and Garcia-Nieto, V. (2021). Hereditary
kidney diseases associated with hypomagnesemia. Kidney Res. Clin. Pract.
40, 512-526. doi: 10.23876/j.krcp.21.112

Cross, J. H., Arora, R, Heckemann, R. A., Gunny, R, Chong, K, Carr, L.,
et al. (2013). Neurological features of epilepsy, ataxia, sensorineural deafness,
tubulopathy syndrome. Dev. Med. Child Neurol. 55, 846-856. doi: 10.1111/
dmcen. 12171

Cuevas, C. A, Su, X. T., Wang, M. X,, Terker, A. S., Lin, D. H., Mccormick, J. A.,
et al. (2017). Potassium sensing by renal distal tubules requires Kir4.1.
J. Am. Soc. Nephrol. 28, 1814-1825. doi: 10.1681/ASN.2016090935

D'adamo, M. C,, Shang, L., Imbrici, P,, Brown, S. D., Pessia, M., and Tucker, S. J.
(2011). Genetic inactivation of Kcnjl6 identifies Kir5.1 as an important
determinant of neuronal PCO2/pH sensitivity. J. Biol. Chem. 286, 192-198.
doi: 10.1074/jbc.M110.189290

Daij, L. ], Ritchie, G., Kerstan, D., Kang, H. S., Cole, D. E., and Quamme, G. A.
(2001). Magnesium transport in the renal distal convoluted tubule. Physiol.
Rev. 81, 51-84. doi: 10.1152/physrev.2001.81.1.51

Djukic, B., Casper, K. B., Philpot, B. D., Chin, L. S., and Mccarthy, K. D.
(2007). Conditional knock-out of Kir4.1 leads to glial membrane depolarization,
inhibition of potassium and glutamate uptake, and enhanced short-term
synaptic potentiation. J. Neurosci. 27, 11354-11365. doi: 10.1523/
JNEUROSCI.0723-07.2007

Doupnik, C. A., Davidson, N., and Lester, H. A. (1995). The inward rectifier
p otassium channel family. Curr. Opin. Neurobiol. 5, 268-277. doi:
10.1016/0959-4388(95)80038-7

Doyle, D. A., Morais Cabral, J., Pfuetzner, R. A., Kuo, A., Gulbis, J. M,
Cohen, S. L., et al. (1998). The structure of the potassium channel: molecular
basis of K* conduction and selectivity. Science 280, 69-77. doi: 10.1126/
science.280.5360.69

Ellison, D. H., Maeoka, Y., and Mccormick, J. A. (2021). Molecular mechanisms
of renal magnesium reabsorption. J. Am. Soc. Nephrol. 32, 2125-2136. doi:
10.1681/ASN.2021010042

Escayg, A., Macdonald, B. T, Meisler, M. H., Baulac, S., Huberfeld, G.,
An-Gourfinkel, I, et al. (2000). Mutations of SCN1A, encoding a neuronal
sodium channel, in two families with GEFS+2. Nat. Genet. 24, 343-345.
doi: 10.1038/74159

Fakler, B., Bond, C. T, Adelman, ]J. P, and Ruppersberg, J. P. (1996).
Heterooligomeric assembly of inward-rectifier K* channels from subunits
of different subfamilies: Kir2.1 (IRK1) and Kir4.1 (BIR10). Pflugers Arch.
433, 77-83.

Fakler, B., Brandle, U., Glowatzki, E., Weidemann, S., Zenner, H. P, and
Ruppersberg, J. P. (1995). Strong voltage-dependent inward rectification of
inward rectifier K* channels is caused by intracellular spermine. Cell 80,
149-154. doi: 10.1016/0092-8674(95)90459-X

Franken, G. A. C., Adella, A., Bindels, R. J. M., and De Baaij, J. H. E. (2021).
Mechanisms coupling sodium and magnesium reabsorption in the distal
convoluted tubule of the kidney. Acta Physiol 231:e13528. doi: 10.1111/
apha.13528

Freudenthal, B., Kulaveerasingam, D., Lingappa, L., Shah, M. A,, Brueton, L.,
Wassmer, E., et al. (2011). KCNJ10 mutations disrupt function in
patients with EAST syndrome. Nephron Physiol. 119, 40-48. doi:
10.1159/000330250

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 852674


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1080/21675511.2016.1195043
https://doi.org/10.1016/0896-6273(95)90022-5
https://doi.org/10.1080/01677063.2017.1404057
https://doi.org/10.1681/ASN.2019080804
https://doi.org/10.1007/s00424-010-0915-0
https://doi.org/10.1016/0002-9343(62)90214-0
https://doi.org/10.1126/science.279.5349.403
https://doi.org/10.1016/j.kint.2019.09.028
https://doi.org/10.1056/NEJMoa0810276
https://doi.org/10.1056/NEJMoa0810276
https://doi.org/10.3389/fncel.2020.627887
https://doi.org/10.1038/283673a0
https://doi.org/10.1038/ncomms9557
https://doi.org/10.1111/j.1582-4934.2006.tb00289.x
https://doi.org/10.1111/cge.13374
https://doi.org/10.1073/pnas.2234604100
https://doi.org/10.1073/pnas.2234604100
https://doi.org/10.1681/ASN.2020101406
https://doi.org/10.1002/jdn.10123
https://doi.org/10.1002/jdn.10123
https://doi.org/10.1073/pnas.0305252101
https://doi.org/10.1073/pnas.0305252101
https://doi.org/10.23876/j.krcp.21.112
https://doi.org/10.1111/dmcn.12171
https://doi.org/10.1111/dmcn.12171
https://doi.org/10.1681/ASN.2016090935
https://doi.org/10.1074/jbc.M110.189290
https://doi.org/10.1152/physrev.2001.81.1.51
https://doi.org/10.1523/JNEUROSCI.0723-07.2007
https://doi.org/10.1523/JNEUROSCI.0723-07.2007
https://doi.org/10.1016/0959-4388(95)80038-7
https://doi.org/10.1126/science.280.5360.69
https://doi.org/10.1126/science.280.5360.69
https://doi.org/10.1681/ASN.2021010042
https://doi.org/10.1038/74159
https://doi.org/10.1016/0092-8674(95)90459-X
https://doi.org/10.1111/apha.13528
https://doi.org/10.1111/apha.13528
https://doi.org/10.1159/000330250

Loetal.

Kird.1/Kir5.1-Associated Channelopathies

Gilliam, D., O'brien, D. P, Coates, J. R., Johnson, G. S., Johnson, G. C,
Mhlanga-Mutangadura, T., et al. (2014). A homozygous KCNJ10 mutation
in Jack Russell terriers and related breeds with spinocerebellar ataxia with
myokymia, seizures, or both. J. Vet. Intern. Med. 28, 871-877. doi: 10.1111/
jvim.12355

Gonzalez, C., Baez-Nieto, D., Valencia, I, Oyarzun, I, Rojas, P, Naranjo, D.,
et al. (2012). K(+) channels: function-structural overview. Compr. Physiol.
2, 2087-2149. doi: 10.1002/cphy.c110047

Guerrini, R., Balestrini, S., Wirrell, E. C., and Walker, M. C. (2021). Monogenic
epilepsies: disease mechanisms, clinical phenotypes, and targeted therapies.
Neurology 97, 817-831. doi: 10.1212/WNL.0000000000012744

Haj-Yasein, N. N., Jensen, V., Vindedal, G. E, Gundersen, G. A., Klungland, A,
Ottersen, O. P, et al. (2011). Evidence that compromised K* spatial buffering
contributes to the epileptogenic effect of mutations in the human Kir4.1
gene (KCNJ10). Glia 59, 1635-1642. doi: 10.1002/glia.21205

Hasan, S., Balobaid, A., Grottesi, A., Dabbagh, O., Cenciarini, M., Rawashdeh, R.,
et al. (2017). Lethal digenic mutations in the K(+) channels Kir4.1 (KCNJ10)
and SLACK (KCNT1) associated with severe-disabling seizures and
neurodevelopmental delay. J. Neurophysiol. 118, 2402-2411. doi: 10.1152/
jn.00284.2017

Hausser, M., Raman, I. M., Otis, T,, Smith, S. L., Nelson, A., Du Lac, S., et al.
(2004). The beat goes on: spontaneous firing in mammalian neuronal
microcircuits. ] Neurosci. 24, 9215-9219. doi: 10.1523/
JNEUROSCI.3375-04.2004

Hebert, S. C., Desir, G., Giebisch, G., and Wang, W. (2005). Molecular diversity
and regulation of renal potassium channels. Physiol. Rev. 85, 319-371. doi:
10.1152/physrev.00051.2003

Heuser, K., Eid, T., Lauritzen, E, Thoren, A. E., Vindedal, G. E, Tauboll, E.,
et al. (2012). Loss of perivascular Kir4.1 potassium channels in the sclerotic
hippocampus of patients with mesial temporal lobe epilepsy. J. Neuropathol.
Exp. Neurol. 71, 814-825. doi: 10.1097/NEN.0b013e318267b5af

Hibino, H., Fujita, A., Iwai, K., Yamada, M., and Kurachi, Y. (2004a). Differential
assembly of inwardly rectifying K* channel subunits, Kir4.1 and Kir5.1, in
brain astrocytes. J. Biol. Chem. 279, 44065-44073. doi: 10.1074/jbc.M405985200

Hibino, H., Higashi-Shingai, K., Fujita, A., Iwai, K., Ishii, M., and Kurachi, Y.
(2004b). Expression of an inwardly rectifying K* channel, Kir5.1, in specific
types of fibrocytes in the cochlear lateral wall suggests its functional importance
in the establishment of endocochlear potential. Eur. J. Neurosci. 19, 76-84.
doi: 10.1111/§.1460-9568.2004.03092.x

Hibino, H., Horio, Y., Inanobe, A., Doi, K., Ito, M., Yamada, M., et al. (1997).
An ATP-dependent inwardly rectifying potassium channel, KAB-2 (Kir4.
1), in cochlear stria vascularis of inner ear: its specific subcellular localization
and correlation with the formation of endocochlear potential. J. Neurosci.
17, 4711-4721. doi: 10.1523/]NEUROSCI.17-12-04711.1997

Hibino, H., and Kurachi, Y. (2006). Molecular and physiological bases of the
K* circulation in the mammalian inner ear. Physiology 21, 336-345. doi:
10.1152/physiol.00023.2006

Higashi, K., Fujita, A., Inanobe, A., Tanemoto, M., Doi, K., Kubo, T., et al.
(2001). An inwardly rectifying K(+) channel, Kir4.1, expressed in astrocytes
surrounds synapses and blood vessels in brain. Am. J. Phys. Cell Physiol.
281, C922-C931. doi: 10.1152/ajpcell.2001.281.3.C922

Hilgemann, D. W, and Ball, R. (1996). Regulation of cardiac Na*,Ca®* exchange
and KATP potassium channels by PIP2. Science 273, 956-959. doi: 10.1126/
science.273.5277.956

Ho, K., Nichols, C. G., Lederer, W. ], Lytton, J., Vassilev, P. M., Kanazirska, M. V,,
et al. (1993). Cloning and expression of an inwardly rectifying ATP-regulated
potassium channel. Nature 362, 31-38. doi: 10.1038/362031a0

Horio, Y., Hibino, H., Inanobe, A., Yamada, M., Ishii, M., Tada, Y, et al.
(1997). Clustering and enhanced activity of an inwardly rectifying potassium
channel, Kir4.1, by an anchoring protein, PSD-95/SAP90. J. Biol. Chem.
272, 12885-12888. doi: 10.1074/jbc.272.20.12885

Ishii, M., Horio, Y., Tada, Y,, Hibino, H., Inanobe, A., Ito, M., et al. (1997).
Expression and clustered distribution of an inwardly rectifying potassium
channel, KAB-2/Kir4.1, on mammalian retinal Muller cell membrane: their
regulation by insulin and laminin signals. J. Neurosci. 17, 7725-7735. doi:
10.1523/JNEUROSCI.17-20-07725.1997

Isomoto, S., Kondo, C., and Kurachi, Y. (1997). Inwardly rectifying potassium
channels: their molecular heterogeneity and function. Jpn. J. Physiol. 47,
11-39. doi: 10.2170/jjphysiol.47.11

Ito, M., Inanobe, A., Horio, Y., Hibino, H., Isomoto, S., Ito, H., et al. (1996).
Immunolocalization of an inwardly rectifying K* channel, K(AB)-2 (Kir4.1),
in the basolateral membrane of renal distal tubular epithelia. FEBS Lett.
388, 11-15. doi: 10.1016/0014-5793(96)00502-9

Jeworutzki, E., Lopez-Hernandez, T., Capdevila-Nortes, X., Sirisi, S., Bengtsson, L.,
Montolio, M., et al. (2012). GlialCAM, a protein defective in a leukodystrophy,
serves as a CIC-2 CI(") channel auxiliary subunit. Neuron 73, 951-961. doi:
10.1016/j.neuron.2011.12.039

Jumper, J., Evans, R., Pritzel, A., Green, T., Figurnov, M., Ronneberger, O.,
et al. (2021). Highly accurate protein structure prediction with AlphaFold.
Nature 596, 583-589. doi: 10.1038/s41586-021-03819-2

Kanda, H., Ling, J., Tonomura, S., Noguchi, K., Matalon, S., and Gu, J. G.
(2019). TREK-1 and TRAAK are principal K(*) channels at the nodes
of Ranvier for rapid action potential conduction on mammalian Myelinated
afferent nerves. Neuron 104, 960-971.e967. doi: 10.1016/j.
neuron.2019.08.042

Kara, B., Ekici, B., Ipekci, B., Aslanger, A. K., and Scholl, U. (2013). KCNJ10
gene mutation in an 8-year-old boy with seizures. Acta Neurol. Belg. 113,
75-77. doi: 10.1007/s13760-012-0113-2

Katz, B. (1949). Les constantes électriques de la membrane du muscle. Arch.
Sci. Physiol. 2, 285-299.

Kharade, S. V., Kurata, H., Bender, A. M., Blobaum, A. L., Figueroa, E. E.,
Duran, A., et al. (2018). Discovery, characterization, and effects on renal
fluid and electrolyte excretion of the Kir4.1 potassium channel pore
blocker, VU0134992. Mol. 94, 926-937. doi: 10.1124/
mol.118.112359

Koefoed-Johnsen, V., and Ussing, H. H. (1958). The nature of the frog skin
potential. Acta Physiol. Scand. 42, 298-308. doi: 10.1111/j.1748-1716.1958.
tb01563.x

Kofuji, P, Biedermann, B., Siddharthan, V., Raap, M., Iandiev, L., Milenkovic, L.,
et al. (2002). Kir potassium channel subunit expression in retinal glial cells:
implications for spatial potassium buffering. Glia 39, 292-303. doi: 10.1002/
glia. 10112

Kofuji, P, Ceelen, P, Zahs, K. R,, Surbeck, L. W, Lester, H. A., and Newman, E. A.
(2000). Genetic inactivation of an inwardly rectifying potassium channel
(Kir4.1 subunit) in mice: phenotypic impact in retina. J. Neurosci. 20,
5733-5740. doi: 10.1523/JNEUROSCI.20-15-05733.2000

Kubisch, C., Schroeder, B. C., Friedrich, T., Lutjohann, B., El-Amraoui, A.,
Marlin, S., et al. (1999). KCNQ4, a novel potassium channel expressed in
sensory outer hair cells, is mutated in dominant deafness. Cell 96, 437-446.
doi: 10.1016/S0092-8674(00)80556-5

Kuffler, S. W,, Nicholls, J. G., and Orkand, R. K. (1966). Physiological properties
of glial cells in the central nervous system of amphibia. J. Neurophysiol.
29, 768-787. doi: 10.1152/jn.1966.29.4.768

Lachheb, S., Cluzeaud, E, Bens, M., Genete, M., Hibino, H., Lourdel, S., et al.
(2008). Kir4.1/Kir5.1 channel forms the major K* channel in the basolateral
membrane of mouse renal collecting duct principal cells. Am. J. Physiol.
Ren. Physiol. 294, F1398-F1407. doi: 10.1152/ajprenal.00288.2007

Laer, K., Dork, T., Vennemann, M., Rothamel, T., and Klintschar, M. (2015).
Polymorphisms in genes of respiratory control and sudden infant death
syndrome. Int. . Legal Med. 129, 977-984. doi: 10.1007/s00414-015-1232-0

Lagrutta, A. A, Bond, C. T, Xia, X. M., Pessia, M., Tucker, S., and Adelman, J. P.
(1996). Inward rectifier potassium channels. Cloning, expression and structure-
function studies. Jpn. Heart J. 37, 651-660. doi: 10.1536/ihj.37.651

Lambrecht, N. W,, Yakubov, I., Scott, D., and Sachs, G. (2005). Identification
of the K efflux channel coupled to the gastric HK ATPase during acid
secretion. Physiol. Genomics 21, 81-91. doi: 10.1152/physiolgenomics.00212.2004

Lanciotti, A., Brignone, M. S., Molinari, P, Visentin, S., De Nuccio, C,
Macchia, G., et al. (2012). Megalencephalic leukoencephalopathy with
subcortical cysts protein 1 functionally cooperates with the TRPV4 cation
channel to activate the response of astrocytes to osmotic stress: dysregulation
by pathological mutations. Hum. Mol. Genet. 21, 2166-2180. doi: 10.1093/
hmg/dds032

Lehman, A., Thouta, S., Mancini, G. M. S., Naidu, S., Van Slegtenhorst, M.,
Mcwalter, K., et al. (2017). Loss-of-function and gain-of-function mutations
in KCNQ5 cause intellectual disability or epileptic encephalopathy. Am. J.
Hum. Genet. 101, 65-74. doi: 10.1016/j.ajhg.2017.05.016

Lelievre-Pegorier, M., Merlet-Benichou, C., Roinel, N., and De Rouffignac, C.
(1983). Developmental pattern of water and electrolyte transport in rat

Pharmacol.

Frontiers in Physiology | www.frontiersin.org

17

March 2022 | Volume 13 | Article 852674


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1111/jvim.12355
https://doi.org/10.1111/jvim.12355
https://doi.org/10.1002/cphy.c110047
https://doi.org/10.1212/WNL.0000000000012744
https://doi.org/10.1002/glia.21205
https://doi.org/10.1152/jn.00284.2017
https://doi.org/10.1152/jn.00284.2017
https://doi.org/10.1523/JNEUROSCI.3375-04.2004
https://doi.org/10.1523/JNEUROSCI.3375-04.2004
https://doi.org/10.1152/physrev.00051.2003
https://doi.org/10.1097/NEN.0b013e318267b5af
https://doi.org/10.1074/jbc.M405985200
https://doi.org/10.1111/j.1460-9568.2004.03092.x
https://doi.org/10.1523/JNEUROSCI.17-12-04711.1997
https://doi.org/10.1152/physiol.00023.2006
https://doi.org/10.1152/ajpcell.2001.281.3.C922
https://doi.org/10.1126/science.273.5277.956
https://doi.org/10.1126/science.273.5277.956
https://doi.org/10.1038/362031a0
https://doi.org/10.1074/jbc.272.20.12885
https://doi.org/10.1523/JNEUROSCI.17-20-07725.1997
https://doi.org/10.2170/jjphysiol.47.11
https://doi.org/10.1016/0014-5793(96)00502-9
https://doi.org/10.1016/j.neuron.2011.12.039
https://doi.org/10.1038/s41586-021-03819-2
https://doi.org/10.1016/j.neuron.2019.08.042
https://doi.org/10.1016/j.neuron.2019.08.042
https://doi.org/10.1007/s13760-012-0113-2
https://doi.org/10.1124/mol.118.112359
https://doi.org/10.1124/mol.118.112359
https://doi.org/10.1111/j.1748-1716.1958.tb01563.x
https://doi.org/10.1111/j.1748-1716.1958.tb01563.x
https://doi.org/10.1002/glia.10112
https://doi.org/10.1002/glia.10112
https://doi.org/10.1523/JNEUROSCI.20-15-05733.2000
https://doi.org/10.1016/S0092-8674(00)80556-5
https://doi.org/10.1152/jn.1966.29.4.768
https://doi.org/10.1152/ajprenal.00288.2007
https://doi.org/10.1007/s00414-015-1232-0
https://doi.org/10.1536/ihj.37.651
https://doi.org/10.1152/physiolgenomics.00212.2004
https://doi.org/10.1093/hmg/dds032
https://doi.org/10.1093/hmg/dds032
https://doi.org/10.1016/j.ajhg.2017.05.016

Loetal.

Kird.1/Kir5.1-Associated Channelopathies

superficial nephrons. F15-F21. doi: 10.1152/
ajprenal.1983.245.1.F15

Lemke, J. R., Riesch, E., Scheurenbrand, T., Schubach, M., Wilhelm, C., Steiner, I.,
et al. (2012). Targeted next generation sequencing as a diagnostic tool in
epileptic disorders. Epilepsia 53, 1387-1398. doi:
10.1111/j.1528-1167.2012.03516.x

Li, L., Head, V., and Timpe, L. C. (2001). Identification of an inward rectifier
potassium channel gene expressed in mouse cortical astrocytes. Glia 33,
57-71. doi: 10.1002/1098-1136(20010101)33:1<57::AID-GLIA1006>3.0.CO;2-0

Loffing, J., Vallon, V., Loffing-Cueni, D., Aregger, E, Richter, K., Pietri, L.,
et al. (2004). Altered renal distal tubule structure and renal Na(+) and
Ca(2+) handling in a mouse model for Gitelman's syndrome. J. Am. Soc.
Nephrol. 15, 2276-2288. doi: 10.1097/01.ASN.0000138234.18569.63

Lopes, C. M., Zhang, H., Rohacs, T, Jin, T.,, Yang, J., and Logothetis, D. E.
(2002). Alterations in conserved Kir channel-PIP2 interactions underlie
channelopathies. Neuron 34, 933-944. doi: 10.1016/S0896-6273(02)00725-0

Lourdel, S., Paulais, M., Cluzeaud, E, Bens, M., Tanemoto, M., Kurachi, Y,
et al. (2002). An inward rectifier K* channel at the basolateral membrane
of the mouse distal convoluted tubule: similarities with Kir4-Kir5.1 heteromeric
channels. J. Physiol. 538, 391-404. doi: 10.1113/jphysiol.2001.012961

Ly, ], Fu, X,, Li, Y., Hong, G., Li, P, Lin, ], et al. (2021). Deletion of Kcnj16 in
mice does not Alter auditory function. Front. Cell Dev. Biol. 9:630361. doi:
10.3389/fcell.2021.784799

Maeoka, Y., and Mccormick, J. A. (2020). NaCl cotransporter activity and
Mg(**) handling by the distal convoluted tubule. Am. J. Physiol. Ren. Physiol.
319, F1043-F1053. doi: 10.1152/ajprenal.00463.2020

Maldonado, P. P,, Velez-Fort, M., Levavasseur, F,, and Angulo, M. C. (2013).
Oligodendrocyte precursor cells are accurate sensors of local K* in mature
gray  matter. J.  Neurosci. 33, 2432-2442. doi:  10.1523/
JNEUROSCI.1961-12.2013

Marcus, D. C., Wu, T., Wangemann, P, and Kofuji, P. (2002). KCNJ10 (Kir4.1)
potassium channel knockout abolishes endocochlear potential. Am. J. Phys.
Cell Physiol. 282, C403-C407. doi: 10.1152/ajpcell.00312.2001

Mendez-Gonzalez, M. P, Kucheryavykh, Y. V, Zayas-Santiago, A,
Velez-Carrasco, W., Maldonado-Martinez, G., Cubano, L. A., et al. (2016).
Novel KCNJ10 gene variations compromise function of inwardly rectifying
Potassium Channel 4.1. J. Biol. Chem. 291, 7716-7726. doi: 10.1074/jbc.
M115.679910

Mori, T., Buffo, A., and Gotz, M. (2005). The novel roles of glial cells revisited:
the contribution of radial glia and astrocytes to neurogenesis. Curr. Top.
Dev. Biol. 69, 67-99. doi: 10.1016/S0070-2153(05)69004-7

Morin, M., Forst, A. L., Perez-Torre, P, Jimenez-Escrig, A., Barca-Tierno, V.,
Garcia-Galloway, E., et al. (2020). Novel mutations in the KCNJ10 gene
associated to a distinctive ataxia, sensorineural hearing loss and spasticity
clinical phenotype. Neurogenetics 21, 135-143. doi: 10.1007/s10048-020-00605-6

Nadella, R. K., Chellappa, A., Subramaniam, A. G., More, R. P, Shetty, S,,
Prakash, S., et al. (2019). Identification and functional characterization
of two novel mutations in KCNJ10 and PI4KB in SeSAME syndrome
without electrolyte imbalance. Hum. Genomics 13, 53. doi: 10.1186/
$40246-019-0236-0

Nakano, Y., Kim, S. H., Kim, H. M., Sanneman, J. D., Zhang, Y., Smith, R. ],
et al. (2009). A claudin-9-based ion permeability barrier is essential for
hearing. PLoS Genet. 5:¢1000610. doi: 10.1371/journal.pgen.1000610

Neely, J. D., Amiry-Moghaddam, M., Ottersen, O. P, Froehner, S. C., Agre, P,
and Adams, M. E. (2001). Syntrophin-dependent expression and localization
of Aquaporin-4 water channel protein. Proc. Natl. Acad. Sci. U. S. A. 98,
14108-14113. doi: 10.1073/pnas.241508198

Neubauer, J., Forst, A.L., Warth, R., Haas, C., and Thomas, J. (2022). Genetic
variants in central and peripheral chemoreceptor genes in sudden infant
death syndrome (SIDS). Pediatr. Res.. doi: 10.1038/s41390-021-01899-4 [Epub
ahead of print].

Neusch, C., Rozengurt, N., Jacobs, R. E., Lester, H. A., and Kofuji, P. (2001).
Kir4.1 potassium channel subunit is crucial for oligodendrocyte development
and in vivo myelination. J. Neurosci. 21, 5429-5438. doi: 10.1523/
JNEUROSCI.21-15-05429.2001

Nichols, C. G., and Lopatin, A. N. (1997). Inward rectifier potassium channels.
Annu. Rev. Physiol. 59, 171-191. doi: 10.1146/annurev.physiol.59.1.171

Nicita, F, Tasca, G., Nardella, M., Bellacchio, E., Camponeschi, I., Vasco, G.,
et al. (2018). Novel homozygous KCNJ10 mutation in a patient with non-

Am. ]. Phys. 245,

syndromic early-onset cerebellar ataxia. Cerebellum 17, 499-503. doi: 10.1007/
§12311-018-0924-7

Nijenhuis, T., Vallon, V., Van Der Kemp, A. W,, Loffing, J., Hoenderop, J. G.,
and Bindels, R. J. (2005). Enhanced passive Ca** reabsorption and reduced
Mg* channel abundance explains thiazide-induced hypocalciuria and
hypomagnesemia. J. Clin. Invest. 115, 1651-1658. doi: 10.1172/JCI24134

Ohno, Y., Kunisawa, N., and Shimizu, S. (2021). Emerging roles of astrocyte
Kir4.1 channels in the pathogenesis and treatment of brain diseases. Int. J.
Mol. Sci. 22:10236. doi: 10.3390/ijms221910236

Olsen, M. L., Campbell, S. L., and Sontheimer, H. (2007). Differential distribution
of Kir4.l in spinal cord astrocytes suggests regional differences in K*
homeostasis. J. Neurophysiol. 98, 786-793. doi: 10.1152/jn.00340.2007

Orkand, R. K., Nicholls, J. G., and Kuffler, S. W. (1966). Effect of nerve impulses
on the membrane potential of glial cells in the central nervous system of
amphibia. J. Neurophysiol. 29, 788-806. doi: 10.1152/jn.1966.29.4.788

Papavasiliou, A., Foska, K., Ioannou, J., and Nagel, M. (2017). Epilepsy, ataxia,
sensorineural deafness, tubulopathy syndrome in a European child with
KCNJ10 mutations: A case report. SAGE Open Med. Case Rep.
5:2050313X17723549. doi: 10.1177/2050313X17723549

Parrock, S., Hussain, S., Issler, N., Differ, A. M., Lench, N., Guarino, S., et al.
(2013). KCNJ10 mutations display differential sensitivity to heteromerisation
with KCNJ16. Nephron Physiol. 123, 7-14. doi: 10.1159/000356353

Paulais, M., Bloch-Faure, M., Picard, N., Jacques, T., Ramakrishnan, S. K,
Keck, M., et al. (2011). Renal phenotype in mice lacking the Kir5.1 (Kcnj16)
K* channel subunit contrasts with that observed in SeSAME/EAST syndrome.
Proc. Natl. Acad. Sci. U. S. A. 108, 10361-10366. doi: 10.1073/pnas.1101400108

Penton, D., Vohra, T., Banki, E., Wengi, A., Weigert, M., Forst, A. L., et al.
(2020). Collecting system-specific deletion of Kcnj10 predisposes for thiazide-
and low-potassium diet-induced hypokalemia. Kidney Int. 97, 1208-1218.
doi: 10.1016/j.kint.2019.12.016

Pessia, M., Imbrici, P, D'adamo, M. C., Salvatore, L., and Tucker, S. J. (2001).
Differential pH sensitivity of Kir4.1 and Kir4.2 potassium channels and
their modulation by heteropolymerisation with Kir5.1. J. Physiol. 532, 359-367.
doi: 10.1111/j.1469-7793.2001.0359f.x

Pessia, M., Tucker, S. J., Lee, K, Bond, C. T, and Adelman, J. P. (1996).
Subunit positional effects revealed by novel heteromeric inwardly rectifying
K* channels. EMBO J. 15, 2980-2987. doi: 10.1002/j.1460-2075.1996.tb00661.x

Pham, T. D, Verlander, J. W.,, Wang, Y., Romero, C. A, Yue, Q.,, Chen, C,
et al. (2020). Aldosterone regulates pendrin and epithelial sodium channel
activity through intercalated cell mineralocorticoid receptor-dependent and
-independent mechanisms over a wide range in serum potassium. J. Am.
Soc. Nephrol. 31, 483-499. doi: 10.1681/ASN.2019050551

Poopalasundaram, S., Knott, C., Shamotienko, O. G., Foran, P. G., Dolly, J. O,,
Ghiani, C. A., et al. (2000). Glial heterogeneity in expression of the inwardly
rectifying K(+) channel, Kir4.1, in adult rat CNS. Glia 30, 362-372. doi:
10.1002/(SICI)1098-1136(200006)30:4<362::AID-GLIA50>3.0.CO;2-4

Ransick, A., Lindstrom, N. O., Liu, J., Zhu, Q., Guo, J. J., Alvarado, G. F,
et al. (2019). Single-cell profiling reveals sex, lineage, and regional diversity
in the mouse kidney. Dev. Cell 51, 399-413.e397. doi: 10.1016/j.
devcel.2019.10.005

Rapedius, M., Paynter, ]. J., Fowler, P. W,, Shang, L., Sansom, M. S. P., Tucker, S. J.,
et al. (2007). Control of pH and PIP2 gating in heteromeric Kir4.1/Kir5.1
channels by H-bonding at the helix-bundle crossing. Channels 1, 327-330.
doi: 10.4161/chan.5176

Reichold, M., Zdebik, A. A,, Lieberer, E., Rapedius, M., Schmidt, K., Bandulik, S.,
et al. (2010). KCNJ10 gene mutations causing EAST syndrome (epilepsy,
ataxia, sensorineural deafness, and tubulopathy) disrupt channel function.
Proc. Natl. Acad. Sci. U. S. A. 107, 14490-14495. doi: 10.1073/pnas.1003072107

Rentzsch, P, Witten, D., Cooper, G. M., Shendure, J., and Kircher, M. (2019).
CADD: predicting the deleteriousness of variants throughout the human
genome. Nucleic Acids Res. 47, D886-D894. doi: 10.1093/nar/gky1016

Rickheit, G., Maier, H., Strenzke, N., Andreescu, C. E., De Zeeuw, C. I,
Muenscher, A., et al. (2008). Endocochlear potential depends on Cl~ channels:
mechanism underlying deafness in Bartter syndrome IV. EMBO J. 27,
2907-2917. doi: 10.1038/emboj.2008.203

Schlingmann, K. P, Konrad, M., Jeck, N., Waldegger, P, Reinalter, S. C.,
Holder, M., et al. (2004). Salt wasting and deafness resulting from mutations
in two chloride channels. N. Engl. ]. Med. 350, 1314-1319. doi: 10.1056/
NEJMoa032843

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 852674


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1152/ajprenal.1983.245.1.F15
https://doi.org/10.1152/ajprenal.1983.245.1.F15
https://doi.org/10.1111/j.1528-1167.2012.03516.x
https://doi.org/10.1002/1098-1136(20010101)33:1<57::AID-GLIA1006>3.0.CO;2-0
https://doi.org/10.1097/01.ASN.0000138234.18569.63
https://doi.org/10.1016/S0896-6273(02)00725-0
https://doi.org/10.1113/jphysiol.2001.012961
https://doi.org/10.3389/fcell.2021.784799
https://doi.org/10.1152/ajprenal.00463.2020
https://doi.org/10.1523/JNEUROSCI.1961-12.2013
https://doi.org/10.1523/JNEUROSCI.1961-12.2013
https://doi.org/10.1152/ajpcell.00312.2001
https://doi.org/10.1074/jbc.M115.679910
https://doi.org/10.1074/jbc.M115.679910
https://doi.org/10.1016/S0070-2153(05)69004-7
https://doi.org/10.1007/s10048-020-00605-6
https://doi.org/10.1186/s40246-019-0236-0
https://doi.org/10.1186/s40246-019-0236-0
https://doi.org/10.1371/journal.pgen.1000610
https://doi.org/10.1073/pnas.241508198
https://doi.org/10.1038/s41390-021-01899-4
https://doi.org/10.1523/JNEUROSCI.21-15-05429.2001
https://doi.org/10.1523/JNEUROSCI.21-15-05429.2001
https://doi.org/10.1146/annurev.physiol.59.1.171
https://doi.org/10.1007/s12311-018-0924-7
https://doi.org/10.1007/s12311-018-0924-7
https://doi.org/10.1172/JCI24134
https://doi.org/10.3390/ijms221910236
https://doi.org/10.1152/jn.00340.2007
https://doi.org/10.1152/jn.1966.29.4.788
https://doi.org/10.1177/2050313X17723549
https://doi.org/10.1159/000356353
https://doi.org/10.1073/pnas.1101400108
https://doi.org/10.1016/j.kint.2019.12.016
https://doi.org/10.1111/j.1469-7793.2001.0359f.x
https://doi.org/10.1002/j.1460-2075.1996.tb00661.x
https://doi.org/10.1681/ASN.2019050551
https://doi.org/10.1002/(SICI)1098-1136(200006)30:4<362::AID-GLIA50>3.0.CO;2-4
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.1016/j.devcel.2019.10.005
https://doi.org/10.4161/chan.5176
https://doi.org/10.1073/pnas.1003072107
https://doi.org/10.1093/nar/gky1016
https://doi.org/10.1038/emboj.2008.203
https://doi.org/10.1056/NEJMoa032843
https://doi.org/10.1056/NEJMoa032843

Loetal.

Kird.1/Kir5.1-Associated Channelopathies

Schlingmann, K. P, Renigunta, A., Hoorn, E. J,, Forst, A. L., Renigunta, V.,
Atanasov, V., et al. (2021). Defects in KCNJ16 cause a novel tubulopathy
with hypokalemia, salt wasting, disturbed acid-base homeostasis, and
sensorineural deafness. J. Am. Soc. Nephrol. 32, 1498-1512. doi: 10.1681/
ASN.2020111587

Schlingmann, K. P, Weber, S., Peters, M., Niemann, N. L., Vitzthum, H.,
Klingel, K., et al. (2002). Hypomagnesemia with secondary hypocalcemia
is caused by mutations in TRPM6, a new member of the TRPM gene
family. Nat. Genet. 31, 166-170. doi: 10.1038/ng889

Scholl, U. L., Choi, M., Liu, T., Ramaekers, V. T., Hausler, M. G., Grimmer, J.,
et al. (2009). Seizures, sensorineural deafness, ataxia, mental retardation,
and electrolyte imbalance (SeSAME syndrome) caused by mutations in
KCNJ10. Proc. Natl. Acad. Sci. U. S. A. 106, 5842-5847. doi: 10.1073/
pnas.0901749106

Scholl, U. I, Dave, H. B., Lu, M., Farhi, A., Nelson-Williams, C., Listman, J. A.,
et al. (2012). SeSAME/EAST syndrome-phenotypic variability and delayed
activity of the distal convoluted tubule. Pediatr. Nephrol. 27, 2081-2090.
doi: 10.1007/s00467-012-2219-4

Schroeder, B. C., Kubisch, C., Stein, V., and Jentsch, T. J. (1998). Moderate
loss of function of cyclic-:AMP-modulated KCNQ2/KCNQ3 K* channels
causes epilepsy. Nature 396, 687-690. doi: 10.1038/25367

Schultheis, P. J., Lorenz, ]J. N., Meneton, P, Nieman, M. L., Riddle, T. M.,
Flagella, M., et al. (1998). Phenotype resembling Gitelman's syndrome in
mice lacking the apical Na*— CI~ cotransporter of the distal convoluted
tubule. J. Biol. Chem. 273, 29150-29155. doi: 10.1074/jbc.273.44.29150

Schulze, D., Krauter, T., Fritzenschaft, H., Soom, M., and Baukrowitz, T.
(2003). Phosphatidylinositol 4,5-bisphosphate (PIP2) modulation of ATP
and pH sensitivity in Kir channels. A tale of an active and a silent PIP2
site in the N terminus. J. Biol. Chem. 278, 10500-10505. doi: 10.1074/
jbc.M208413200

Severino, M., Lualdi, S., Fiorillo, C., Striano, P,, De Toni, T., Peluso, S., et al.
(2018). Unusual white matter involvement in EAST syndrome associated
with novel KCNJ10 mutations. J. Neurol. 265, 1419-1425. doi: 10.1007/
s00415-018-8826-7

Sicca, F, Ambrosini, E., Marchese, M., Sforna, L., Servettini, I, Valvo, G.,
et al. (2016). Gain-of-function defects of astrocytic Kir4.1 channels in children
with autism spectrum disorders and epilepsy. Sci. Rep. 6:34325. doi: 10.1038/
srep34325

Sicca, F, Imbrici, P,, D'adamo, M. C., Moro, E, Bonatti, E, Brovedani, P, et al.
(2011). Autism with seizures and intellectual disability: possible causative
role of gain-of-function of the inwardly-rectifying K* channel Kir4.1. Neurobiol.
Dis. 43, 239-247. doi: 10.1016/j.nbd.2011.03.016

Simon, D. B., Karet, E E., Rodriguez-Soriano, J., Hamdan, J. H., Dipietro, A,,
Trachtman, H., et al. (1996). Genetic heterogeneity of Bartter's syndrome
revealed by mutations in the K* channel, ROMK. Nat. Genet. 14, 152-156.
doi: 10.1038/ng1096-152

Skou, J. C. (1957). The influence of some cations on an adenosine triphosphatase
from peripherial nerves. Biochim. Biophys. Acta 23, 394-401. doi:
10.1016/0006-3002(57)90343-8

Sorensen, M. V., Grossmann, S., Roesinger, M., Gresko, N., Todkar, A. P,
Barmettler, G., et al. (2013). Rapid dephosphorylation of the renal sodium
chloride cotransporter in response to oral potassium intake in mice. Kidney
Int. 83, 811-824. doi: 10.1038/ki.2013.14

Su, X. T,, Zhang, C., Wang, L., Gu, R,, Lin, D. H,, and Wang, W. H. (2016).
Disruption of KCNJ10 (Kir4.1) stimulates the expression of ENaC in the
collecting duct. Am. J. Physiol. Ren. Physiol. 310, F985-F993. doi: 10.1152/
ajprenal.00584.2015

Suzumoto, Y., Columbano, V., Gervasi, L., Giunta, R., Mattina, T., Trimarchi, G.,
et al. (2021). A case series of adult patients affected by EAST/SeSAME
syndrome suggests more severe disease in subjects bearing KCNJ10
truncating mutations. Intractable Rare. Dis. Res. 10, 95-101. doi: 10.5582/
irdr.2020.03158

Takumi, T., Ishii, T., Horio, Y., Morishige, K., Takahashi, N., Yamada, M., et al.
(1995). A novel ATP-dependent inward rectifier potassium channel expressed
predominantly in glial cells. J. Biol. Chem. 270, 16339-16346. doi: 10.1074/
jbc.270.27.16339

Tanemoto, M., Fujita, A., Higashi, K., and Kurachi, Y. (2002). PSD-95 mediates
formation of a functional homomeric Kir5.1 channel in the brain. Neuron
34, 387-397. doi: 10.1016/S0896-6273(02)00675-X

Terker, A. S., Zhang, C., Mccormick, J. A., Lazelle, R. A., Zhang, C., Meermeier, N. P,
et al. (2015). Potassium modulates electrolyte balance and blood pressure
through effects on distal cell voltage and chloride. Cell Metab. 21, 39-50.
doi: 10.1016/j.cmet.2014.12.006

Thompson, D. A., Feather, S., Stanescu, H. C., Freudenthal, B., Zdebik, A. A.,
Warth, R,, et al. (2011). Altered electroretinograms in patients with KCNJ10
mutations and EAST syndrome. J. Physiol. 589, 1681-1689. doi: 10.1113/
jphysiol.2010.198531

Trapp, S., Tucker, S. J., and Gourine, A. V. (2011). Respiratory responses to
hypercapnia and hypoxia in mice with genetic ablation of Kir5.1 (Kcnj16).
Exp. Physiol. 96, 451-459. doi: 10.1113/expphysiol.2010.055848

Tucker, S. J., Imbrici, P, Salvatore, L., D'adamo, M. C., and Pessia, M. (2000).
pH dependence of the inwardly rectifying potassium channel, Kir5.1, and
localization in renal tubular epithelia. . Biol. Chem. 275, 16404-16407. doi:
10.1074/jbc.C000127200

Vanoye, C. G., Gurnett, C. A., Holland, K. D., George, A. L. Jr., and Kearney, J. A.
(2014). Novel SCN3A variants associated with focal epilepsy in children.
Neurobiol. Dis. 62, 313-322. doi: 10.1016/j.nbd.2013.10.015

Voets, T., Nilius, B., Hoefs, S., Van Der Kemp, A. W,, Droogmans, G., Bindels, R. J.,
et al. (2004). TRPM6 forms the Mg2+ influx channel involved in intestinal
and renal Mg®* absorption. J. Biol. Chem. 279, 19-25. doi: 10.1074/jbc.
M311201200

Wagner, C. A. (2014). Effect of mineralocorticoids on acid-base balance. Nephron
Physiol. 128, 26-34. doi: 10.1159/000368266

Wallraff, A., Kohling, R., Heinemann, U, Theis, M., Willecke, K., and Steinhauser, C.
(2006). The impact of astrocytic gap junctional coupling on potassium
buffering in the hippocampus. J. Neurosci. 26, 5438-5447. doi: 10.1523/
JNEUROSCI.0037-06.2006

Wang, M. X.,, Cuevas, C. A,, Su, X. T., Wu, P, Gao, Z. X, Lin, D. H,, et al.
(2018). Potassium intake modulates the thiazide-sensitive sodium-chloride
cotransporter (NCC) activity via the Kir4.1 potassium channel. Kidney Int.
93, 893-902. doi: 10.1016/j.kint.2017.10.023

Wang, E, Xu, Q., Wang, W,, Takano, T., and Nedergaard, M. (2012). Bergmann
glia modulate cerebellar Purkinje cell bistability via Ca?*-dependent K*
uptake. Proc. Natl. Acad. Sci. U. S. A. 109, 7911-7916. doi: 10.1073/
pnas.1120380109

Wangemann, P, Itza, E. M., Albrecht, B., Wu, T., Jabba, S. V., Maganti, R. ],
et al. (2004). Loss of KCNJ10 protein expression abolishes endocochlear
potential and causes deafness in Pendred syndrome mouse model. BMC
Med. 2:30. doi: 10.1186/1741-7015-2-30

Warth, R. (2003). Potassium channels in epithelial transport. Pflugers Arch.
446, 505-513. doi: 10.1007/s00424-003-1075-2

Weaver, C. D., and Denton, J. S. (2021). Next-generation inward rectifier
potassium channel modulators: discovery and molecular pharmacology. Am.
J. Phys. Cell Physiol. 320, C1125-C1140. doi: 10.1152/ajpcell.00548.2020

Webb, B. D., Hotchkiss, H., Prasun, P, Gelb, B. D., and Satlin, L. (2021).
Biallelic loss-of-function variants in KCNJ16 presenting with hypokalemic
metabolic acidosis. Eur. J. Hum. Genet. 29, 1-4. doi: 10.1038/s41431-021-00883-0

Wilcox, E. R, Burton, Q. L., Naz, S., Riazuddin, S., Smith, T. N., Ploplis, B., et al.
(2001). Mutations in the gene encoding tight junction claudin-14 cause autosomal
recessive deafness DFNB29. Cell 104, 165-172. doi: 10.1016/S0092-8674(01)00200-8

Williams, D. M., Lopes, C. M., Rosenhouse-Dantsker, A., Connelly, H. L.,
Matavel, A., and J, O.U.,, Mcbeath, E., and Gray, D.A., (2010). Molecular
basis of decreased Kir4.1 function in SeSAME/EAST syndrome. J. Am. Soc.
Nephrol. 21, 2117-2129. doi: 10.1681/ASN.2009121227

Wollnik, B., Schroeder, B. C., Kubisch, C., Esperer, H. D., Wieacker, P, and
Jentsch, T. J. (1997). Pathophysiological mechanisms of dominant and recessive
KVLQT1 K' channel mutations found in inherited cardiac arrhythmias.
Hum. Mol. Genet. 6, 1943-1949. doi: 10.1093/hmg/6.11.1943

Wu, P, Gao, Z. X, Su, X. T., Wang, M. X,, Wang, W. H,, and Lin, D. H.
(2019a). Kir4.1/Kir5.1 activity is essential for dietary sodium intake-induced
modulation of Na-Cl Cotransporter. . Am. Soc. Nephrol. 30, 216-227. doi:
10.1681/ASN.2018080799

Wu, P, Gao, Z. X, Zhang, D. D, Su, X. T., Wang, W. H., and Lin, D. H.
(2019b). Deletion of Kir5.1 impairs renal ability to excrete potassium during
increased dietary potassium intake. . Am. Soc. Nephrol. 30, 1425-1438. doi:
10.1681/ASN.2019010025

Yang, T., Gurrola, J. G. 2nd, Wu, H., Chiu, S. M., Wangemann, P, Snyder, P. M.,
et al. (2009). Mutations of KCNJ10 together with mutations of SLC26A4

Frontiers in Physiology | www.frontiersin.org

March 2022 | Volume 13 | Article 852674


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1681/ASN.2020111587
https://doi.org/10.1681/ASN.2020111587
https://doi.org/10.1038/ng889
https://doi.org/10.1073/pnas.0901749106
https://doi.org/10.1073/pnas.0901749106
https://doi.org/10.1007/s00467-012-2219-4
https://doi.org/10.1038/25367
https://doi.org/10.1074/jbc.273.44.29150
https://doi.org/10.1074/jbc.M208413200
https://doi.org/10.1074/jbc.M208413200
https://doi.org/10.1007/s00415-018-8826-7
https://doi.org/10.1007/s00415-018-8826-7
https://doi.org/10.1038/srep34325
https://doi.org/10.1038/srep34325
https://doi.org/10.1016/j.nbd.2011.03.016
https://doi.org/10.1038/ng1096-152
https://doi.org/10.1016/0006-3002(57)90343-8
https://doi.org/10.1038/ki.2013.14
https://doi.org/10.1152/ajprenal.00584.2015
https://doi.org/10.1152/ajprenal.00584.2015
https://doi.org/10.5582/irdr.2020.03158
https://doi.org/10.5582/irdr.2020.03158
https://doi.org/10.1074/jbc.270.27.16339
https://doi.org/10.1074/jbc.270.27.16339
https://doi.org/10.1016/S0896-6273(02)00675-X
https://doi.org/10.1016/j.cmet.2014.12.006
https://doi.org/10.1113/jphysiol.2010.198531
https://doi.org/10.1113/jphysiol.2010.198531
https://doi.org/10.1113/expphysiol.2010.055848
https://doi.org/10.1074/jbc.C000127200
https://doi.org/10.1016/j.nbd.2013.10.015
https://doi.org/10.1074/jbc.M311201200
https://doi.org/10.1074/jbc.M311201200
https://doi.org/10.1159/000368266
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.1523/JNEUROSCI.0037-06.2006
https://doi.org/10.1016/j.kint.2017.10.023
https://doi.org/10.1073/pnas.1120380109
https://doi.org/10.1073/pnas.1120380109
https://doi.org/10.1186/1741-7015-2-30
https://doi.org/10.1007/s00424-003-1075-2
https://doi.org/10.1152/ajpcell.00548.2020
https://doi.org/10.1038/s41431-021-00883-0
https://doi.org/10.1016/S0092-8674(01)00200-8
https://doi.org/10.1681/ASN.2009121227
https://doi.org/10.1093/hmg/6.11.1943
https://doi.org/10.1681/ASN.2018080799
https://doi.org/10.1681/ASN.2019010025

Loetal.

Kird.1/Kir5.1-Associated Channelopathies

cause digenic nonsyndromic hearing loss associated with enlarged vestibular
aqueduct syndrome. Am. J. Hum. Genet. 84, 651-657. doi: 10.1016/j.
ajhg.2009.04.014

Zdebik, A. A., Wangemann, P, and Jentsch, T. J. (2009). Potassium ion movement
in the inner ear: insights from genetic disease and mouse models. Physiology
(Bethesda) 24, 307-316. doi: 10.1152/physiol.00018.2009

Zerr, P, Adelman, J. P, and Maylie, J. (1998). Episodic ataxia mutations in
Kvl.1 alter potassium channel function by dominant negative effects or
haploinsufficiency. ] Neurosci. 18,  2842-2848.  doi:  10.1523/
JNEUROSCI.18-08-02842.1998

Zhang, D. D., Duan, X. P, Xiao, Y., Wu, P, Gao, Z. X., Wang, W. H., et al.
(2021). Deletion of renal Nedd4-2 abolishes the effect of high sodium intake
(HS) on Kir4.1, ENaC, and NCC and causes hypokalemia during high HS.
Am. ]. Physiol. Ren. Physiol. 320, F883-F896. doi: 10.1152/ajprenal.00555.2020

Zhang, D. D., Gao, Z. X,, Vio, C. P, Xiao, Y., Wu, P, Zhang, H., et al. (2018).
Bradykinin stimulates renal Na(+) and K(+) excretion by inhibiting the
K(+) channel (Kir4.1) in the distal convoluted tubule. Hypertension 72,
361-369. doi: 10.1161/HYPERTENSIONAHA.118.11070

Zhang, C. B, Wang, L. J, Su, X. T,, Lin, D. H,, and Wang, W. H. (2015).
KCNJ10 (Kir4.1) is expressed in the basolateral membrane of the cortical
thick ascending limb. Am. J. Physiol. Renal Physiol. 308, F1288-F1296. doi:
10.1152/ajprenal.00687.2014

Zhang, H., Zhu, L, Wang, F, Wang, R., Hong, Y., Chen, Y., et al. (2019).
Novel KCNJ10 compound heterozygous mutations causing EAST/SeSAME-
like syndrome compromise Potassium Channel function. Front. Genet. 10:912.
doi: 10.3389/fgene.2019.00912

Conflict of Interest: The authors declare that the research was conducted in
the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the
authors and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product that may
be evaluated in this article, or claim that may be made by its manufacturer, is
not guaranteed or endorsed by the publisher.

Copyright © 2022 Lo, Forst, Warth and Zdebik. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY).
The use, distribution or reproduction in other forums is permitted, provided the
original author(s) and the copyright owner(s) are credited and that the original
publication in this journal is cited, in accordance with accepted academic practice.
No use, distribution or reproduction is permitted which does not comply with
these terms.

Frontiers in Physiology | www.frontiersin.org

20

March 2022 | Volume 13 | Article 852674


https://www.frontiersin.org/journals/physiology
www.frontiersin.org
https://www.frontiersin.org/journals/physiology#articles
https://doi.org/10.1016/j.ajhg.2009.04.014
https://doi.org/10.1016/j.ajhg.2009.04.014
https://doi.org/10.1152/physiol.00018.2009
https://doi.org/10.1523/JNEUROSCI.18-08-02842.1998
https://doi.org/10.1523/JNEUROSCI.18-08-02842.1998
https://doi.org/10.1152/ajprenal.00555.2020
https://doi.org/10.1161/HYPERTENSIONAHA.118.11070
https://doi.org/10.1152/ajprenal.00687.2014
https://doi.org/10.3389/fgene.2019.00912
http://creativecommons.org/licenses/by/4.0/

	EAST/SeSAME Syndrome and Beyond: The Spectrum of Kir4.1- and Kir5.1-Associated Channelopathies
	Introduction
	K + Channels: Membrane Proteins Important for Life
	Inward Rectifiers

	Molecular and Biophysical Properties of Kir4.1 and Kir5.1
	Cloning and Characterization of Kir4.1 ( KCNJ10)
	Heteromerization of Kir4.1 With Other Kir Subunits
	Cloning and First Characterization of Kir5.1 ( KCNJ16)
	Tissue-Specific Expression

	EAST/SeSAME Syndrome: A Pleiotropic Monogenetic Disease Caused by Mutations in KCNJ10 (Kir4.1)
	Epilepsy
	Ataxia
	Retinal Expression and Electroretinographic Changes
	Intellectual Disability
	Is there Structural Change to the CNS? The MLC1 Connection in Oligodendrocytes
	Sensorineural Deafness
	Autism
	Renal Tubulopathy
	Urinary Loss of Na + and K + 
	Kir4.1/Kir5.1: A Sensor of Plasma K + in the Distal Convoluted Tubule
	Impaired Handling of Mg 2+ and Ca 2+ 
	Alkalosis in EAST/SeSAME Patients
	Functional and Biophysical Consequences of Mutations in Kir4.1

	Kir5.1-Linked Channelopathy
	Lessons From Kir5.1 Knockout Mice
	Clinical Presentation of Patients Carrying Kir5.1 Mutations
	The Peculiar Renal Phenotype in Kir5.1 Inactivation
	Hearing Impairment Associated With Kir5.1 Inactivation
	Kir5.1 Variants: A Risk Factor for SIDS?

	Conclusion and Outlook
	Author Contributions

	References

