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Abstract: CLC proteins comprise C1~ channels and anion/H* antiporters involved in several funda-
mental physiological processes. CIC-7 is a lysosomal C1~ /H* antiporter that together with its beta
subunit Ostm1 has a critical role in the ionic homeostasis of lysosomes and of the osteoclasts’ resorp-
tion lacuna, although the specific underlying mechanism has so far remained elusive. Mutations in
CIC-7 cause osteopetrosis, but also a form of lysosomal storage disease and neurodegeneration. Inter-
estingly, both loss-of- and gain-of-function mutations of CIC-7 can be pathogenic, but the mechanistic
implications of this finding are still unclear. This review will focus on the recent advances in our
understanding of the biophysical properties of CIC-7 and of its role in human diseases with a focus
on osteopetrosis and neurodegeneration.
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1. Introduction

Human CLC proteins comprise C1~ channels and C1~ /H* antiporters with fundamen-
tal roles in regulating electrical excitability, transepithelial transport and vesicular ionic
homeostasis [1,2]. The lysosomal C1~ /H* antiporter CIC-7, together with CIC-6, forms a
distinct branch of the CLC protein family that is more closely related to the plant homologue
AtCIC-d than to the other mammalian transporters [3,4]. However, the general structural
architecture of CIC-7 is very similar to the ones of the other CLC proteins with an almost
identical transmembrane domain and a large cytoplasmic C-terminus comprising two CBS
(cystathionine 3 synthase) domains [5,6] (Figure 1). CIC-7 is ubiquitously expressed with
particularly high levels in the central and peripheral nervous system where it colocalizes
with Lamp-1, a marker for late endosomes and lysosomes [3,7,8]. Importantly, unlike
the other mammalian CLC transporters, CIC-7 requires the 3 subunit Ostm1 for proper
localization and function [9-11]. In osteoclasts, CIC-7 is also expressed in the ruffled border,
a specialized membrane domain responsible for the acidification of the resorption lacuna,
which in turn mediates bone resorption [7]. In lysosomes and in the ruffled border, CIC-7
contributes to the ionic homeostasis, even though the specific role is still debated [9,12-14].
Mutations in CIC-7 and Ostm1 cause osteopetrosis [7,9,10], but also a form of lysosomal
storage disease and neurodegeneration [8,15,16], consistent with the phenotype of CIC-7
and Ostm1 loss-of-function mouse models [7,10]. CIC-7 expression has also been detected
in the luminal membrane of the choroid plexus [17], but its physiological role in that context
is still unclear. Intriguingly, CLCN7 has been identified as the causative gene in a quite
unique phenotype combining osteopetrosis, renal tubule acidosis, renal stones, epilepsy,
and blindness [18]. Moreover, CIC-7 has been implicated in Alzheimer disease [19]. Inter-
estingly, both loss-of- and gain-of-function mutations of CIC-7 can be pathogenic, although
the mechanistic implications of these findings are still unclear. This review will focus on
the recent advances in our understanding of the biophysical properties of CIC-7 and of its
role in human physiology (in particular in osteopetrosis and neurodegeneration) and will
try to provide an integrated perspective from these two fields of investigation.
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Figure 1. (A) Topology diagram of CIC-7. (B) Structure of the hCIC-7/Ostm1 complex. Structure of
the hCIC-7/Ostm1 complex based on the work of Schrecker et al. (PDB entry 7JM7) viewed from
the membrane plane [6]. The two CIC-7 subunits are represented in grey and green, the two Ostm1
subunits in orange and cyan. The blue arrows indicate the three anion binding sites in the permeation
pathway (magenta spheres) and the location of the lipid and of the Mg-ATP (only in the green
subunit). The cytosolic C-terminal region of the protein comprises two so called CBS (cystathionine
synthase) domains.

2. The Structure of CIC-7

Two recent cryo-EM studies have elucidated the structure of the CIC-7/Ostm1 com-
plex [5,6]. The association between the two proteins is largely based on interactions of their
transmembrane regions at the periphery of the CIC-7 dimer [5,6] (Figure 1). Importantly, the
highly glycosylated luminal region of Ostm1 forms a bundle that covers the luminal side of
CIC-7, explaining the protective role of Ostm1 against the degradative environment of the
lysosomal lumen [5,6]. In other respects, the structure of CIC-7 reproduces most of the key
features of the other CLC proteins of known structure [20-25]: a dimeric architecture with
a transmembrane domain and a large cytosolic region comprising two CBS domains. The
ion permeation pathway present in each of the monomers is also very conserved, with a
typical “hourglass” shape with a narrowing at the selectivity filter and three anion binding
sites (Figure 1).

In particular, in the study of Schrecker et al., a conserved glutamate residue (Glu247
in the hCIC-7) with an important role in voltage dependence and C1~ /H* coupling in all
CLC transporters (so-called “gating glutamate”) is captured with the side chain directed
towards the extracellular space and Cl~ ions occupying all three binding sites [6] (Figure 1).
The structure of the hCIC-7 was also investigated by Zhang et al., but they did not identify
densities for C1~ ions and could not build an unbiased model for the side chain of the
gating glutamate [5]. The pathway for proton movement appears to bifurcate from the
CI~ passageway close to the central binding site and be formed by a putatively water-
filled cavity around another glutamate residue that is very conserved in mammalian CLC
transporters (Glu314 in the hCIC-7, so called “proton glutamate”) [5,6], consistent with
previous structures and molecular dynamics simulations [26-28]. In the cytosolic region, the
structure of CIC-7 reveals a previously unrecognized role for the N-terminal domain which
interacts both with the transmembrane region and the CBS1 and CBS2 domains forming an
extensive intramolecular interaction network [5,6]. Intriguingly, the loop of the N-terminus
responsible for this interaction is conserved, among the human CLC transporters, only
in CIC-6 [6]. Importantly, the N-terminus in the structures of other CLC proteins was
not resolved, probably due to the intrinsic flexibility, and it is, therefore, not possible to
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conclude whether this role for the N-terminus is unique to CIC-7 or it is relevant also for
CIC-6 and other CLC proteins. The CBS domains, with contribution from the N-terminal
domain, were found to bind an ATP molecule [6] (Figure 1). The binding coordination was
similar to the one observed in the isolated C-terminal portion of CIC-5 [29], but in addition,
in CIC-7, a Mg?* ion is also present (Figure 1). Notably, Leisle et al. showed that CIC-7
currents are not affected by ATP [11]. A comparison between the structure of CIC-7 with
and without Ostm1 reveals that there are no large-scale differences in the transmembrane
region and in ATP and lipid binding (see also below) [6]. However, some subtle structural
rearrangements are indeed observed in the permeation pathway and in the structure of the
CIC-7/0stm1 complex the anion occupancy at the central binding site is much lower than
in CIC-7 alone [6].

Phosphatidylinositol Binding Site

Phosphatidylinositol-3-phosphate (PI3P) is a low-abundance constituent of lysosome
membranes. Schrecker et al. were able to resolve a molecule of PI3P at the interface between
the transmembrane and the cytoplasmic domains [6] (Figure 1). The transmembrane
region responsible for the interaction with the phosphate head group is formed by an
amphipatic 3 hairpin between helices «F and «G which is conserved also in CIC-6 and
in the plant nitrate/H™" antiporter AtClC-a [6], but not in other mammalian CLC proteins.
Given the specific lipid composition of lysosomes membranes this finding might be of
great biophysical and physiological relevance, but its potential consequences remain to be
investigated.

3. C17/H* Exchange and Transport Mechanism in CLC Antiporters

A central aspect of CLC transporter function is the coupled movement of C1~ and H*
in opposite directions with a stoichiometry of 2 to 1 [11,12,30,31]. The C1~ and H* pathways
are schematically represented in Figure 2, indicating that they are different but intersect
at the level of the gating glutamate. Importantly, CLC proteins are unique in that the two
transported substrates, C1~ and H*, bind simultaneously and not sequentially as in the
classical alternate access mechanism common to most transporters [32,33]. At the cytosolic
side, CI~ and H" pathways diverge as the proton glutamate that probably serves as a
proton acceptor site [34,35] is displaced from the cytosolic opening of the anion permeation
pathway [5,6]. Computational studies have also suggested the presence of water-filled
protein cavities that might potentially bridge the proton glutamate and the gating glutamate
and mediate proton transport [26,36]. At the central binding site, C1~ and H* pathways
converge as mutations of the conserved serine residue that coordinates the anion at this site
affected both anion selectivity and anion/H* coupling [31,37,38]. Regarding the C1~ and
H* pathways from the luminal space to the central binding site, it was assumed for a long
time that they would superimpose. Proton would move towards the central binding site as
the protonated side chain of the gating glutamate would move from the luminal space to
the external and then the central binding site. In this model, proton movement down to
the central binding site would result from the competition between the protonated side
chain of the gating glutamate and Cl~ ions for the external and central binding site [39].
However, very recently Leisle et al. proposed a different model illustrated in a simplified
version in Figure 2, in which the movement of the protonated side chain of the gating
glutamate does not take place along the CI~ permeation pathway, but rather in the interior
of the protein with a critical contribution of two phenylalanine residues, one of which also
contributes to the central anion binding site [27]. According to this model, movement of
the protonated gating glutamate and the rearrangement of the phenylalanine of the central
binding site are coupled to the opening of the intracellular gate formed by conserved serine
and tyrosine residues below the central binding site [27].
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Figure 2. Simplified model of the transport cycle of CLC transporters based on the work of Leisle
etal. [27]. C1™ ions at the external and central binding sites are represented as blue circles, H* are
represented as red circles, the anion permeation pathway is shown in pale blue, the H* permeation
pathway in green. The gating and proton glutamates and the phenyalanine residues are explicitly
indicated in the figure. (a) The gating glutamate is oriented towards the extracellular space and its
side chain protonated. Cl~ ions are present at both the external and central binding site. (b) The
protonated gating glutamate rotates towards the interior of the protein along a pathway defined by
two phenylalanine residues. (c) The protonated gating glutamate continues its movement towards
the central binding site displacing a C1~ ion towards the extracellular space. (d) The H* dissociates
from the side chain of the gating glutamate. (e) The H* binds the proton glutamate and the side chain
of the gating glutamate moves upwards to occupy the external anion binding site displacing a second
CI™ ion. Not explicitly indicated is an intermediate state following proton release to the cytosolic
side in which Cl~ ions from the internal side have access to the permeation pathway.

4. Electrophysiological Properties of CIC-7

The electrophysiological investigation of CIC-7 has been possible after the discovery
that disruption of N-terminal dileucine lysosomal targeting motifs by alanine substitution
produced a partial redistribution of the complex CIC-7/Ostm1 to the plasma membrane [40]
and this was sufficient to elicit robust transmembrane current [11,41]. Interestingly, whereas
the strong outward rectification of the currents and the inhibitory effect of acidic extracellu-
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lar pH are properties that CIC-7 shares with other CLC transporters [11,41], there are also
important differences. In fact, CIC-7 displays a very slow activation kinetics with a time
constant in the order of seconds whereas for the other CLC transporters investigated so far
the activation is to a large extent instantaneous [11,41]. However, it should be kept in mind
that these are properties observed upon expression of CIC-7 at the plasma membrane, and
these might differ from the ones in the physiological location, the lysosomal membrane,
in particular, because of the different lipid composition and the observed PI3P binding to
CIC-7 [6], but also due to the potential presence of unidentified lysosomal binding proteins.

4.1. The Role of the Proton Glutamate

Another important difference is related to the function of the so-called “proton glu-
tamate”, E312 in rCIC-7. Neutralization of this conserved residue in CIC-3, C1C-4, CIC-5
and CIC-6 ablates transport activity [42—-44]. Under the assumption that in CIC-7 neutral-
ization of the proton glutamate would have the same effect, Weinert et al. generated a
knock-in mouse model (so called transport deficient, or “td”) carrying the E312A mutation
to explore possible roles of CIC-7 that were unrelated to ion-transport [45]. Indeed, the
mutation resulted in an osteopetrosis that was as severe as in the CIC-7 KO mice but with
milder neurodegeneration and no defect in pigmentation, suggesting that there was also a
functional role for a transport-deficient CIC-7, for example, in contributing to the assembly
of a lysosomal macromolecular complex [45]. Leisle et al. later suggested that indeed
the E312A mutation ablates transport current in CIC-7 [11]. However, a detailed electro-
physiological characterization recently showed that this mutant does mediate transport
currents, although their magnitude is strongly reduced compared to WT [41]. This finding
potentially explains the phenotype of the E312A knock-in mouse model, as the residual
current mediated by the E312A mutant could rescue the pigmentation phenotype and
ameliorate the neurodegeneration compared to a full CIC-7 KO. However, further studies
are required to fully clarify this point.

4.2. Transient Capacitive Currents

The work of Pusch et al. also suggested another specific feature of CIC-7 related to
the mechanism that originates the transient capacitive currents [41]. Proton glutamate
neutralizing mutations in CIC-3, CIC-4 and CIC-5 not only ablate transport current, but
are also associated with either the appearance or an increase in magnitude of transient
capacitive currents [44,46-49]. A detailed analysis of transport current in CIC-5 suggested
that the protein switches between transport-incompetent (or “inactive) and transport-
competent (or “active”) states [42,48], leading to the proposal that the transient capacitive
currents observed in the proton glutamate mutations would reflect charge movement
associated with gating transitions (transition between inactive and active state) rather than
transport activity. For CIC-7, the situation appears very different. First of all, the activation
kinetics of transport currents in CIC-7 is order of magnitude slower than in CIC-5 (seconds
vs. milliseconds) [11,41]. Moreover, in CIC-7, the transient current appears to be linked to
the transport cycle itself rather than to a gating process that precedes transport since the
transient current amplitude is independent of the fraction of activated transporters and it is
the same in the WT and in the mutant R760Q although the activation kinetics of the mutant
is much faster [11,41].

5. Osteopetrosis

Physiological bone tissue remodeling requires a balance between bone formation
and resorption mediated by osteoblasts and osteoclasts, respectively. In osteopetrosis this
balance is disturbed as bone resorption is impaired resulting in dense but fragile bones [50].
The molecular mechanism of bone resorption by osteoclasts is based on a specialized
domain, the ruffled border, formed in the area where the osteoclasts tightly seal on the
bone matrix. Protons and secretory lysosomes containing bone-resorbing enzymes are
released into the ruffled border to attack both the inorganic and organic matrix of bones [51].
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In particular, osteoclast-rich osteopetrosis indicates a form of osteopetrosis in which the
number of osteoclasts is not reduced, and osteoclasts actually have a higher survival rate
and increased surface area, most probably due to the reduced release of proapoptotic signals
during bone resorption [51]. Osteoclast-poor osteopetrosis indicates an osteopetrosis caused
by a reduced number of osteoclasts and with a milder phenotype compared to the osteoclast-
rich form. Classically, two main forms of osteoclast-rich osteopetrosis can be distinguished,
depending on the inheritance pattern: autosomal dominant osteopetrosis (ADO, or OPTA)
and autosomal recessive (ARO, or OPTB). However, they are both heterogeneous from the
genetic, mechanistic, and phenotypic point of view, and correspondingly they comprise a
broad spectrum of clinical manifestations [52,53]. Here, we will discuss in more detail the
forms of osteopetrosis caused by mutations in CIC-7 (Figure 3 and Table 1).

5.1. Autosomal Dominant Osteopetrosis Type II (ADO II)

Regarding the types of osteopetrosis due to CIC-7 dysfunction, ADO type II (also
OPTA2 or Albers-Schonberg disease type II) is the most common form with a prevalence
of 0.2 to 5.5 in 100.000 [54]. It is usually diagnosed in late childhood/adolescence, and
typical symptoms include non-traumatic fractures and skeletal-related events such as nerve
compression syndrome (leading to partial visual loss) and bone marrow failure, but only
rarely the is disease life-threatening [55,56]. In radiographies, it appears as segmentary
osteosclerosis, predominantly at the vertebral endplates (‘rugger-jersey spine’), iliac wings
(“bone within bone’ sign), and skull base [54,56]. The disease is associated in 70% of the
patients with heterozygous missense mutations in CIC-7, whereas for the remaining 30%
there is no clear genetic association [57]. While ADO II is considered largely a bone disease,
both old and new evidence indicates very important extra-skeletal manifestations, a fact
which is actually consistent with the broad CIC-7 tissue distribution [3,15,58]. One indi-
cation of such extra-skeletal manifestations is the long-known increase in creatine kinase
observed in several osteopetrosis patients, which suggests a myopathy phenotype [59].
Interestingly, a detailed investigation of heterozygous G213R mice, representing a validated
model of human ADO II, revealed that they also have several extra-skeletal manifesta-
tions, showing anxiety, depression, 3-amyloid accumulation, and astrogliosis, suggesting
a relevant involvement of the nervous system [57]. In addition, lung, kidney, spleen and
muscle are also affected through macrophage infiltration and activation of fibrotic signal-
ing [57]. Confirming these conclusions, an siRNA approach against the mutated CIC-7
was effective in improving the extra-skeletal phenotypes [57]. It is intriguing to corre-
late this conclusion with the findings of Rossler et al. about an ARO patient, compound
heterozygous for the mutations G292E and R403Q, who presented brain abnormalities
disproportionally severe in comparison to the osteosclerosis [60] (see also below). This
patient died at the age of 14 months of respiratory failure. Analysis of patient hiPSCs
from blood cells showed several interesting findings. In particular, an increase in the au-
tophagy marker LC3-II in undifferentiated hiPSCs, which was also present in tissue-specific
Clen7 KO mice [15]. Defective autophagy is indeed emerging as an underlying mecha-
nism in several neurodevelopmental disorders [61,62], and it was also observed in the
mouse model carrying the heterozygous Clcn7613R mutation (homologue of the human,
G215 mutation causing ADOII) [57]. Moreover, the differentiated patient osteoclasts had
a larger diameter and a higher number of nuclei compared to osteoclasts differentiated
from controls, a finding already observed in both Ostm1 and CIC-7 deficient mice but still
not fully understood [63,64]. The differentiated osteoclasts also showed a complete loss
of bone resorption activity and upon heterologous expression and electrophysiological
measurements the mutations showed an abolished (G292E) and strongly reduced (R403Q)
ionic current, consistent with a fundamental loss of function as the basis of the disease [60].
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5.2. Autosomal Recessive Osteopetrosis (ARO)

ARO (or OPTB4) has a prevalence of 1:250,000 in the general population, but it is much
more frequent in some ethnic groups (for example in Costa Rica and northern Sweden) [65].
ARO patients have a generalized increase in bone density leading to macrocephaly, growth
retardation, eye protrusion (exophthalmos), small jaw (micrognathia) and hypertelorism
(increased distance between the eyes). The most severe forms of ARO are often neuropathic
due to primary neurodegeneration with symptoms ranging from developmental delay to
hypotonia, retinal atrophy and seizures [50,66]. Other symptoms are due to the constriction
of bone marrow space like anemia, thrombocytopaenia, compensatory extramedullary
hematopoiesis, hepatosplenomegaly, and recurrent infections [67]. ARO is also often
associated with low serum Ca®* and secondary hyperparathyroidism [68]. It is usually
diagnosed at birth or early infancy, and it is often lethal in early life if not treated with
hematopoietic stem cell transplantation (HSCT), but this holds only if the therapy is initiated
before CNS involvement [68,69]. It is estimated that CIC-7 is responsible for 10-15% of
ARO cases [52].

Figure 3. Location of osteopetrosis mutations on the structure of CIC-7 (PDB entry: 7JM7). For
clarity, the mutations are indicated only in the grey monomer. ARO mutations are represented by
red spheres, ADO II mutations by blue spheres and IARO mutations by orange spheres (except the
variants found as compound heterozygous V418M-R674Q), as they also cause ADO II when expressed
alone [60]). The cyan sphere represents the mutation Y715C, causing lysosomal storage disease and
albinism without osteopetrosis [68]. The magenta spheres represent the three anion binding sites in
the permeation pathway.

6. The Physiological Role of CIC-7 and Ostm1

The first indication of a role of CIC-7 in osteopetrosis came from the phenotype of
CIC-7 knockout mice which recapitulated the human disease: Clcn7~/~ mice showed
severe osteopetrosis and retinal degeneration [7]. In particular, KO mice were smaller, had
dysmorphic heads, abnormal body posture and short limbs. Excessive bone density was
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particularly evident in long bones which lacked a bone marrow cavity and in the failure of
teeth to erupt. The survival was also affected and limited to 67 weeks.

As commonly observed in patients, the decrease in bone marrow caused hepatosplenomegaly
secondary to extramedullary blood production also in KO mice. Retinal degeneration is
often associated with osteopetrosis and was recapitulated also in KO mice. Further analysis
revealed that osteoclasts were present, but developed only rudimentary ruffled borders
and were unable to resorb bone in vitro because of the inability to acidify extracellular
compartments [7]. The causative role of CIC-7 in human osteopetrosis was confirmed in
the same study by the identification of a patient affected by ARO who was compound
heterozygous for the nonsense mutations Q555x and the R762Q substitution in CIC-7 [7]. A
similar mechanism is the basis for the ARO phenotype showed by the grey-lethal mouse line,
harboring an inactivating mutation of Ostm1 [10]. Besides osteopetrosis, CIC-7 and Ostm1
deficient mice also have a pigmentation phenotype, which also indicates an additional
physiological role [7,10]. As mentioned above, mutations in CIC-7 and Ostm1 can cause
both ADO or ARO [7,10], both characterized by a spectrum of phenotypic presentation that
makes the classification quite difficult when no detailed genetic data are available for the
affected families [52]. In fact, there are patients that escape this schematic classification,
and several ADO II mutations are present in families in which some of the carriers remain
asymptomatic for the entire life whereas others develop osteopetrosis of varying degrees of
severity [52,54,70-74]. The intermediate recessive form of the disease (IARO) described by
some authors does not have a clear-cut classification, and even the mode of inheritance is
questioned [52,54,74,75]. So far, only five patients have been identified with this subtype,
three with the homozygous mutations G203D and P470Q [76], and P470L [77], and the
two compound heterozygous L224R-K691fs [71] and V418M-R674Q) [70]. In these patients,
IARO is characterized by a relatively mild generalized increase in bone density with
spontaneous fractures in the first years of life, mandibular prognathism, osteomyelitis,
anemia, hepatosplenomegaly, and occasional optical nerve compression, but have a longer
life expectancy compared to ARO [71,76]. ARO patients with mutations in either CIC-7 or
Ostm1 might develop the neuropathic subtype of the disease associated with a particularly
poor prognosis. Interestingly, the G215R heterozygous mutation in CIC-7 has been found
in a family showing ADO II of variable expressivity and an unusual syndrome comprising
renal tubular acidosis, renal stones, developmental delay, blindness, and epilepsy [18].
Intriguingly, the G215R mutation has been previously identified in several families with
classical ADO II, supporting the notion of poor genotype—phenotype correlation for some
CIC-7 mutations causing osteopetrosis [52,54,74].

CIC-7 Molecular Role from Animal and Cellular Models

It has been speculated for a long time that vesicular CLC proteins were chloride ion
channels needed to balance positive charge accumulation produced by active proton trans-
port into the organellar lumen, allowing for effective acidification of these compartments
(reviewed in [14]). The discovery that CIC-7 is a C1~ /H* antiporter suggested a more
complex physiological role which is still debated [11,12] (Figure 4). Osteoclasts of CIC-7
KO mice failed to acidify the resorption lacuna [7] even though lysosomal pH in neurons
and other cell types in CIC-7 and Ostm1 deficient mice was normal [8]. A mouse line ho-
mozygous for the uncoupling mutation E245A, so-called CIC-7""¢/""¢, which turns CIC-7
into a pure C1~ conductance (i.e., transforms CIC-7 from a C1~ /H* antiporter to a C1~
channel), made it possible to investigate the specific role of C1~ transport in the regulation
of lysosomal pH [13]. In comparison to CIC-7 KO mice, these mice presented a milder
osteopetrosis but a similar lysosomal storage disease and no change in fur color [13].
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Figure 4. Schematic representation of the role of CIC-7 in lysosomes. Lysosomal acidification results
from the complex interplay of anion and cation transport mediated by different families of ion
channels and transporters. CIC-7 is indicated in light blue, V-type ATPase in light red. A variety of
cation channels is also indicated. The orientation of C1~ and H* movement is suggested on the basis
of the electrophysiological studies in which CIC-7 is expressed at the plasma membrane.

In particular, lysosomal pH was normal, as in CIC-7 KO, but luminal [C]I™] was
reduced. This suggests a specific physiological role for C1~ /H* exchange activity in
lysosomes. In contrast to this, a role for CIC-7 as shunt conductance enabling lysosomal
acidification by the V-type ATPase is suggested by the impaired lysosomal acidification in
cells in which CIC-7 was knocked down by siRNA [12], and by the observation that the
Y715C gain of function mutation led to lysosomal hyper-acidification [78]. As explained
in paragraph 4.1, in the E312A homozygous knock in mouse line (which probably has
a reduced level of transport current) osteopetrosis is as severe as in CIC-7 KO mice, but
neurodegeneration is milder and there is no pigmentation phenotype [45]. As for CIC-7 KO
and for the CIC-7""¢/un¢_ also the E312A homozygous mice had lysosomes with normal pH
but reduced luminal [C17] [45]. These findings highlight the physiological importance of
the lysosomal [CI™], but also underscore the fact that general ion homeostasis (including
also protons, potassium, calcium and sodium ions) in this compartment is determined by
the complex interplay between CIC-7-mediated transport and several types of cation ion
channels that have been newly identified at an ever-increasing pace in the last decade [79,80]
(Figure 4). For example, the voltage across the lysosomal lumen is contributed by all
the types of ion channels and transporters expressed in lysosomes, but in turn will also
influence their activity, particularly in the case of voltage-dependent proteins [81,82]. A
critical role for cation conductances in determining lysosomal pH had originally been
suggested on the basis of anion substitution experiment in the seminal work of Steinberg
et al. [83], and in two early pioneering works [84,85]. An increasing level of complexity
with the interplay of multiple ion channels and transporters has also been suggested in a
model of osteoclast resorption lacuna acidification [86].

Two mouse models of ADOII have been generated with the human mutations G215R
(G213R in mouse) [87] and F316L [88]. Considering the phenotypic variability and the
incomplete penetrance of human ADOII, estimated to be around 66% [89] it is interesting
to note that the work of Alam et al. suggested an effect of the genetic background on
the severity of the osteopetrosis symptoms of the G213R heterozygous mice [87] further
supporting a role of genetic modifiers in determining the severity of the disease.

Besides KO and KI mouse lines, human induced pluripotent stem cells (hiPSCs) are
also a valuable model for human diseases, and important developments have been achieved
in the optimization of the differentiation protocol and functional characterization of ARO
patient-derived osteoclasts [60].
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7. Lysosomal Storage Disease and Neurodegeneration

Severe ARO cases are often associated with neurodegeneration manifesting in develop-
mental delay, hypotonia, retinal atrophy and seizures [66,90,91] consistent with the finding
that C1C-7 KO mice displayed neurodegeneration, with the highest impact in the hippocam-
pus, the cortex, and the cerebellum [8]. In addition, these KO mice displayed hallmarks of
neuronal ceroid lipofuscinoses (NCL) a form of lysosomal storage disease. However, the
lysosomal pH of CIC-7 KO cultured neurons did not differ from WT. Neurodegeneration
in CIC-7 KO mice was accompanied by microglia activation and astrogliosis, a common
finding in CNS pathologies. This was indicated by overexpression of genes involved in
the immune response of microglia [8] similar to what was found in mouse models of mu-
copolysaccharidoses, a lysosomal storage disease associated with neurodegeneration [92],
and in the G213R mouse model of ADO II [57]. Like in these diseases, microglia initial
activation against neuronal pathology might lead to a paradoxical response with adverse
effects [93]. The retinal degeneration observed in CIC-7 KO mice is probably also due to
lysosomal dysfunction [8], another finding common in NCLs. Importantly, the neurological
defects were not present in a different mice model for osteopetrosis with mutation in the
a3 subunit of the V-type H* pump [94,95]. Conditional CIC-7 KO mice and tissue-specific
analysis directly revealed that accumulation of lysosomal storage material is intrinsic to
cells lacking CIC-7, and that the massive activation of microglia and astrocytes is limited
to brain regions where CIC-7 was deleted [96]. In the same study, it was shown that in
these mice the lack of CIC-7 in proximal tubule cells did not affect the endocytic activity
but drastically reduced (but did not abolish) proteolysis of endocytosed protein [96].

Grey-lethal (g]) mice also showed hallmarks of lysosomal dysfunction, with accumula-
tion of sphingolipids in the brain and increase in the autophagic marker LC3-II observed
also in CIC-7 KO [96,97]. The role of CIC-7 and other CLC transporters in neurodegener-
ation has recently been discussed in detail by Bose et al. [16]. Interestingly, the de novo
CIC-7 Y715C heterozygous mutation described in two unrelated children did not cause
ADO, but a pleiotropic syndrome including albinism, developmental delay, organomegaly,
and lysosomal storage [78]. Functional analysis of this mutation showed a gain-of-function
with much larger currents upon expression in Xenopus oocytes and a more acidic pH of
the lysosomes of patient-derived fibroblasts, which were also characterized by enlarged
cytoplasmic vacuoles [78]. It is instructive to compare these findings with some recent
discoveries highlighting the role of CIC-6, a late endosome CLC transporters closely related
to CIC-7 and with partially overlapping localization [98,99]. CIC-6 deficient mice lack an
obvious phenotype beside a very mild late onset neurodegeneration [91,98]. However,
the heterozygous Y533C mutation was recently found in three patients (all heterozygous)
affected by variable early-onset neurodegeneration with brainstem lesions and cortical or
cerebral atrophy, respectively [100]. This mutation results in a gain of function in terms
of transport current producing, when expressed in heterologous systems, a vacuolation
phenotype that is similar to the one observed in the Y715C in CIC-7. However, a critical dif-
ference between the two mutations is that they lead to opposite effects on the acidification
of the enlarged organelle which is increased in patient derived lysosomes with the Y715C
mutation in CIC-7 but decreased in lysosomes of cells transfected with the Y533C mutation
in CIC-6 [78,100]. Very recently, the CIC-6 mutation E200A was identified in patients with
early infantile epileptic encephalopathy West syndrome, and it has been found to impair
autophagy [101] similar to the effect of CIC-7 KO [96].

8. Structure-Function Analysis of C1C-7

Several functional analyses of disease causing mutations have been conducted
[7,11,78,102,103], and in combination with the very recent structures of the CIC-7/Ostm1
complex [5,6], this provides the opportunity to test if there is any correlation between
alterations of CIC-7 functional properties and the phenotype of the disease. The first obser-
vation that emerges from the mapping of ARO and ADO II mutations onto the structure
of CIC-7 is that there is no single hot-spot, and mutations are distributed throughout the
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whole protein. A general functional feature is that the mutations that cause osteopetrosis
often affect the activation kinetics, most probably through an effect on the common gate.
The term common gate refers to the mechanism that controls the level of transport activity
of CIC-7 in a voltage- and pH-dependent manner [14,104]. The attribute common describes
the fact that it simultaneously controls the activity of both monomers of the dimeric CIC-7
(reviewed in [1]). The molecular underpinning of the common gate is still unresolved but
it likely involves large conformational changes [105]. In particular, for CIC-7, it has been
shown that the common gate depends on the subunit interface and both the transmembrane
region and the cytoplasmic domains in the two monomers [104]. The wide distribution of
osteopetrosis mutations with effects on the common gate is consistent with the notion of a
large conformational change. In particular, the dimer interface between the CBS2 domains
is contributed by the polar amino acids 5753, R756, Lys759 and Asn774 from one monomer
and Ser744, Tyr746 and Asn776 from the other monomer [5], and they are either directly
involved in osteopetrosis, like Ser744, Tyr746 and S753, or are very close to residues that
when mutated cause osteopetrosis (see Table 1).

Table 1. List of disease-causing CLCN7 mutations.

Mutation Amino Acid Disease Current Current Lysosomal
Location Amplitude Activation Localization
. LgOP, N-terminus ARO normal normal normal [102]
(splice variant)

Y99C N-terminus ADOII [74]

R126H Helix B ARO reduced accelerated strongly [102]
(neurodegen.) reduced

W127G Helix B ADOTI [106]
L132P .

(L227del) Helix B ARO [72]
D145fs Helix B ARO [52]
D145G Helix B ADOII accelerated normal [107]
W179x Helix C ADOTII [52]
G203D Loop helix C-D IARO [76]
L213F Helix D ADOII normal accelerated [11,108]
N214S .

(R767P) Helix D ARO [72]
ADO IT and
G215R Helix D ADOII + renal ER retention [18,52,54,109,
o 110]
tubular acidosis
1224R .
(K691fs) Helix E IARO [71]
G240E .

(W127G) Helix E ARO [111]

G240R . ARO strongly
(A299E) Helix (neurodegen.) reduced reduced [11,102]
G240R .

(R526W) Helix E ARO [52]
G240R .

(L651P) Helix E ARO [72]
P249L Helix F ADOII [54,102]
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Mutation Amino Acid Disease Current Current Lysosomal
Location Amplitude Activation Localization

P249R .
(S744F) Helix F ARO [52]

1261F Helix F ARO [112]

R271x Loop helix F-G ARO [72]

R280C .

(splice variant) Loop helix F-G ARO [113]
R286Q Helix G ADOTI normal accelerated [11,52]
R286W Helix G ADOII [71,108]
V289L Helix G ADOII [114]
S290F Helix G ADOTII [106]
S290Y Helix G ADOII [71]
G292E . ARO

(R403Q) Helix G (neurodeg.) [60]

normal
V297M Helix G ARO strongly (increased [52,115]
reduced overall
expression)

. ARO strongly strongly
A299E Helix G (neurodegen.) reduced reduced [102,116]

. ADO1II/ARO strongly strongly
A299V Helix G (neurodegen.) reduced reduced [102]
E313K Helix H ADOTII [106]
A316G Loop helix H-I ADOII [106]
F318L Loop helix H-I ADOTI reduced normal [52,72]
F318S Loop helix H-I ADOTII [111]
W319R Loop helix H-I ADOII [71]
L323P Helix I ADOII normal accelerated normal [102]
R326G Helix I ADOII [71]
M332V .

(R767W) Helix I ARO [52]
G347R Helix I ADOII [71]
E374x

(in frame Loop helix I-] ARO [52]

insertion G306)

P376L Helix J ARO reduced accelerated strongly [102]
reduced
R403Q .

(G512R) Helix J ARO [72]
R409W Loop helix J-K ADOTI [117]
V418M Helix K ADOII [70]
Vva1sM Helix K TARO [70]

(R674Q)




Cells 2022, 11, 366

13 of 20

Table 1. Cont.

Mutation Amino Acid Disease Current Current Lysosomal
Location Amplitude Activation Localization

V418fs Helix K ARO [72]

P470L Loop helix K-L TARO [77]

P470Q Loop helix K-L IARO [76]

S473N Helix L ADOII [71]
Normal

L490F Helix M ADO reduced (reduced [11,52]
overall

expression)

C502Y .

(V577M) Helix M IARO [118]
A511T .

(G780W) Loop helix M-N ARO [102]

. ARO strongly
G521R Helix N (neurodegen.) reduced reduced [52]
R526Q Helix N ARO [72]
R526T Helix N ARO [72]
. strongly reduced

R526W Helix N ARO reduced ER retention [52]
L549P Helix O ARO [72]
Q555x .

(R762Q) Helix O ARO [7]
R561Q Loop Helix O-P ARO [119]
L564P Helix P ADOTI [71]

. ARO
P582H Helix Q (neurodegen.) reduced [102]
A590T Helix Q ARO normal [102]
L614P Loop helix
(Del exon 17) R-CBS1 ARO [52]
Loop helix
P619L R_CBS1 ARO reduced [52,115]
P634fs CBSs1 ARO [72]
L651P CBS1 ARO strongly normal [52]
reduced
R674Q CBS1 ADOII [70]
G677V CBS1 ADOII [52,54]
Loop
K689E CBS1.CBS2 ADOII [54]
K691E CBélO— OCPBSZ ADOII reduced slower reduced [102]
R712x Loop
(E730x) CBS1-CBS2 ARO [72]
Loop Lysosomal
Y715C CBS1-CBS2 storage + [78]

albinism
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Table 1. Cont.
Mutation Amino Acid Disease Current Current Lysosomal
Location Amplitude Activation Localization
Loop
G741R CBSI1-CBS2 ADOTI [106]
Loop
R743W CBS1.CBS2 ADOII [106]
Loop
S744F CBS1-CBS2 ARO normal [11,52]
Y746Q CBS2 ADO bovine accelerated normal [103]
S753W CBS2 ADOTI [111]
F758L CBS2 ADOII [72]
R762L CBS2 ADOII accelerated [11,108]
R762Q CBS2 ARO accelerated [7,11]
R762W
(splicing CBS2 ADO1II [72]
variant)
L766P CBS2 ARO [54]
normal
R767P CBS2 ARO strongly (reduced [11]
reduced overall
expression)
R767Q CBS2 ARO normal accelerated [11,52]
Normal
R767W CBS2 ADOTI Strongly (reduced [11,54]
reduced overall
expression)
R767W
(M332V) CBS2 ARO [52]
G780R ARO
(splice variant) CBS2 (neurodegen.) [102]
A788D CBS2 ADOII normal [11,73]
R791C CBS2 ARO normal accelerated strongly [102]
reduced
G796fs CBS2 ADOII accelerated [11,54]

The table indicates the amino acid location, the specific type of osteopetrosis (ARO, ADO II and IARO), the effect
of the mutation on the current amplitude and activation kinetics and on the lysosomal localization.

Additional residues involved in osteopetrosis and located at the dimer interface are in
the CBS1 domains like R674Q), G677V. Other residues in the transmembrane regions close
to the dimer interface are R126, P376. M332 and P582 (ARO) and W127 F318, W319 R326
and G347 (ADO 1II) (Figure 2). It is important to underscore that there are also some ARO,
and ADO II mutations located at the periphery of the dimers, or in any case far from the
dimer interface, like 1261 and R403 (ARO) and R409, V418 and 5473 (ADOII). Moreover,
ARO and ADO II mutations do not segregate, and in a few cases, mutation of the same
residue causes ARO or ADO II depending on the specific amino acid substitution (see
Table 1 and Figure 2). A specific structural feature of CIC-7 is that unlike the structures of
other CLC proteins, the N-terminus is resolved and contributes to the subunit interface
forming a loop with polar interactions with the transmembrane domain and the CBS2
domain [5]. The residue Y99 in this region is mutated to C in patients with ADO II [74],
and several mutations of this and nearby residues produce a marked acceleration of
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the gating kinetics [5]. Moreover, several osteopetrosis mutations involve residues that
form polar interactions between N-terminus, transmembrane domain and CBS2, like
R286Q), R762Q, R762L and R767Q [5,6]. From these findings, Zhang et al. concluded
that the common gate in CIC-7 relies on an extensive interaction among different protein
region, including the dimer interface, and that this increases the kinetic barrier for the
voltage activation of the common gate. In such a model, osteopetrosis mutations affecting
this interaction and decreasing the energy barrier would result in faster kinetics [5]. In
relation to the genotype-phenotype correlation of ARO, Di Zanni et al. observed that some
ARO mutations associated with neurodegeneration (R126H, A299V /E, P582H and G780R)
reduced lysosomal localization and produced no or little current when expressed at the
plasma membrane. In contrast to this, ARO mutations without neurodegeneration (L90P,
P376L, A511T, G780W /R, A590T and R791C) preserved ion transport activity [102]. While
these are interesting observations, it should be kept in mind that the protein localization
is often altered by overexpression in heterologous systems. Moreover, the mechanism of
dominance in ADO Il is not yet firmly established. It might derive from a dominant negative
effect of the mutated subunit on the kinetics of the dimeric protein (gain-of-function) similar
to the mechanism by which heterozygous mutations in the muscle channel CIC-1 cause
dominant (Thomsen) myotonia [120]. However, the dominant effect could be exerted also
through a loss-of-function, by hampering the correct localization of the dimer or its stability.
For example, while the mutations R762Q [11] and Y746Q [103] both cause an accelerated
kinetics, for R762Q), the protein was unstable in patient-derived fibroblasts [7], whereas
Y746Q has normal expression level and lysosomal localization [103]. Another layer of
complications might be conferred by the discovery that CIC-7 binds ATP and lipids [6]. In
this respect, it is interesting to note that several mutations leading to osteopetrosis (Gly765,
Leu766, Arg767) map on CBS2 near the ATP-binding site [6] (Table 1 and Figure 2). It is
possible to speculate that the different phenotypes of R767 mutations, with R767P and
R767W displaying almost no functional activity and R767Q displaying faster activation
kinetics might be due to a different impact of the mutations on gating and/or ATP binding.
Mutation of Tyr715, located near the PI3P binding site, causes a novel lipid storage disease
without osteopetrosis [78]. At the functional level the mutation produces a gain-of-function
with increased current level and hyper-acidification of the lysosomes, but no major changes
in current kinetics. In conclusion, the mechanism explaining why both gain-of-function
and loss-of-function mutations of CIC-7 cause osteopetrosis and why mutations affecting
the common gate cause both ARO and ADO remains to be elucidated. The great progress
achieved in the electrophysiological investigation of CIC-7 when expressed at the plasma
membrane will be ideally combined in the future with techniques that allow to study its
properties in its physiological location, the lysosomal membrane, to better understand its
contribution to the organellar ionic homeostasis.

Funding: This research received no external funding.

Conflicts of Interest: The author declares no conflict of interest.

1. Jentsch, T.]J.; Pusch, M. CLC Chloride Channels and Transporters: Structure, Function, Physiology, and Disease. Physiol. Rev. 2018,

98, 1493-1590. [CrossRef]

2. Zifarelli, G.; Pusch, M. CLC chloride channels and transporters: A biophysical and physiological perspective. Rev. Physiol.
Biochem. Pharmacol. 2006, 158, 23-76. [CrossRef]
3. Brandt, S.; Jentsch, T. CIC-6 and CIC-7 are two novel broadly expressed members of the CLC chloride channel family. FEBS Lett.

1995, 377, 15-20. [CrossRef]

4.  Zifarelli, G.; Pusch, M. CLC transport proteins in plants. FEBS Lett. 2009, 584, 2122-2127. [CrossRef] [PubMed]

5. Zhang, S.; Liu, Y.;; Zhang, B.; Zhou, J.; Li, T,; Liu, Z; Li, Y.; Yang, M. Molecular insights into the human CLC-7/Ostm1 transporter.
Sci. Adv. 2020, 6, eabb4747. [CrossRef] [PubMed]

6. Schrecker, M.; Korobenko, J.; Hite, R.K. Cryo-EM structure of the lysosomal chloride-proton exchanger CLC-7 in complex with
OSTML. eLife 2020, 9, 9. [CrossRef] [PubMed]


http://doi.org/10.1152/physrev.00047.2017
http://doi.org/10.1007/112_2006_0605
http://doi.org/10.1016/0014-5793(95)01298-2
http://doi.org/10.1016/j.febslet.2009.12.042
http://www.ncbi.nlm.nih.gov/pubmed/20036660
http://doi.org/10.1126/sciadv.abb4747
http://www.ncbi.nlm.nih.gov/pubmed/32851177
http://doi.org/10.7554/eLife.59555
http://www.ncbi.nlm.nih.gov/pubmed/32749217

Cells 2022, 11, 366 16 of 20

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.
25.

26.

27.

28.
29.

30.

31.

32.
33.

34.

Kornak, U.; Kasper, D.; Bosl, M.R,; Kaiser, E.; Schweizer, M.; Schulz, A.; Friedrich, W.; Delling, G.; Jentsch, T.]. Loss of the CIC-7
Chloride Channel Leads to Osteopetrosis in Mice and Man. Cell 2001, 104, 205-215. [CrossRef]

Kasper, D.; Planells-Cases, R.; Fuhrmann, J.; Scheel, O.; Zeitz, O.; Ruether, K.; Schmitt, A.; Poét, M.; Steinfeld, R.; Schweizer, M.;
et al. Loss of the chloride channel CIC-7 leads to lysosomal storage disease and neurodegeneration. EMBO ]. 2005, 24, 1079-1091.
[CrossRef] [PubMed]

Fuhrmann, J.C.; Lange, P.F.; Wartosch, L.; Jentsch, T.J. CIC-7 requires Ostm1 as a beta-subunit to support bone resorption and
lysosomal function. GBM Annu. Spring Meet. Mosb. 2007, 2007, 220-223. [CrossRef]

Chalhoub, N.; Benachenhou, N.; Rajapurohitam, V.; Pata, M.; Ferron, M.; Frattini, A.; Villa, A.; Vacher, J. Grey-lethal mutation
induces severe malignant autosomal recessive osteopetrosis in mouse and human. Nat. Med. 2003, 9, 399-406. [CrossRef]
[PubMed]

Leisle, L.; Ludwig, C.F.; Wagner, F.A.; Jentsch, T].; Stauber, T. CIC-7 is a slowly voltage-gated 2Cl(-)/ 1H(+)-exchanger and requires
Ostm1 for transport activity. EMBO . 2011, 30, 2140-2152. [CrossRef]

Graves, A.R,; Curran, PK; Smith, C.L.; Mindell, ].A. The Cl-/H+ antiporter CIC-7 is the primary chloride permeation pathway in
lysosomes. Nature 2008, 453, 788-792. [CrossRef] [PubMed]

Weinert, S.; Jabs, S.; Supanchart, C.; Schweizer, M.; Gimber, N.; Richter, M.; Rademann, J.; Stauber, T.; Kornak, U.; Jentsch, T.J.
Lysosomal Pathology and Osteopetrosis upon Loss of H + -Driven Lysosomal Cl—Accumulation. Science 2010, 328, 1401-1403.
[CrossRef]

Zifarelli, G. A tale of two CLCs: Biophysical insights toward understanding CIC-5 and CIC-7 function in endosomes and
lysosomes. J. Physiol. 2015, 593, 4139-4150. [CrossRef]

Wartosch, L.; Fuhrmann, J.C.; Schweizer, M.; Stauber, T.; Jentsch, T.J. Lysosomal degradation of endocytosed proteins depends on
the chloride transport protein CIC-7. FASEB J. 2009, 23, 4056—4068. [CrossRef] [PubMed]

Bose, S.; He, H.; Stauber, T. Neurodegeneration Upon Dysfunction of Endosomal/Lysosomal CLC Chloride Transporters. Front.
Cell Dev. Biol. 2021, 9, 639231. [CrossRef]

Dambkier, H.H.; Christensen, H.L.; Christensen, I.B.; Wu, Q.; Fenton, R.A.; Praetorius, J. The murine choroid plexus epithelium
expresses the 2CI(-) /H(+) exchanger CIC-7 and Na(+)/H(+) exchanger NHE6 in the luminal membrane domain. Am. J. Physiol.
Cell Physiol. 2018, 314, C439—-C448. [CrossRef]

Piret, S.; Gorvin, C.; Trinh, A.; Taylor, J.; Lise, S.; Taylor, ].C.; Ebeling, P.R.; Thakker, R.V. Autosomal dominant osteopetrosis
associated with renal tubular acidosis is due to a CLCN7 mutation. Am. J. Med. Genet. Part A 2016, 170, 2988-2992. [CrossRef]
[PubMed]

Majumdar, A.; Capetillo-Zarate, E.; Cruz, D.; Gouras, G.K.; Maxfield, F.R. Degradation of Alzheimer’s amyloid fibrils by microglia
requires delivery of CIC-7 to lysosomes. Mol. Biol. Cell 2011, 22, 1664-1676. [CrossRef]

Dutzler, R.; Campbell, E.B.; Cadene, M.; Chait, B.T.; MacKinnon, R. X-ray structure of a CIC chloride channel at 3.0 A reveals the
molecular basis of anion selectivity. Nature 2002, 415, 287-294. [CrossRef] [PubMed]

Dutzler, R.; Campbell, E.B.; MacKinnon, R. Gating the Selectivity Filter in CIC Chloride Channels. Science 2003, 300, 108-112.
[CrossRef]

Feng, L.; Campbell, E.B.; Hsiung, Y.; MacKinnon, R. Structure of a Eukaryotic CLC Transporter Defines an Intermediate State in
the Transport Cycle. Science 2010, 330, 635-641. [CrossRef]

Park, E.; Campbell, E.B.; MacKinnon, E.P.E.B.C.R. Structure of a CLC chloride ion channel by cryo-electron microscopy. Nat. Cell
Biol. 2017, 541, 500-505. [CrossRef]

Park, E.; MacKinnon, R. Structure of the CLC-1 chloride channel from Homo sapiens. eLife 2018, 7, e36629. [CrossRef]

Wang, K.; Preisler, S.S.; Zhang, L.; Cui, Y.; Missel, ] W.; Grenberg, C.; Gotfryd, K.; Lindahl, E.; Andersson, M.; Calloe, K ; et al.
Structure of the human CIC-1 chloride channel. PLoS Biol. 2019, 17, €3000218. [CrossRef]

Han, W.; Cheng, R.C.; Maduke, M.C.; Tajkhorshid, E. Water access points and hydration pathways in CLC H+/ClI- transporters.
Proc. Natl. Acad. Sci. USA 2014, 111, 1819-1824. [CrossRef]

Leisle, L.; Xu, Y.; Fortea, E.; Lee, S.; Galpin, ].D.; Vien, M.; Ahern, C.A.; Accardi, A.; Berneche, S. Divergent Cl- and H+ pathways
underlie transport coupling and gating in CLC exchangers and channels. eLife 2020, 9, 9. [CrossRef]

Wang, D.; Voth, G.A. Proton transport pathway in the CIC CI-/H+ antiporter. Biophys. J. 2009, 97, 121-131. [CrossRef]

Meyer, S.; Savaresi, S.; Forster, I.C.; Dutzler, R. Nucleotide recognition by the cytoplasmic domain of the human chloride
transporter CIC-5. Nat. Struct. Mol. Biol. 2007, 14, 60—-67. [CrossRef]

Accardi, A.; Miller, C. Secondary active transport mediated by a prokaryotic homologue of CIC CI- channels. Nature 2004, 427,
803-807. [CrossRef]

Zifarelli, G.; Pusch, M. Conversion of the 2 CI(-)/1 H(+) antiporter CIC-5 in a NO(3)(-)/H(+) antiporter by a single point mutation.
Embo. . 2009, 28, 175-182. [CrossRef]

Miller, C.J. CIC chloride channels viewed through a transporter lens. Nature 2006, 440, 484-489. [CrossRef]

Gadsby, D.C. Ion channels versus ion pumps: The principal difference, in principle. Nat. Rev. Mol. Cell Biol. 2009, 10, 344-352.
[CrossRef]

Accardi, A.; Walden, M.; Nguitragool, W.; Jayaram, H.; Williams, C.; Miller, C. Separate ion pathways in a Cl-/H+ exchanger. J.
Gen. Physiol. 2005, 126, 563-570. [CrossRef]


http://doi.org/10.1016/S0092-8674(01)00206-9
http://doi.org/10.1038/sj.emboj.7600576
http://www.ncbi.nlm.nih.gov/pubmed/15706348
http://doi.org/10.1240/sav_gbm_2007_m_001701
http://doi.org/10.1038/nm842
http://www.ncbi.nlm.nih.gov/pubmed/12627228
http://doi.org/10.1038/emboj.2011.137
http://doi.org/10.1038/nature06907
http://www.ncbi.nlm.nih.gov/pubmed/18449189
http://doi.org/10.1126/science.1188072
http://doi.org/10.1113/JP270604
http://doi.org/10.1096/fj.09-130880
http://www.ncbi.nlm.nih.gov/pubmed/19661288
http://doi.org/10.3389/fcell.2021.639231
http://doi.org/10.1152/ajpcell.00145.2017
http://doi.org/10.1002/ajmg.a.37755
http://www.ncbi.nlm.nih.gov/pubmed/27540713
http://doi.org/10.1091/mbc.e10-09-0745
http://doi.org/10.1038/415287a
http://www.ncbi.nlm.nih.gov/pubmed/11796999
http://doi.org/10.1126/science.1082708
http://doi.org/10.1126/science.1195230
http://doi.org/10.1038/nature20812
http://doi.org/10.7554/eLife.36629
http://doi.org/10.1371/journal.pbio.3000218
http://doi.org/10.1073/pnas.1317890111
http://doi.org/10.7554/eLife.51224
http://doi.org/10.1016/j.bpj.2009.04.038
http://doi.org/10.1038/nsmb1188
http://doi.org/10.1038/nature02314
http://doi.org/10.1038/emboj.2008.284
http://doi.org/10.1038/nature04713
http://doi.org/10.1038/nrm2668
http://doi.org/10.1085/jgp.200509417

Cells 2022, 11, 366 17 of 20

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Lim, H.H.; Shane, T.; Miller, C. Intracellular proton access in a CI(-) /H(+) antiporter. PLoS Biol. 2012, 10, e1001441. [CrossRef]
Chavan, T.S.; Cheng, R.C.; Jiang, T.; Mathews, LL; Stein, R.A.; Koehl, A.; Mchaourab, H.S.; Tajkhorshid, E.; Maduke, M. A CLC-ecl
mutant reveals global conformational change and suggests a unifying mechanism for the CLC CI(-)/H(+) transport cycle. eLife
2020, 9, €53479. [CrossRef]

Picollo, A.; Malvezzi, M.; Houtman, J.; Accardi, A. Basis of substrate binding and conservation of selectivity in the CLC family of
channels and transporters. Nat. Struct. Mol. Biol. 2009, 16, 1294-1301. [CrossRef]

Bergsdorf, E.-Y.; Zdebik, A.A.; Jentsch, T.J. Residues Important for Nitrate/Proton Coupling in Plant and Mammalian CLC
Transporters. J. Biol. Chem. 2009, 284, 11184-11193. [CrossRef]

Feng, L.; Campbell, E.B.; MacKinnon, R. Molecular mechanism of proton transport in CLC Cl-/H+ exchange transporters. Proc.
Natl. Acad. Sci. USA. 2012, 109, 11699-11704. [CrossRef]

Stauber, T.; Jentsch, T.J. Sorting Motifs of the Endosomal/Lysosomal CLC Chloride Transporters. ]. Biol. Chem. 2010, 285,
34537-34548. [CrossRef]

Pusch, M,; Zifarelli, G. Large transient capacitive currents in wild-type lysosomal Cl-/H+ antiporter CIC-7 and residual transport
activity in the proton glutamate mutant E312A. J. Gen. Physiol. 2021, 153, €202012583. [CrossRef]

Zdebik, A.A,; Zifarelli, G.; Bergsdorf, E.-Y.; Soliani, P; Scheel, O.; Jentsch, T.; Pusch, M. Determinants of Anion-Proton Coupling
in Mammalian Endosomal CLC Proteins. |. Biol. Chem. 2008, 283, 4219-4227. [CrossRef]

Neagoe, I; Stauber, T.; Fidzinski, P; Bergsdorf, E.-Y.; Jentsch, T.J. The Late Endosomal CIC-6 Mediates Proton/Chloride
Countertransport in Heterologous Plasma Membrane Expression. J. Biol. Chem. 2010, 285, 21689-21697. [CrossRef]

Guzman, R.E.; Grieschat, M.; Fahlke, C.; Alekov, A K. CIC-3 Is an Intracellular Chloride/Proton Exchanger with Large Voltage-
Dependent Nonlinear Capacitance. ACS Chem. Neurosci. 2013, 4, 994-1003. [CrossRef]

Weinert, S.; Jabs, S.; Hohensee, S.; Chan, W.L.; Kornak, U.; Jentsch, T.J. Transport activity and presence of CIC-7/Ostm1 complex
account for different cellular functions. EMBO Rep. 2014, 15, 784-791. [CrossRef]

Smith, A.J.; Lippiat, J.D. Voltage-dependent charge movement associated with activation of the CLC-5 2Cl-/1H+ exchanger. Faseb.
J. 2010, 24, 3696-3705. [CrossRef]

Alekov, A.; Fahlke, C. Channel-like slippage modes in the human anion/proton exchanger CIC-4. J. Gen. Physiol. 2009, 133,
485-496. [CrossRef]

Zifarelli, G.; De Stefano, S.; Zanardji, I.; Pusch, M. On the Mechanism of Gating Charge Movement of CIC-5, a Human Cl—/H+
Antiporter. Biophys. J. 2012, 102, 2060-2069. [CrossRef]

De Stefano, S.; Pusch, M; Zifarelli, G. A single point mutation reveals gating of the human CIC-5 Cl-/H+ antiporter. J. Physiol.
2013, 591, 5879-5893. [CrossRef]

Sobacchi, C.; Schulz, A.; Coxon, EP; Villa, A.; Helfrich, M.H. Osteopetrosis: Genetics, treatment and new insights into osteoclast
function. Nat. Rev. Endocrinol. 2013, 9, 522-536. [CrossRef]

Henriksen, K.; Bollerslev, J.; Everts, V.; Karsdal, M.A. Osteoclast Activity and Subtypes as a Function of Physiology and
Pathology—Implications for Future Treatments of Osteoporosis. Endocr. Rev. 2011, 32, 31-63. [CrossRef]

Frattini, A.; Pangrazio, A.; Susani, L.; Sobacchi, C.; Mirolo, M.; Abinun, M.; Andolina, M.; Flanagan, A.; Horwitz, E.M.; Mihci, E.;
et al. Chloride Channel CICN7 Mutations Are Responsible for Severe Recessive, Dominant, and Intermediate Osteopetrosis. J.
Bone Miner. Res. 2003, 18, 1740-1747. [CrossRef]

Balemans, W.; Van Wesenbeeck, L.; Van Hul, W. A Clinical and Molecular Overview of the Human Osteopetroses. Calcif. Tissue
Int. 2005, 77, 263-274. [CrossRef]

Cleiren, E.; Bénichou, O.; Van Hul, E.; Gram, J.; Bollerslev, J.; Singer, ER.; Beaverson, K.; Aledo, A.; Whyte, M.P.; Yoneyama, T.;
et al. Albers-Schonberg disease (autosomal dominant osteopetrosis, type II) results from mutations in the CICN7 chloride channel
gene. Hum. Mol. Genet. 2001, 10, 2861-2867. [CrossRef] [PubMed]

Benichou, O.D.; Bénichou, B.; Copin, H.; De Vernejoul, M.C.; Van Hul, W. Further Evidence for Genetic Heterogeneity Within
Type II Autosomal Dominant Osteopetrosis. J. Bone Miner. Res. 2000, 15, 1900-1904. [CrossRef]

Bollerslev, J.; Andersen, P. Radiological, biochemical and hereditary evidence of two types of autosomal dominant osteopetrosis.
Bone 1988, 9, 7-13. [CrossRef]

Maurizi, A.; Capulli, M.; Curle, A,; Patel, R.; Ucci, A.; Cortes, J.A.; Oxford, H.; Lamandé, S.R.; Bateman, J.F,; Rucci, N.; et al. Extra-
skeletal manifestations in mice affected by Clen7-dependent autosomal dominant osteopetrosis type 2 clinical and therapeutic
implications. Bone Res. 2019, 7, 17. [CrossRef] [PubMed]

Kida, Y.; Uchida, S.; Miyazaki, H.; Sasaki, S.; Marumo, F. Localization of mouse CLC-6 and CLC-7 mRNA and their functional
complementation of yeast CLC gene mutant. Histochem. Cell Biol. 2001, 115, 189-194. [CrossRef]

Hiroyama, Y.; Miike, T.; Sugino, S.; Taku, K. Creatine kinase brain isoenzyme in infantile osteopetrosis. Pediatr. Neurol. 1987, 3,
54-57. [CrossRef]

Rossler, U.; Hennig, A.F,; Stelzer, N.; Bose, S.; Kopp, J.; See, K.; Cyganek, L.; Zifarelli, G.; Ali, S.; von der Hagen, M.; et al. Efficient
generation of osteoclasts from human induced pluripotent stem cells and functional investigations of lethal CLCN7 -related
osteopetrosis. J. Bone Miner. Res. 2021, 36, 1621-1635. [CrossRef]

Teinert, J.; Behne, R.; Wimmer, M.; Ebrahimi-Fakhari, D. Novel insights into the clinical and molecular spectrum of congenital
disorders of autophagy. J. Inherit. Metab. Dis. 2019, 43, 51-62. [CrossRef] [PubMed]


http://doi.org/10.1371/journal.pbio.1001441
http://doi.org/10.7554/eLife.53479
http://doi.org/10.1038/nsmb.1704
http://doi.org/10.1074/jbc.M901170200
http://doi.org/10.1073/pnas.1205764109
http://doi.org/10.1074/jbc.M110.162545
http://doi.org/10.1085/jgp.202012583
http://doi.org/10.1074/jbc.M708368200
http://doi.org/10.1074/jbc.M110.125971
http://doi.org/10.1021/cn400032z
http://doi.org/10.15252/embr.201438553
http://doi.org/10.1096/fj.09-150649
http://doi.org/10.1085/jgp.200810155
http://doi.org/10.1016/j.bpj.2012.03.067
http://doi.org/10.1113/jphysiol.2013.260240
http://doi.org/10.1038/nrendo.2013.137
http://doi.org/10.1210/er.2010-0006
http://doi.org/10.1359/jbmr.2003.18.10.1740
http://doi.org/10.1007/s00223-005-0027-6
http://doi.org/10.1093/hmg/10.25.2861
http://www.ncbi.nlm.nih.gov/pubmed/11741829
http://doi.org/10.1359/jbmr.2000.15.10.1900
http://doi.org/10.1016/8756-3282(88)90021-X
http://doi.org/10.1038/s41413-019-0055-x
http://www.ncbi.nlm.nih.gov/pubmed/31231577
http://doi.org/10.1007/s004180000245
http://doi.org/10.1016/0887-8994(87)90057-9
http://doi.org/10.1002/jbmr.4322
http://doi.org/10.1002/jimd.12084
http://www.ncbi.nlm.nih.gov/pubmed/30854657

Cells 2022, 11, 366 18 of 20

62.

63.

64.

65.

66.

67.

68.

69.
70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Ryter, S.W.; Bhatia, D.; Choi, M.E. Autophagy: A Lysosome-Dependent Process with Implications in Cellular Redox Homeostasis
and Human Disease. Antioxid. Redox Signal. 2019, 30, 138-159. [CrossRef]

Pata, M.; Vacher, J. Ostm1 Bifunctional Roles in Osteoclast Maturation: Insights From a Mouse Model Mimicking a Human
OSTM1 Mutation. J. Bone Miner. Res. 2018, 33, 888-898. [CrossRef] [PubMed]

Neutzsky-Wulff, A.; Sims, N.; Supanchart, C.; Kornak, U.; Felsenberg, D.; Poulton, I.; Martin, T.; Karsdal, M.; Henriksen, K. Severe
developmental bone phenotype in CIC-7 deficient mice. Dev. Biol. 2010, 344, 1001-1010. [CrossRef] [PubMed]

Sobacchi, C.; Villa, A.; Schulz, A.; Kornak, U. CLCN7-related Osteopetrosis. In GeneReviews(R); Pagon, R.A., Adam, M.P,, Ardinger,
H.H., Wallace, S.E., Amemiya, A., Bean, L.J.H., Bird, T.D., Ledbetter, N., Mefford, H.C., Smith, R.J.H., et al., Eds.; University of
Washington: Seattle, WA, USA, 2022.

Pangrazio, A.; Poliani, P.L.; Megarbane, A.; Lefranc, G.; Lanino, E.; Di Rocco, M.; Rucci, E; Lucchini, F.; Ravanini, M.; Facchetti, F;
et al. Mutations in OSTM1 (Grey Lethal) Define a Particularly Severe Form of Autosomal Recessive Osteopetrosis With Neural
Involvement. |. Bone Miner. Res. 2006, 21, 1098-1105. [CrossRef]

Gerritsen, E.J.; Vossen, ].M.; Van Loo, I.H.; Hermans, J.; Helfrich, M.H.; Griscelli, C.; Fischer, A. Autosomal recessive osteopetrosis:
Variability of findings at diagnosis and during the natural course. Pediatrics 1994, 93, 247-253. [CrossRef]

Mazzolari, E.; Forino, C.; Razza, A.; Porta, F; Villa, A.; Notarangelo, L.D. A single-center experience in 20 patients with infantile
malignant osteopetrosis. Am. J. Hematol. 2009, 84, 473-479. [CrossRef] [PubMed]

Teti, A.; Econs, M.]. Osteopetroses, emphasizing potential approaches to treatment. Bone 2017, 102, 50-59. [CrossRef]
Campos-Xavier, A.B.; Casanova, ].-L.; Doumaz, Y.; Feingold, ].; Munnich, A.; Cormier-Daire, V. Intrafamilial phenotypic variability
of osteopetrosis due to chloride channel 7 (CLCN7) mutations. Am. . Med Genet. Part A 2005, 133A, 216-218. [CrossRef]

Pang, Q.; Chi, Y.,; Zhao, Z.; Xing, X.; Li, M.; Wang, O.; Jiang, Y.; Liao, R.; Sun, Y.; Dong, J.; et al. Novel mutations of CLCN7
cause autosomal dominant osteopetrosis type II (ADO-II) and intermediate autosomal recessive osteopetrosis (IARO) in Chinese
patients. Osteoporos. Int. 2015, 27, 1047-1055. [CrossRef] [PubMed]

Pangrazio, A.; Pusch, M.; Caldana, E.; Frattini, A.; Lanino, E.; Tamhankar, PM.; Phadke, S.; Lopez, A.G.M.; Orchard, P.; Mihci, E.;
et al. Molecular and clinical heterogeneity in CLCN7-dependent osteopetrosis: Report of 20 novel mutations. Hum. Mutat. 2010,
31, E1071-E1080. [CrossRef]

Letizia, C.; Taranta, A.; Migliaccio, S.; Caliumi, C.; Diacinti, D.; Delfini, E.; D’Erasmo, E.; Iacobini, M.; Roggini, M.; Albagha,
O.M.E;; et al. Type II Benign Osteopetrosis (Albers-Schénberg Disease) Caused by a Novel Mutation in CLCN7 Presenting with
Unusual Clinical Manifestations. Calcif. Tissue Int. 2003, 74, 42—46. [CrossRef] [PubMed]

Del Fattore, A.; Peruzzi, B.; Rucci, N.; Recchia, I.; Cappariello, A.; Longo, M.; Fortunati, D.; Ballanti, P.; lacobini, M.; Luciani, M.;
et al. Clinical, genetic, and cellular analysis of 49 osteopetrotic patients: Implications for diagnosis and treatment. J. Med Genet.
2005, 43, 315-325. [CrossRef] [PubMed]

Waguespack, S.G.; Hui, S.L.; DiMeglio, L.; Econs, M. Autosomal Dominant Osteopetrosis: Clinical Severity and Natural History
of 94 Subjects with a Chloride Channel 7 Gene Mutation. . Clin. Endocrinol. Metab. 2007, 92, 771-778. [CrossRef]
Campos-Xavier, A.; Saraiva, ].M.; Ribeiro, L.M.; Munnich, A.; Cormier-Daire, V. Chloride channel 7 (CLCN7) gene mutations in
intermediate autosomal recessive osteopetrosis. Hum. Genet. 2003, 112, 186-189. [CrossRef] [PubMed]

Xue, Y.; Wang, W.; Mao, T.; Duan, X. Report of two Chinese patients suffering from CLCN7-related osteopetrosis and root
dysplasia. J. Cranio-Maxillofac. Surg. 2012, 40, 416-420. [CrossRef] [PubMed]

Nicoli, E.-R.; Weston, M.R.; Hackbarth, M.; Becerril, A.; Larson, A.; Zein, W.M.; Baker, P.R.; Burke, ].D.; Dorward, H.; Davids, M.;
et al. Lysosomal Storage and Albinism Due to Effects of a De Novo CLCNY7 Variant on Lysosomal Acidification. Am. J. Hum.
Genet. 2019, 104, 1127-1138. [CrossRef]

Xu, H.; Ren, D. Lysosomal Physiology. Annu. Rev. Physiol. 2015, 77, 57-80. [CrossRef]

Li, P; Gu, M,; Xu, H. Lysosomal Ion Channels as Decoders of Cellular Signals. Trends Biochem. Sci. 2019, 44, 110-124. [CrossRef]
Ishida, Y.; Nayak, S.; Mindell, ].A.; Grabe, M. A model of lysosomal pH regulation. J. Gen. Physiol. 2013, 141, 705-720. [CrossRef]
Astaburuaga, R.; Haro, O.D.Q.; Stauber, T.; Rel6gio, A. A Mathematical Model of Lysosomal Ion Homeostasis Points to Differential
Effects of Cl— Transport in Ca2+ Dynamics. Cells 2019, 8, 1263. [CrossRef]

Steinberg, B.E.; Huynh, K.K.; Brodovitch, A.; Jabs, S.; Stauber, T.; Jentsch, T.J.; Grinstein, S. A cation counterflux supports
lysosomal acidification. J. Cell Biol. 2010, 189, 1171-1186. [CrossRef] [PubMed]

Van Dyke, R.W. Acidification of rat liver lysosomes: Quantitation and comparison with endosomes. Am. J. Physiol. Content 1993,
265,901-917. [CrossRef] [PubMed]

Moriyama, Y. Potassium ion dependent proton efflux and depolarization from spleen lysosomes. Biochem. Biophys. Res. Commun.
1988, 156, 211-216. [CrossRef]

Marcoline, F; Ishida, Y.; Mindell, J.; Nayak, S.; Grabe, M. A mathematical model of osteoclast acidification during bone resorption.
Bone 2016, 93, 167-180. [CrossRef] [PubMed]

Alam, I; Gray, A K,; Chu, K,; Ichikawa, S.; Mohammad, K.S.; Capannolo, M.; Capulli, M.; Maurizi, A.; Muraca, M.; Teti, A ; et al.
Generation of the first autosomal dominant osteopetrosis type II (ADO2) disease models. Bone 2014, 59, 66-75. [CrossRef]
Caetano-Lopes, J.; Lessard, S.; Hann, S.; Espinoza, K.; Kang, K.; Lim, K.; Horan, D.; Noonan, H.; Hu, D.; Baron, R; et al.
Clen7F318L/ + as a new mouse model of Albers-Schonberg disease. Bone 2017, 105, 253-261. [CrossRef] [PubMed]

Chu, K;; Koller, D.L,; Snyder, R.; Fishburn, T.; Lai, D.; Waguespack, S.G.; Foroud, T.; Econs, M.J. Analysis of variation in expression
of autosomal dominant osteopetrosis type 2: Searching for modifier genes. Bone 2005, 37, 655-661. [CrossRef] [PubMed]


http://doi.org/10.1089/ars.2018.7518
http://doi.org/10.1002/jbmr.3378
http://www.ncbi.nlm.nih.gov/pubmed/29297601
http://doi.org/10.1016/j.ydbio.2010.06.018
http://www.ncbi.nlm.nih.gov/pubmed/20599900
http://doi.org/10.1359/jbmr.060403
http://doi.org/10.1542/peds.93.2.247
http://doi.org/10.1002/ajh.21447
http://www.ncbi.nlm.nih.gov/pubmed/19507210
http://doi.org/10.1016/j.bone.2017.02.002
http://doi.org/10.1002/ajmg.a.30490
http://doi.org/10.1007/s00198-015-3320-x
http://www.ncbi.nlm.nih.gov/pubmed/26395888
http://doi.org/10.1002/humu.21167
http://doi.org/10.1007/s00223-002-1087-5
http://www.ncbi.nlm.nih.gov/pubmed/14564431
http://doi.org/10.1136/jmg.2005.036673
http://www.ncbi.nlm.nih.gov/pubmed/16118345
http://doi.org/10.1210/jc.2006-1986
http://doi.org/10.1007/s00439-002-0861-9
http://www.ncbi.nlm.nih.gov/pubmed/12522560
http://doi.org/10.1016/j.jcms.2011.07.014
http://www.ncbi.nlm.nih.gov/pubmed/21962762
http://doi.org/10.1016/j.ajhg.2019.04.008
http://doi.org/10.1146/annurev-physiol-021014-071649
http://doi.org/10.1016/j.tibs.2018.10.006
http://doi.org/10.1085/jgp.201210930
http://doi.org/10.3390/cells8101263
http://doi.org/10.1083/jcb.200911083
http://www.ncbi.nlm.nih.gov/pubmed/20566682
http://doi.org/10.1152/ajpcell.1993.265.4.C901
http://www.ncbi.nlm.nih.gov/pubmed/8238315
http://doi.org/10.1016/S0006-291X(88)80826-X
http://doi.org/10.1016/j.bone.2016.09.007
http://www.ncbi.nlm.nih.gov/pubmed/27650914
http://doi.org/10.1016/j.bone.2013.10.021
http://doi.org/10.1016/j.bone.2017.09.007
http://www.ncbi.nlm.nih.gov/pubmed/28942122
http://doi.org/10.1016/j.bone.2005.06.003
http://www.ncbi.nlm.nih.gov/pubmed/16120485

Cells 2022, 11, 366 19 of 20

90.
91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

Steward, C.G. Neurological aspects of osteopetrosis. Neuropathol. Appl. Neurobiol. 2003, 29, 87-97. [CrossRef]

Pressey, S.N.; O’Donnell, K.J.; Stauber, T.; Fuhrmann, J.C.; Tyyneld, ]J.; Jentsch, T.J.; Cooper, ]J.D. Distinct neuropathologic
phenotypes after disrupting the chloride transport proteins CIC-6 or CIC-7/Ostm1. ]. Neuropathol. Exp. Neurol. 2010, 69,
1228-1246. [CrossRef]

Ohmi, K.; Greenberg, D.S.; Rajavel, K.S; Ryazantsev, S.; Li, H.H.; Neufeld, E.F. Activated microglia in cortex of mouse models of
mucopolysaccharidoses I and IIIB. Proc. Natl. Acad. Sci. USA 2003, 100, 1902-1907. [CrossRef]

Wada, R.; Tifft, C.].; Proia, R.L. Microglial activation precedes acute neurodegeneration in Sandhoff disease and is suppressed by
bone marrow transplantation. Proc. Natl. Acad. Sci. USA 2000, 97, 10954-10959. [CrossRef]

Kornak, U.; Schulz, A.; Friedrich, W.; Uhlhaas, S.; Kremens, B.; Voit, T.; Hasan, C.; Bode, U.; Jentsch, T.J.; Kubisch, C. Mutations
in the a3 subunit of the vacuolar H(+)-ATPase cause infantile malignant osteopetrosis. Hum. Mol. Genet. 2000, 9, 2059-2063.
[CrossRef]

Frattini, A.; Orchard, PJ.; Sobacchi, C.; Giliani, S.; Abinun, M.; Mattsson, ].P; Keeling, D.J.; Andersson, A.-K.; Wallbrandt, P.; Zecca,
L.; et al. Defects in TCIRG1 subunit of the vacuolar proton pump are responsible for a subset of human autosomal recessive
osteopetrosis. Nat. Genet. 2000, 25, 343-346. [CrossRef]

Wartosch, L.; Stauber, T. A role for chloride transport in lysosomal protein degradation. Autophagy 2010, 6, 158-159. [CrossRef]
[PubMed]

Prinetti, A.; Rocchetta, F.; Costantino, E.; Frattini, A.; Caldana, E.; Rucci, F; Bettiga, A.; Poliani, P.L.; Chigorno, V.; Sonnino, S.
Brain lipid composition in grey-lethal mutant mouse characterized by severe malignant osteopetrosis. Glycoconj. J. 2008, 26,
623-633. [CrossRef] [PubMed]

Poet, M.; Kornak, U.; Schweizer, M.; Zdebik, A.A.; Scheel, O.; Hoelter, S.; Wurst, W.; Schmitt, A.; Fuhrmann, J.; Planells-Cases, R.;
et al. Lysosomal storage disease upon disruption of the neuronal chloride transport protein CIC-6. Proc. Natl. Acad. Sci. USA
2006, 103, 13854-13859. [CrossRef]

Stauber, T.; Weinert, S.; Jentsch, T.J. Cell Biology and Physiology of CLC Chloride Channels and Transporters. Compr. Physiol.
2012, 2, 1701-1744. [CrossRef]

Polovitskaya, M.M.; Barbini, C.; Martinelli, D.; Harms, FL.; Cole, ES.; Calligari, P.; Bocchinfuso, G.; Stella, L.; Ciolfi, A.; Niceta,
M.; et al. A Recurrent Gain-of-Function Mutation in CLCN6, Encoding the CIC-6 Cl—/H+-Exchanger, Causes Early-Onset
Neurodegeneration. Am. . Hum. Genet. 2020, 107, 1062-1077. [CrossRef] [PubMed]

He, H.; Cao, X,; Yin, E; Wu, T; Stauber, T.; Peng, J. West Syndrome Caused By a Chloride/Proton Exchange-Uncoupling CLCN6
Mutation Related to Autophagic-Lysosomal Dysfunction. Mol. Neurobiol. 2021, 58, 2990-2999. [CrossRef]

Di Zanni, E.; Palagano, E.; Lagostena, L.; Strina, D.; Rehman, A.; Abinun, M.; De Somer, L.; Martire, B.; Brown, ].; Kariminejad, A;
et al. Pathobiologic Mechanisms of Neurodegeneration in Osteopetrosis Derived From Structural and Functional Analysis of 14
CIC -7 Mutants. J. Bone Miner. Res. 2021, 36, 531-545. [CrossRef]

Sartelet, A.; Stauber, T.; Coppieters, W.; Ludwig, C.F,; Fasquelle, C.; Druet, T.; Zhang, Z.; Ahariz, N.; Cambisano, N.; Jentsch, T.].;
et al. A missense mutation accelerating the gating of the lysosomal Cl-/H+-exchanger CIC-7/Ostm1 causes osteopetrosis with
gingival hamartomas in cattle. Dis. Model Mech. 2014, 7, 119-128. [CrossRef]

Ludwig, C.E; Ullrich, E; Leisle, L.; Stauber, T.; Jentsch, T.J. Common gating of both CLC transporter subunits underlies
voltage-dependent activation of the 2Cl-/1H+ exchanger CIC-7/Ostm1. . Biol. Chem. 2013, 288, 28611-28619. [CrossRef]
Bykova, E.A.; Zhang, X.-D.; Chen, T.-Y.; Zheng, ]J. Large movement in the C terminus of CLC-0 chloride channel during slow
gating. Nat. Struct. Mol. Biol. 2006, 13, 1115-1119. [CrossRef]

Wang, C.; Zhang, H.; He, ].-W.; Gu, ].-M.; Hu, W.-W,; Hu, Y.-Q.; Li, M.; Liu, Y.-J.; Fu, W.-Z; Yue, H,; et al. The virulence gene and
clinical phenotypes of osteopetrosis in the Chinese population: Six novel mutations of the CLCNY7 gene in twelve osteopetrosis
families. J. Bone Miner. Metab. 2011, 30, 338-348. [CrossRef] [PubMed]

Barvencik, F; Kurth, I.; Koehne, T.; Stauber, T.; Zustin, J.; Tsiakas, K.; Ludwig, C.E; Beil, F.T.; Pestka, ] M.; Hahn, M.; et al.
CLCN7andTCIRG1Mutations Differentially Affect Bone Matrix Mineralization in Osteopetrotic Individuals. ]. Bone Miner. Res.
2013, 29, 982-991. [CrossRef]

Waguespack, S.G.; Koller, D.L.; White, K.E.; Fishburn, T.; Carn, G.; Buckwalter, K.A.; Johnson, M.; Kocisko, M.; Evans, W.E,;
Foroud, T.; et al. Chloride Channel 7 (CICN7) Gene Mutations and Autosomal Dominant Osteopetrosis, Type II. ]. Bone Miner.
Res. 2003, 18, 1513-1518. [CrossRef] [PubMed]

Henriksen, K.; Gram, J.; Schaller, S.; Dahl, B.H.; Dziegiel, M.H.; Bollerslev, ].; Karsdal, M.A. Characterization of Osteoclasts from
Patients Harboring a G215R Mutation in CIC-7 Causing Autosomal Dominant Osteopetrosis Type II. Am. . Pathol. 2004, 164,
1537-1545. [CrossRef]

Schulz, P.; Werner, J.; Stauber, T.; Henriksen, K.; Fendler, K. The G215R mutation in the Cl-/H+-antiporter CIC-7 found in ADO II
osteopetrosis does not abolish function but causes a severe trafficking defect. PLoS ONE 2010, 5, €12585. [CrossRef]

Zhang, X.; Wei, Z.; He, ].; Wang, C.; Zhang, Z. Novel mutations of CLCN7 cause autosomal dominant osteopetrosis type II
(ADOII) and intermediate autosomal recessive osteopetrosis (ARO) in seven Chinese families. Postgrad. Med. 2017, 129, 934-942.
[CrossRef] [PubMed]

Lam, C.-W.; Tong, S.-F; Wong, K.; Luo, Y.F; Tang, H.-Y.; Ha, S.-Y.; Chan, M.H.-M. DNA-based diagnosis of malignant osteopetrosis
by whole-genome scan using a single-nucleotide polymorphism microarray: Standardization of molecular investigations of
genetic diseases due to consanguinity. J. Hum. Genet. 2007, 52, 98-101. [CrossRef]


http://doi.org/10.1046/j.1365-2990.2003.00474.x
http://doi.org/10.1097/NEN.0b013e3181ffe742
http://doi.org/10.1073/pnas.252784899
http://doi.org/10.1073/pnas.97.20.10954
http://doi.org/10.1093/hmg/9.13.2059
http://doi.org/10.1038/77131
http://doi.org/10.4161/auto.6.1.10590
http://www.ncbi.nlm.nih.gov/pubmed/20104020
http://doi.org/10.1007/s10719-008-9179-8
http://www.ncbi.nlm.nih.gov/pubmed/18781385
http://doi.org/10.1073/pnas.0606137103
http://doi.org/10.1002/cphy.c110038
http://doi.org/10.1016/j.ajhg.2020.11.004
http://www.ncbi.nlm.nih.gov/pubmed/33217309
http://doi.org/10.1007/s12035-021-02291-3
http://doi.org/10.1002/jbmr.4200
http://doi.org/10.1242/dmm.012500
http://doi.org/10.1074/jbc.M113.509364
http://doi.org/10.1038/nsmb1176
http://doi.org/10.1007/s00774-011-0319-z
http://www.ncbi.nlm.nih.gov/pubmed/21947783
http://doi.org/10.1002/jbmr.2100
http://doi.org/10.1359/jbmr.2003.18.8.1513
http://www.ncbi.nlm.nih.gov/pubmed/12929941
http://doi.org/10.1016/S0002-9440(10)63712-1
http://doi.org/10.1371/journal.pone.0012585
http://doi.org/10.1080/00325481.2017.1386529
http://www.ncbi.nlm.nih.gov/pubmed/28975865
http://doi.org/10.1007/s10038-006-0075-4

Cells 2022, 11, 366 20 0f 20

113.

114.

115.

116.

117.

118.

119.

120.

Bonapace, G.; Moricca, M.T.; Talarico, V.; Graziano, F.; Pensabene, L.; Miniero, R. Identification of two novel mutations on CLCN7
gene in a patient with malignant ostopetrosis. Ital. J. Pediatr. 2014, 40, 90. [CrossRef]

Zheng, H.; Shao, C.; Zheng, Y.; He, ].-W.; Fu, W.-Z.; Wang, C.; Zhang, Z.-L. Two novel mutations of CLCN7 gene in Chinese
families with autosomal dominant osteopetrosis (type II). J. Bone Miner. Metab. 2015, 34, 440-446. [CrossRef]

Phadke, S.R.; Fischer, B.; Gupta, N.; Ranganath, P.; Kabra, M.; Kornak, U. Novel mutations in Indian patients with autosomal
recessive infantile malignant osteopetrosis. Indian . Med Res. 2010, 131, 508-514.

Zeng, B,; Li, R,; Hu, Y;; Hu, B.; Zhao, Q.; Liu, H.; Yuan, P,; Wang, Y. A novel mutation and a known mutation in the CLCN7
gene associated with relatively stable infantile malignant osteopetrosis in a Chinese patient. Gene 2016, 576, 176-181. [CrossRef]
[PubMed]

Rashid, B.M.; Rashid, N.G.; Schulz, A.; Lahr, G.; Nore, B.F. A novel missense mutation in the CLCNY7 gene linked to benign
autosomal dominant osteopetrosis: A case series. . Med Case Rep. 2013, 7, 7. [CrossRef] [PubMed]

Okamoto, N.; Kohmoto, T.; Naruto, T.; Masuda, K.; Komori, T.; Imoto, I. Novel CLCN7 compound heterozygous mutations in
intermediate autosomal recessive osteopetrosis. Hum. Genome Var. 2017, 4, 17036. [CrossRef] [PubMed]

Besbas, N.; Draaken, M.; Ludwig, M.; Deren, O.; Orhan, D.; Bilginer, Y.; Ozaltin, F. A novel CLCN7 mutation resulting in a most
severe form of autosomal recessive osteopetrosis. Eur. J. Nucl. Med. Mol. Imaging 2009, 168, 1449-1454. [CrossRef] [PubMed]
Pusch, M. Myotonia caused by mutations in the muscle chloride channel geneCLCN1. Hum. Mutat. 2002, 19, 423-434. [CrossRef]


http://doi.org/10.1186/s13052-014-0090-6
http://doi.org/10.1007/s00774-015-0682-2
http://doi.org/10.1016/j.gene.2015.10.021
http://www.ncbi.nlm.nih.gov/pubmed/26477479
http://doi.org/10.1186/1752-1947-7-7
http://www.ncbi.nlm.nih.gov/pubmed/23302420
http://doi.org/10.1038/hgv.2017.36
http://www.ncbi.nlm.nih.gov/pubmed/28819563
http://doi.org/10.1007/s00431-009-0945-9
http://www.ncbi.nlm.nih.gov/pubmed/19238435
http://doi.org/10.1002/humu.10063

	Introduction 
	The Structure of ClC-7 
	Cl-/H+ Exchange and Transport Mechanism in CLC Antiporters 
	Electrophysiological Properties of ClC-7 
	The Role of the Proton Glutamate 
	Transient Capacitive Currents 

	Osteopetrosis 
	Autosomal Dominant Osteopetrosis Type II (ADO II) 
	Autosomal Recessive Osteopetrosis (ARO) 

	The Physiological Role of ClC-7 and Ostm1 
	Lysosomal Storage Disease and Neurodegeneration 
	Structure–Function Analysis of ClC-7 
	References

