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Abstract

Proteins implicated as intracellular chloride channels include the intracellular CIC proteins, the
bestrophins, the cystic fibrosis transmembrane conductance regulator, the CLICs, and the recently
described Golgi pH regulator. This paper examines current hypotheses regarding roles of intracellular
chloride channels and reviews the evidence supporting a role in intracellular chloride transport for
each of these proteins.
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The study of chloride channels of intracellular membranes has seen enormous advances over
the past two decades and exciting recent developments have sparked renewed interest in this
field. The discovery of important roles for intracellular chloride channels in human disease
processes as diverse as retinal macular dystrophy, osteopetrosis, renal proximal tubule
dysfunction, and angiogenesis have highlighted the importance of these molecules in critical
cellular activities. Startling discoveries regarding the intracellular CIC family of proteins have
forced a re-examination of some of the fundamental assumptions regarding acidification of
intracellular organelles. Newly discovered channels have attracted intense interest and the
importance of long-recognized proteins has been questioned.

Investigations of intracellular channels present unique technical challenges. Perhaps most
importantly, channels expressed exclusively on intracellular membranes are largely
inaccessible to the direct application of the powerful patch-clamp techniques that led to rapid
characterization of plasma membrane ion channels. As an alternative, intracellular channels
can be studied in isolated vesicle fractions, but membrane fractionation techniques are always
imperfect, with unavoidable contamination of membranes prepared from one organelle with
those from other compartments. While low level contamination may not be critical to typical
biochemical studies, contamination can be a fatal confounder in single molecule assays such
as single channel recordings. These and other technical obstacles have impeded progress.
Nonetheless, anion conductances have been demonstrated in numerous intracellular
compartments and a host of discreet chloride channel activities have been described [1-3].
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Perhaps counter-intuitively, the regulation of concentration or amount of chloride itself within
compartments has not been seen as the major role of these intracellular chloride channels.
Instead, the key role of chloride permeability has been thought to be to function as a short-
circuiting conductance to allow transport by electrogenic cation transport mechanisms. For
example, acidification of intracellular organelles by the electrogenic proton ATPase is
recognized as a process that requires a short-circuiting conductance to allow transmembrane
cation transport [4,5]. Other processes which may require a chloride short-circuiting
conductance across intracellular membranes include calcium transport across the sarcoplasmic
reticulum [3,6] and potassium influx into secretory vesicles [7].

While earlier investigations established the presence and possible roles of chloride
conductances in intracellular organelles, more recent studies have tended to focus on
identification of the molecular components responsible for these activities. Several proteins
have now independently been implicated in intracellular chloride conductances, including CIC
family members, CFTR, bestrophins, the CLIC family, and a recently described protein GPHR.
In this review, we will first briefly consider some physiological functions for chloride channels
of intracellular organelles and then examine data supporting the roles of each of the protein
families listed above. Intracellular roles for CICs, CFTR, and the bestrophins have been the
subjects of recent reviews and will be summarized only briefly. Evidence for a role of CLICs
as intracellular chloride channels will be examined in more detail. This review will not address
mitochondrial porins or VDAC.

Roles for Intracellular Chloride Channels

Acidification of intracellular compartments

Most intracellular compartments maintain a steady-state pH somewhat more acidic than the
cytoplasm, varying from about 6.5 in early endosomes and the Golgi apparatus to as low as
4.5 in mature lysosomes [8]. This low pH is implicated in numerous intraluminal events
including dissociation of ligand/receptor complexes along the endosomal/recycling pathway,
activation of hydrolytic enzymes in lysosomes, appropriate post-translational modification of
secreted proteins in the Golgi and trans-Golgi network, and loading of neurotransmitter vesicles
[5,9,10]. In addition to these intraluminal actions, acidification also appears to be essential for
membrane traffic itself. Blocking acidification results in cessation of membrane traffic, perhaps
due to an essential role for low luminal pH in membrane fusion events, for recruiting
components of the fusion apparatus to the vesicle, or in modulation of transmembrane
components of the fusion apparatus [10,11].

Acidification of intracellular compartments primarily occurs through actions of the vacuolar
proton ATPase acting in parallel with a chloride conductance [12]. The pump is electrogenic,
moving a hydrogen ion across the membrane using the free energy released by hydrolysis of
ATP. Itis clear from consideration of the free energy available to the pump and estimates of
luminal buffering power and membrane capacitance of typical vesicles that actions of the pump
alone in the absence of other leak mechanisms would lead to generation of an electrical potential
but no significant proton gradient [13]. The chloride conductance short-circuits the electrical
potential and allows the pump to generate a pH gradient. Since the chloride conductance is
essential to allow acid transport, several authors have suggested that regulation of the chloride
conductance could be one means of regulating compartmental pH [14-16], but whether the
chloride conductance contributes to active regulation of pH of intracellular compartments
remains uncertain. Several independent studies have concluded that at least for phagosomes,
lysosomes, and the Golgi, anion conductance is not limiting for acidification and that steady
state pH is primarily regulated by proton pump and leak rates [17-21]. Although the role of the
proton ATPase in vesicular acidification is firmly established, recent evidence that CIC-5
functions as a chloride-proton exchanger rather than a channel suggests that non-H-ATPase
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dependent acidification mechanisms also may contribute under certain circumstances [22,
23].

Release of Ca from endoplasmic and sarcoplasmic reticuli

Cycles of regulated release of calcium from sarcoplasmic reticulum (SR) via calcium-release
channels followed by reuptake of calcium by a calcium ATPase are key steps in muscle
contraction [6]. Similar processes occur across endoplasmic reticulum (ER) membranes in non-
muscle cells. Both calcium release and reuptake are electrogenic processes that require
counterion movement to allow mass transfer of calcium. Chloride channels are present in the
SR but their precise role is uncertain [3,6,24]. The major calcium release channel of SR is the
ryanodine receptor. Calcium release via ryanodine receptor in various experimental models
does not require the presence of chloride or other permeable anions [24]. Hence the counterion
movement is thought to be carried by cations, primarily potassium, although a contribution by
chloride in vivo has not been conclusively disproven. A recent theoretical analysis suggests
that the cation counterion current may be carried by the ryanodine receptor itself by virtue of
its low ion selectivity [24]. Active calcium uptake into the ER/SR by the calcium ATPase is
also an electrogenic process that requires counterion movement that may be supplied by
chloride channels [25].

Exocytosis of secretory vesicles

The roles of ion channels in exoctyosis have been reviewed in detail [7]. The mechanistic
diversity of exocytosis among various models systems of interest defy easy generalization. In
brief, chloride channels are known to be present in essentially all secretory vesicles that have
been studied. Many of these vesicles acidify at least transiently along the exocytic pathway
and one role of chloride conductances in these vesicles is to support acidification. This
acidification may have particular exocytic-specific roles in individual cell types. For instance,
acidification is important for loading of certain neurotransmitter vesicles [9] and for processing
of insulin in secretory vesicles of pancreatic B cells [26]. Furthermore, acidification supported
by a chloride conductance appears to play a role in exoctyosis itself in pancreatic  cells [7].
In contrast, mature zymogen granules of the exocrine pancreas are not acidic and exocytosis
does not require acidification [27]. Zymogen granule membranes contain potassium and
chloride conductances which are activated during exocytosis and inhibitors of these channels
inhibit exocytosis. Exactly how these channels support exocytosis remains uncertain [7].

Chloride channels of mitochondria—Mitochondria contain anion channel activities in
both the inner and outer membranes [28]. The primary conductance of the outer membrane,
the Voltage Dependent Anion Channel (VDAC), is more properly thought of as a porin rather
than a typical ion-selective channel and is responsible for movement of anions, cations, and
non-electrolyte metabolites across the outer membrane [29]. lon permeability of the inner
membrane is tightly regulated and needs to be very low under ATP-synthesizing conditions to
allow the pH and electrical gradient generated by electron transfer chain to drive ATP synthesis
by the mitochondrial ATPase. None-the-less, the inner membrane does contain a chloride
channel activity known as the inner membrane anion channel (IMAC) and single channel
studies have identified discreet channel activities which may account for this conductance
[30,31] although the proteins responsible are unknown. The IMAC activity is thought to
contribute, in parallel with a potassium conductance, to mitochondrial volume regulation
[28] and to oxidative stress-related inner membrane depolarization [32]. A second anion
conductance of the inner membrane is associated with the uncoupling protein UCP. UCP
functions as a proton and chloride leak mechanism that uncouples the electron transport chain
from ATP synthesis and leads to heat generation from mitochondria in brown fat [28]. Most
recently, an inner membrane high conductance anion selective channel has been reported which
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is postulated to be related to the Permeability Transition Pore [33] although its role in
development of this non-selective permeabilization is uncertain.

Other proposed functions—Other possible roles for intracellular chloride transporters
have been proposed but in many cases the evidence supporting these roles are less well
developed than those discussed above. For example, anion conductances have been proposed
to support exit of superoxide from the lumen of endosomes [34] and mitochondria [35], to
contribute to loading of nitrate into vacuoles in plants [36], and to allow ATP entry into Golgi
membranes [37]. Novel, currently unrecognized roles of these channels are likely to be
discovered as our understanding of intracellular metabolism becomes more and more
sophisticated.

Specific Chloride Channel Proteins in Intracellular Membranes

A brief note on evidence

In each of the sections below, experiments will be discussed which attempt to identify
individual chloride transporters as the protein responsible for counterion movement supporting
electrogenic cation transport in specific intracellular compartments. Several types of evidence
can be used to support these hypotheses. First, of course, it is important to know that the protein
can function as an ion channel (or support electrogenic ion movement). Second, the protein
should be present in the membrane fraction in which the transport is taking place. Third,
chloride permeability of the membrane fraction in question should be reduced in the absence
of the transporter. Fourth, the coupled cation transport (i.e., H* or CaZ* flux) should be reduced
in the absence or inhibition of the anion transporter. Fifth, cation transport in the absence of
the chloride transporter should be rescued by provision of an alternative counterion transport
pathway (e.g., the potassium ionophore valinomycin in the presence of potassium). The last
point is quite important: if cation transport is not rescued by an alternative short-circuiting
mechanism, then the inhibition of transport is not simply due to electrical potential limiting
the cation transport mechanism; the chloride transporter must be doing something other than
simply short circuiting the membrane. In fact, for none of the proteins discussed below does
the current data fully satisfy all five criteria, leaving real uncertainty about the true role of the
chloride transporter in each case.

CIC Family Proteins

The strongest and most consistent evidence supporting particular proteins as intracellular
chloride transporters apply to the CIC family of proteins. Since these proteins are the subject
of several recent extensive reviews [37-40], these data will only be briefly summarized here.
The CIC family consists of 9 separate genes that can be grouped in three clusters based on
homology and function. CIC-1, CIC-2, CIC-Ka, and CIC-Kb are expressed on the plasma
membrane where they function as chloride channels. Extensive physiologic, biochemical and
genetic studies have firmly established that these proteins are responsible for plasma membrane
chloride channel activities. Two other clusters, consisting of CICs 3 through 5, and CICs 6 and
7, are expressed primarily in intracellular membranes. Intracellular CICs show compartment-
specific expression patterns with CIC-5 predominant in early and recycling endosomes, CIC-3
and CIC-4 in later and sorting endosomes, and CIC-6 and 7 in late endosomes, lysosomes, and
the osteoclast ruffled membrane.

Functional Roles for Intracellular CICs

Both engineered CIC mutations in mice and naturally occurring mutations in humans strongly
support a role for intracellular CICs in various intracellular membrane functions. Mutations in
CIC-5 are the basis for Dent’s disease, a renal defect associated with low molecular weight
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proteinuria, hyperphosphaturia, hypercalicuria, and aminoaciduria [40]. Much of this
phenotype is reproduced in CIC-5 knockout mice [41,42]. CIC-5 is expressed primarily in the
renal proximal tubule where it colocalizes with markers of early apical endosomes [43].
Proximal tubule cells from CIC-5 knock-out mice show impaired apical membrane traffic
[44] and decreased endosomal acidification [45], but whether the defect in acidification is due
to limited counterion movement has not been resolved. The entire phenotype of Dent’s disease
can be explained by consequences of failure of apical early endosomes to acidify, resulting in
reduced proximal tubule endocytosis and membrane traffic, which in turn disrupts clearance
from the tubular lumen of low molecular weight proteins including PTH and the vitamin D/
vitamin D binding protein complex [40].

CIC-3 is expressed in endosomes in many cell types and in synaptic vesicles. Endosomes or
synaptic vesicles lacking CIC-3 have decreased acidification and decreased chloride
permeability [46]. Mutations in CIC-3 in mice result in neurodegeneration [38]. CIC-4 is also
expressed along the endosomal pathway. Cells from CIC-4 knockout mice have been shown
to have reduced endosomal acidification and consequent defects in recycling of the transferrin
receptor [47]. As with CIC-5, the defective acidification seen in the absence of either CIC-3 or
CIC-4 has not been shown to be due to absence of counterion permeability. CIC-6 is expressed
in late endosomes in the nervous system and disruption of CIC-6 results in neurodegeneration
with pathological features of lysosomal storage disease [38].

CIC-7 is expressed in late endosomes and lysosomes of many cell types and in the osteoclast
ruffled membrane. Disruption of CIC-7 causes a complex phenotype including
neurodegeneration and renal dysfunction with pathological findings of a lysosomal storage
disease consistent with a disruption of lysosomal function [48]. Supporting arole in lysosomes,
a recent rigorous study demonstrated that CIC-7 accounts for the major chloride permeability
of lysosomes [49]. More prominently, CIC-7 knock-out mice also show severe osteopetrosis
[50]. Osteoclasts are present but have poorly developed ruffled membrane and fail to generate
an acidic bone resorption compartment or resorb bone. These observations lead to the
hypothesis that CIC-7 is responsible for counterion current that allows acid transport across
the osteoclast ruffled border, but absence of counterion movement as the cause of the
acidification defect has not been demonstrated.

Some forms of inherited human osteopetrosis carry mutations in CIC-7 [51] and osteoclasts
derived from such patients show defective bone resorption [52,53]. A recent study directly
assessed acid transport by vesicles derived from dominant-negative CIC-7 mutant and control
human osteoclasts [53]. Peripheral blood cells were purified and induced to differentiate into
osteoclasts in culture. Membranes were prepared from these cells and assayed for acidification
using an acridine orange quenching assay carried out in the presence of K* and valinomycin
which would provide robust counterion movement independent of any chloride transport
mechanism. As expected, membranes from control cells acidified and the acidification was
inhibited by an inhibitor of the proton pump, but surprisingly, acidification was also inhibited
by an inhibitor of CIC-7. Vesicles prepared from mutant cells had equivalent levels of proton
pump and CIC-7 protein, but showed significantly decreased acidification rate. Unfortunately,
the rates of acidification in the absence of valinomycin were not reported. The interpretation
of these data is complex. The inhibition of acid transport in the control cells by a CIC inhibitor
and the decreased acid transport by the mutant cells, both in the presence of K*/valinomycin
indicate that CIC-7 is important in osteoclast acid transport, but also indicate that inhibition of
transport is not due to lack of counterion movement. Although the authors of the paper came
to a different conclusion, a valid interpretation of this data is that these results challenge the
hypothesis that CIC-7 provides the counterion anion conductance to allow acidification of the
bone resorption compartment.
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Intracellular CICs are Proton-Chloride Exchangers Rather than Chloride Channels

Much of the early work with intracellular CICs was based on the assumption that these proteins
produce chloride conductive pores similar to the cell surface CIC family members.
Consequently the discovery that CICs 4 and 5 function not as channels but as electrogenic
proton-chloride exchangers was a surprising and unsettling event [22,23]. Based on identity at
a critical glutamate residue in the sequence, it seems very likely that all that intracellular CICs
3 through 7 are indeed exchangers rather than channels [38,40]. The stoichiometry of ion
exchange is thought to be approximately 2 CI~ for 1 H* for CICs 4, 5, and 7 [22,23,49].

Could a proton-chloride antiporter account for the counterion movement necessary for the
acidification of intracellular compartments by the proton ATPase? As long as the net negative
charge movement into the vesicle is greater than the proton efflux with each cycle of the
exchanger, such activity could provide the necessary counterion movement and allow
acidification. Indeed, since most transport experiments demonstrating apparent chloride
channel activity supporting acidification were performed in buffered solutions, a proton-
chloride exchange nature of the counterion current may well have gone unnoticed in the older
studies. However, several considerations must give one pause about this mechanism. First,
such a mechanism would be wasteful of metabolic energy since one third of the protons pumped
into the vesicle by the ATPase would need to come back out in exchange for chloride (assuming
a stoichiometry of 2 CI~ for 1 H*). While this does not rule CI7/H* exchange as the counterion
mechanism, it suggests some other unrecognized secondary gain exists to justify the apparent
waste. A plausible explanation for why the cell would employ this apparently wasteful strategy
would increase confidence that this hypothesis is correct. Second, the strong outward
rectification of CI7/H* exchange [22,23] indicates that the charge-compensating transport
would be occurring under conditions where the transporter activity is low. Again this does not
rule out the mechanism, but it suggests that CI"/H* exchange would be most active under
conditions and in a polarity where it is not needed. Third, although defective acidification of
various intracellular compartments occurs with defects in individual CICs, there has been no
direct demonstration that the acidification defect is due to a loss of counterion movement.
Finally, despite the apparent lysosomal storage disease phenotype in CIC-6 or CIC-7 knock-
out mice, the steady state lysosomal pH in these mice has been reported to be normal [48]
(although a second group using semi-quantitative methods reported less lysosomal
acidification following RNA-i induced knock-down of CIC-7 in cultured cells [49]). The failure
of loss of a single protein to prevent acidification is not too surprising due to the possibility of
functional redundancy among closely related proteins. For example, since their subcellular
distribution overlaps, CIC-6 could conceivably compensate for the absence of CIC-7 and vice
versa. However in the absence of an acidification defect, the lysosomal storage phenotype must
be due to something other than failure to maintain the low steady state pH of lysosomes and
hence, perhaps the primary role of CIC-7 is something other than support of lysosomal
acidification.

Alternative functions for CICs have been hypothesized. First, CICs in early endosomes could
provide a proton-pump-independent acidification mechanism [22,23]. Immediately after
formation of the endosome, the intravesicular [CI7] (about 110 mM) would be much higher
than the cytoplasmic [CI7] (about 10-40 mM). This gradient could drive chloride-proton
exchange in the opposite polarity as that hypothesized to occur above, leading directly to
vesicular acidification and lowering intravesicular [CI7]. Although an attractive hypothesis,
no evidence for such a mechanism contributing to endosomal acidification has been reported.
Second, CICs could be functioning as the proton leak mechanism which contributes to
determination of steady state pH of intracellular compartments [22]. However, such a role
would be difficult to reconcile with the observed alterations of vesicular pH in cells carrying
mutations of CICs 3-5. If these proteins provided the proton leak mechanism, inactivation of
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this pathway should result in lower compartment pH, not higher as observed. Third, CIC-
mediated CI"/H* exchange could play an important role in maintaining elevated intravesicular
chloride concentration and that alterations in intra-lysosomal [CI] rather than pH may be
responsible for the lysosomal functional defects in CIC-6 and -7 mutants [38,40,48]. Finally,
multiple other possible roles for CIC-5 in renal proximal tubule cells have been postulated
[54] including the assembly of the macromolecular endocytic comples on the plasma
membrane, trafficking of the proton ATPase, and regulation of megalin/cubulin expression.
Whether any of these are direct functions of intracellular CICs remain uncertain.

In summary, a robust body of evidence supports a role for the intracellular CICs in supporting
acidification of intracellular compartments. Whether their primary function is to provide the
counterion movement allowing electrogenic acidification by the proton pump remains
unproven. Integrating the ion exchange activities of these proteins into a comprehensive picture
of intracellular ion movement consistent with the large body of experimental data continues
to be a work in progress.

Bestrophins

The bestrophins are a group of 4 proteins (recently reviewed in [55,56]) which have been shown
to support chloride channel activity when over-expressed in cell expression systems. Further
evidence that bestrophins themselves function as channels stems from mutagenesis studies in
which mutation of the bestrophin causes discrete changes in the associated channel activity.
Bestrophin 1, the first member of the family to be discovered, was identified as the site of
mutation in Best’s disease, a form of early onset macular degeneration [55,56]. The function
of bestrophin 1 relevant to the disease is to support a Ca2*-activated chloride current in the
basal membrane of the retinal pigment epithelium but whether bestrophin 1 itself functions as
this channel has been challenged [57]. Recently, an exciting alternative mechanism has been
proposed by Kunzelmann and colleagues based on studies of bestrophin in airway epithelial
cells [58]. These authors confirmed that endogenous bestrophin 1 primarily resides in the
endoplasmic reticulum, not the plasma membrane. Furthermore they demonstrated that
bestrophin 1 modulates both Ca2* release and uptake from intracellular stores, presumably ER.
Thus, bestrophin can modulate plasma membrane Ca2*-activated channels by its effects on ER
Ca?* release and recovery. These observations make bestrophin a strong candidate for an ER
chloride channel that could provide counterion movement during cycles of CaZ* release and
reuptake [56]. However, some reservations exist regarding this conclusion. First, humans
suffering from Best’s disease who carry the inactivating bestrophin 1 mutation have little
phenotype other than macular degeneration. Similarly, bestrophin 1 knock-out mice have little
phenotype [59]. Thus, if bestrophin 1 serves as an ER counterion channel, it seems unlikely to
be the only one; there must be significant functional redundancy with other counterion channels
to support ER calcium transport in the absence of bestrophin. Second, bestrophin 1 appears to
be primarily expressed in epithelial cells and expressed only in low levels in heart or skeletal
muscle [55]. This expression pattern plus the absence of muscle phenotype in human or mouse
mutants suggest that a different protein must play this role in muscle cells. Whether this
function in muscle could be supported by a different bestrophin family member remains is
unknown. Finally, the evidence so far that bestrophin is functioning as a channel in the ER is
indirect [58]; the published evidence only demonstrates that it facilitates Ca2* movement. The
data is also consistent with a model in which bestrophin regulates ER calcium transport via
mechanisms other than counterion movement. Direct demonstration of changes in ER anion
conductivity following manipulation of bestrophin expression is an important missing piece
of evidence.
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Mutations in the cystic fibrosis transmembrane conductance regulator (CFTR) are the cause
of the disease cystic fibrosis. CFTR functions as a cAMP activated plasma membrane chloride
channel and also as a regulator of other channels and transporters. CFTR has also been
hypothesized to function as a chloride channel in intracellular organelles, where it could
contribute to support of acidification along the exocytic and endocytic pathways [14]. This
hypothesis is particularly attractive as it could explain several peculiar features of the cystic
fibrosis phenotype that at least on first blush do not appear to be related directly to defects in
ion transport. A great deal of evidence supporting and contesting this hypothesis has been
published over the years. Recently this hypothesis has been rigorously tested experimentally
[17] and the published data has been extensively and critically reviewed [8], both approaches
coming to similar conclusions. To summarize their findings, while CFTR may function as a
chloride channel in some intracellular membranes, the bulk of the evidence indicates that
organellar acidification is not dependent on CFTR and that organellar pH is not abnormal in
cystic fibrosis. Recent evidence suggests a novel intracellular mechanism for CFTR in the
regulation of endocytosis and apical membrane trafficking in renal proximal tubule cells
[60]. What other roles CFTR may be playing in intracellular membranes and whether
alterations in these functions contribute to the defects in cystic fibrosis remain uncertain.

CLIC Family Protiens

The CLICs are another group of proteins proposed to function as intracellular chloride
channels. CLICs are a family of proteins encoded by 6 different genes in mammals, named
CLICs 1 through 6 [61,62]. The proteins show high degree of similarity through the C-terminal
approximately 220 amino acid CLIC homology domain which is structurally related to
glutathione S transferases. The N-termini of the proteins are divergent in both length and
sequence.

The evidence that CLICs can function as channels is robust: the first CLIC to be described
(p64, now known as CLIC5B) was identified based on purification of reconstitutable chloride
channel activity from bovine kidney [63]. CLIC5B co-purified with channel activity and
antibodies to the protein immunodepleted this activity. Expression of recombinant CLIC5B in
cultured cells led to increased channel activity in whole cell membrane preparations and
modification of the protein altered the activity [64,65]. Overexpression of CLICs 1, 3, and 4
were associated with chloride channel activity in a variety of expression systems at the times
of their discovery [66-68]. More recently, several groups have reported ion channel activity
from purified recombinant CLICs including CLICs 1, 2, 4, and 5 expressed in E. coli, although
there is limited consensus on single channel conductance, ion selectivities, lipid requirements,
and effects of oxidation among the published reports [69-76].

One of the problems confounding our understanding of CLIC function is their unusual
biochemical properties. Unlike typical integral membrane proteins, CLICs exist both in a
soluble and a membrane-inserted form. The majority of the CLIC in most resting cells is present
as a soluble protein in the cytoplasm. However, some fraction of the CLIC is membrane-
associated and shows the biochemical properties of truly membrane inserted protein. In vitro,
purified recombinant soluble CLICs 1, 2, 4, and 5 [70-74,76] are capable of transition from
the aqueous phase into a phospholipid membrane where they can function as ion channels.
Control of the distribution of CLICs between soluble and membrane-inserted forms is clearly
central to any understanding of how CLICs function, but very little is currently known about
regulation of this critical process.

FEBS Lett. Author manuscript; available in PMC 2011 May 17.
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CLICs in Intracellular Membranes

CLICs were among the first proteins proposed to function as intracellular chloride channels
[77]. Indeed the name CLIC was derived from “Chloride Intracellular Channel,” [78] but this
is clearly a case where the name implies much more certainty than exists in reality. In most
cases the evidence supporting the hypothesis that CLICs function as intracellular chloride
channels has never moved much beyond the circumstantial. With the original report of CLIC5B
sequence, it was noted that the protein is excluded from the plasma membrane when expressed
in Xenopus oocytes [77]. As other CLICs were discovered, immunolocalization to a variety of
intracellular compartments was reported. Thus, CLIC1 (also named NCC27) was reported to
be in nuclear membrane and in an undefined cytoplasmic vesicular compartment [68,79].
CLICA4 (also called p64H1 and mitochondrial CLIC) was variously reported to be in
endoplasmic reticulum, trans-Golgi network, caveolae, mitochondria, and dense-core secretory
vesicles in the central nervous system [65,66,80,81]. CLIC5A was found to be in a sub-apical
domain of placental trophoblast [82] and CLC5B was reported in osteoclast ruffled membrane
[83,84].

Itis now clear that many of these immunolocalization reports were confounded by the abundant
soluble cytoplasmic CLIC that obscures the true subcellular localization of the membrane-
inserted fraction of the protein. Ulmasov et al. used digitonin to extract selectively the soluble
fraction of endogenous CLIC1 in Pancl and T84 cells while leaving the membrane-inserted
fraction in place [85]. Perhaps not surprisingly, the overall distribution of CLIC1 in Panc1 cells
changed dramatically after removal of the soluble fraction which represents a majority of the
CLIC1 in those cells. The punctuate pattern that had been interpreted as representing
intracellular vesicles was eliminated, leaving the bulk of the residual CLIC1 in the plasma
membrane. In contrast, extraction of the soluble CLIC1 from polarized T84 cells, where a
larger fraction of the protein is membrane inserted, had minimal effect on the
immunolocalization of the protein which was found in sub-apical membrane vesicles. Thus,
the extent that soluble CLIC confounds the identification of membrane compartments in which
the membrane inserted CLIC resides is cell-type dependent. Many of the earlier
immunolocalization reports will need to be re-examined in light of this evidence.

In contrast to the abundant reports of morphologic data indicating that CLICs reside in
intracellular membranes, the evidence for CLICs functioning as chloride channels in
intracellular membranes is much more limited. In brief, there are three systems for which
substantial evidence of CLIC chloride channel function in intracellular membranes have been
reported: CLICL in nuclear membranes, CLIC5B in osteoclast ruffled membrane, and CLIC4
in vesicles along the intracellular tubulogenic pathway.

CLIC1 in nuclear membrane

The initial report of CLIC1 (then called NCC27) by Breit and colleagues reported nuclear
localization in CHO-K1 cells and the appearance of increased chloride channel activity in both
nuclear membranes and plasma membrane on expression of exogenous CLIC1 [68]. This
activity showed similar single channel properties in both membrane fractions and was
subsequently found to be similar to channel activity of purified recombinant CLICL1 in vitro
[76]. Antibodies against a FLAG-tagged CLIC1 construct inhibited this activity in the plasma
membrane. The plasma membrane activity associated with CLIC1 expression was strongly
correlated with the cell cycle, being highest in G2/M phase [86]. Growth in the presence of the
CLIC inhibitor, IAA94, arrested the cells in G2/M phase. Taken together, these data indicate
CLIC1 supports chloride channel activity in both nuclear and plasma membranes and its
activity is important to passage through the cell cycle. The inhibition of activity by antibodies
against CLIC and the similarity between activity in cells and purified recombinant CLIC1
strongly support the contention that the activity is due to the CLIC protein itself and not to
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regulation of different channel protein. However, prominent nuclear localization of CLIC1 has
only been reported in CHO cells, where the CLIC1 localization was more consistent with
nucleoplasm rather than nuclear envelope localization. Examination of numerous other tissues
and cell types have failed to find significant nuclear membrane CLIC1 [79,85]. In addition, a
physiologic role for a chloride conductance in the nuclear membrane has never been clearly
articulated, making it difficult to predict what the consequences of disrupting such a
conductance would be. Thus, whether CLIC1 functions as a chloride channel in the nuclear
membranes of most normal cells remains uncertain.

CLIC5B in the osteoclast ruffled membrane

A second role supported by substantial evidence for CLIC chloride channel activity in
intracellular membranes is that of CLIC5B in the osteoclast ruffled membrane. The ruffled
membrane is a specialized proton-transporting membrane that acidifies the bone resorption
compartment beneath a bone-attached osteoclast. As with other intracellular membranes, the
mechanism of acidification is the electrogenic proton ATPase coupled with a chloride
conductance, together supporting transmembrane transport of HCI into the bone resorption
compartment.

Several lines of evidence support a role for CLIC5B in bone resorption by osteoclasts [83,
84]. CLIC5B mRNA was found to be present in avian osteoclasts and the abundance of the
message and protein are upregulated as mononuclear precoursor cells differentiate into bone-
resorbing osteclasts in culture. Suppression of expression of CLIC5B in differentiating
osteoclasts using antisense oligonucleotides decreased bone resorption. Membrane vesicles
from cells in which CLIC5B had been suppressed showed decreased acidification that was due
to decreased counterion movement while total proton pump activity was unchanged. Thus,
expression of CLIC5B during osteoclast differentiation supports bone resorption and is
necessary for the presence of chloride counter-ion movement in proton-pump containing
vesicles. Osteoclast activation is at least partially mediated through the c-src tyrosine kinase
and absence of c-src suppresses bone resorption by osteoclasts. CLIC5B is phosphorylated by
src-family tyrosine knases and and phosphorylation activates the channel activity in cultured
cells overexpressing CLIC5B [64]. Suppression of c-src in differentiating osteoclasts led to
loss of co-localization of CLIC with the proton ATPase concomitant with the loss of short-
circuiting chloride transport activity in proton-pump containing vesicles [83]. This set of
experiments is unique in that knock-down of a chloride channel protein was not only shown
to decrease acidification, but that the cause of decrease in acidification was clearly
demonstrated to be the loss of counterion movement.

Taken together, these data indicate that CLIC5B is essential for the establishment of a chloride
conductance in the proton pump-containing membranes of differentiating osteoclasts and
appears to be a component of the signal transduction mechanisms that allow c-src to drive
osteoclast differentiation and bone resorption. Perhaps the simplest interpretation of these data
is that CLIC5B itself provides the ruffled membrane chloride conductance. An alternative
hypothesis, equally consistent with the data, is that CLIC5B may be essential for assembly of
the ruffled membrane rather than the function of the mature membrane. Other data implicate
CIC-7 as providing the necessary counterion movement in the ruffled membrane as described
earlier. Both CLIC5B and CIC-7 appear to play non-redundant roles in the assembly and/or
function of the ruffled membrane. Further investigations will be necessary to elucidate the
distinct roles of CLIC5B and CIC-7 in osteoclasts.

CLIC4 in cell-hollowing tubulogenesis

One mechanism by which cells form multicellular tubes is known as “cell-hollowing” in which
an intracellular lumen forms within a single cell [87]. The lumen, which is like a large
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intracellular vacuole, forms from the fusion of numerous precursor intracellular vesicles. With
ongoing vesicle fusion, the vacuole enlarges, eventually fusing with the plasma membrane,
and in continuity with neighboring cells, forms an extracellular space that becomes the lumen
of the cell-lined tubule. Thusasingle cell forms a tubule by hollowing itself out. Cell-hollowing
tubulogenesis contributes to tube formation in several structures including the C. elegans
excretory system and mammalian capillary tubes.

The excretory system of C. elegans consists of a single excretory cell which has long extensions
that reach to each end of the worm [88]. Within this cell, a single intracellular lumen called
the excretory canal runs the length of the cell and connects to the exterior environment through
duct and pore cells. The formation of this canal is one example of cell-hollowing tubulogenesis.
Mutations in EXC4, one of the C. elegans CLIC genes, disrupts the structure of the excretory
cell [88]. Worms with EXC4 disruption fail to generate the excretory canal, but instead
accumulate a large number of unconnected dilated cysts. Using a temperature sensitive
construct, Berry et al. [88] showed that introduction of functional CLIC protein after the cysts
had formed results in resolution of the cysts into an intact canal. These studies indicate that the
formation and persistence of the excretory canal requires the presence of the nematode CLIC
homolog, apparently by permitting the fusion of intracellular precursor vesicles to form the
intact canal. Thus, a CLIC molecule appears to be essential for cell hollowing tubulogenesis
in this simple system, perhaps through facilitating fusion of intracellular membranes.

Formation of capillary tubes by endothelial cells is another example of cell-hollowing
tubulogenesis. Using a proteomics approach, Bohman et al. identified CLIC4 as a protein which
was strongly regulated during endothelial cell tube formation in culture [89]. Antisense
knockdown experiments demonstrated a significant decrease in the ability of the cells to form
tubule structures when expression of CLIC4 was suppressed. A second study confirmed a role
for CLIC4 in endothelial tubulogenesis using CLIC4 overexpression and knockdown in
cultured cells [90]. CLIC4 was found to be important for endothelial cell proliferation and
tubulogenesis but not migration.

Recently my colleagues and | reported studies using a mouse in which the gene for CLIC4 had
been disrupted [91]. The Clic4”~ mice showed an increased rate of intra-uterine death but
otherwise demonstrated minimal phenotype in unstressed laboratory conditions. When
stimulated for maximal angiogenesis, the ability to form new blood vessels was markedly
impaired. Reminiscent of the observations in C. elegans, accumulation of what appeared to be
large unfused vesicles were noted in the tubulating endothelial cells in the absence of CLIC4.
Primary cultures of endothelial cells were isolated from Clic4”- and wild-type littermate
controls and induced to undergo tubulogenesis in fibrin gels. CLIC4 was immunolocalized to
the limiting membranes of the vacuoles in WT cells. The Clic4”" cells showed impaired
vacuolization with accumulation of unfused vacuoles. Vacuolization of WT cells was inhibited
both by the proton pump inhibitor, Bafilomycin, and by the CLIC inhibitor, IAA94. Ratiometric
fluorescence confocal microscopy was used to assess the pH of both the large vacuoles and
the much smaller endosomal/lysosomal vesicles in tubulating cells. Vacuoles in WT cells
showed modest acidification with average pH of 6.75 while the vacuoles of Clic4”~ cells failed
to acidify (average pH 7.05). In contrast, the small vesicle fraction acidified well in both cell
types with average pH of 5.42 and 5.43, respectively. Thus the absence of CLIC4 results in the
selective failure to acidify vacuoles along the endothelial tubulogenic pathway. These data
represent the first direct demonstration that the absence of a CLIC protein results in failure to
acidify an intracellular compartment in vivo. These data support the hypothesis that CLIC4
itself could be functioning as the short-circuiting chloride conductance allowing acidification
of this intracellular compartment. However, these experiments have neither showed that the
chloride permeability of the vacuole membranes was altered or that the acidification failure
was due to decreased counterion movment as would be expected if CLIC4 was acting as a
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chloride channel in these membranes. Hence, multiple other mechanisms by which CLIC4
could be supporting acidification are consistent with the data.

In summary, CLIC family members are implicated in intracellular chloride channel activity in
numerous systems and cell types. However, definitive attribution of a specific channel activity
of normal cells to a specific CLIC protein remains elusive. In the case of nuclear CLICL1, the
evidence for CLIC1 channel activity in nuclear membranes when the recombinant protein is
overexpressed in CHO cells is persuasive, but it is unclear whether these findings apply to
more normal cells and conditions. In the osteoclast and endothelial cell models, CLIC5B and
CLIC4 are clearly involved in establishment of acidification capacity, but whether they
themselves function as the short-circuiting chloride conductance in these membranes, or
support acidification by some other mechanism is unresolved.

Non-channel roles of CLICs

Evidence suggests that some CLIC family members, particularly CLIC4, possess important,
non-channel roles in several different cell types. CLIC proteins are implicated in cell cycle
regulation, cell differentiation, and apoptosis in various systems. They exist as both membrane-
inserted proteins and as soluble cytoplasmic proteins and their subcellular localization changes
in response to extracellular stimuli in several cell types. While some studies have implicated
CLIC4 and its regulated nuclear targeting in the apoptosis and the differentiation of fibroblasts
into myofibroblasts, particularly as related to cancer [92-95], perhaps the most compelling data
for a non-channel role of a CLIC applies to CLIC4 in TGFp signaling during keratinocyte
differentiation [94,96]. Shulka et al. reported TGFp stimulation induces the expression and
nuclear translocation of CLIC4, and that Schnurri, another protein involved in the TGFp
pathway, interacts with CLIC4 and promotes its nuclear translocation [94]. The transcription
factors Smad2 and Smad3 are phosphorylated in response to TGFp and translocate to the
nucleus [97]. By immunoprecipitation, CLIC4 interacts with phosphorylated Smad2 and
Smad3, and overexpression of a nuclear targeted CLIC4 protects Smad2 and Smad3 from
dephosphorylation in keratinocytes [94]. Thus nuclear CLIC4, by protecting Smad2/3 from
dephosphorylation, functions to potentiate TGFp-driven gene expression. These studies are
the first to establish a non-channel mechanistic role for CLIC4 within the cell nucleus. It
remains to be seen whether this pathway is specific to TGFp signaling in keratinocytes or if
CLIC4 plays a more global role in TGFp signaling in other cell types. As CLIC4 is found in
many subcellular locations, it will also be interesting to know if a specific pool of CLIC4
proteins, cytosolic or membrane associated, translocate to the nucleus following a specific
stimulus.

Numerous binding partners have been identified for CLIC family members through different
screening strategies but the functional significance for CLIC or its binding partners remains
uncharacterized in many circumstances. The evidence that CLIC4 plays a role in the
phosphorylation status of Smad 2 and Smada3 is intriguing since CLIC1 copurifies with protein
phosphatase 1 (PP1y2) in sperm extracts [98]. Fusion proteins of CLIC1, CLIC4, and CLIC5
all interact with PP1y2 from sperm extracts in pull-down assays. In addition, studies
demonstrate that CLIC3 can interact with ERK7, a mitogen-activated protein Kinase, in
mammalian cells [67]. CLIC proteins may regulate the phosphorylation status of substrates,
the activity of the phosphatases or kinases, or the interaction may regulate CLIC function or
localization through phosphorylation or dephosphorylation.

CLIC family members interact with multiple cytoskeletal elements but the importance of these
interactions remains unclear. When recombinant CLIC5 and CLIC1 are inserted into lipid
bilayers, their activity is inhibited by F-actin in the absence of other proteins [73]. In contrast,
F-actin has no effect on CLIC4 activity. In a recent study, cytosolic CLIC4 was shown to
translocate to the plasma membrane in response to Ga3-mediated RhoA activation and

FEBS Lett. Author manuscript; available in PMC 2011 May 17.



1duasnuey Joyiny vVd-HIN 1duasnue Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Edwards and Kahl

Page 13

latrunculin inhibits this translocation, implying that this process requires F-actin [99]. Multiple
CLIC proteins interact with AKAP350, which acts as a scaffolding protein for numerous other
proteins including kinases and phosphatases [100,101]. Detailing all the binding partners of
CLIC family members is beyond the scope of this review, but additional binding partners for
CLICs include other cytoskeletal elements and cellular receptors. Taken together, these
observations suggest CLICs are intimately involved in cytoskeletal and membrane trafficking
events, but a specific role has not yet been identified.

Finally, several reports describe CLIC2 as a regulator of the ryanodine receptor, the major
calcium-release channel of the sarcoplasmic reticulum [102-104]. CLIC2 is highly expressed
in cardiac and skeletal muscle. CLIC2 binds directly to the ryanodine receptor and decreases
its activity, and hence, Ca2* release from the SR [102,103]. This interaction is modified by the
redox state of CLIC2 and may represent a mechanism by which the redox state of the cell is
linked to regulation of Ca2* release and contractile activity of muscle [104]. It is important to
note that although CLIC2 supports channel activity in vitro, the activity of CLIC2 in regulation
of the ryanodine receptor is not thought to involve its channel function.

CLICs as multifunctional proteins?

A substantial body of evidence supports the hypothesis that CLICs can function as ion channels.
Strong independent lines of evidence also support the hypothesis that CLICs possess other
functions in the cell that appear to be unrelated to channel activity. One possibility is that CLICs
are multi-functional proteins that can transition between membrane-inserted forms supporting
ion channel activity, and soluble forms which may contribute to regulation of various cell
processes such as structure of the cytoskeleton or modulation of gene expression. Thus, CLICs
may act to integrate ion channel activities of intracellular membranes with regulation of
cytoskeleton and/or corresponding gene expression. This model is reminiscent of the dual roles
of B-catenin as a component of the cytoskeleton and as a regulator of transcription [105].

Golgi pH Regulator

The recently identified Golgi pH Regulator (GPHR) was discovered through a screen for
mutants which affect Golgi function [106]. Mutation of this protein was shown to result in
delayed transport of newly synthesized protein from the Golgi to the plasma membrane,
impaired glycosylation of proteins along the exocytic pathway, and structural disorganization
of the Golgi apparatus. GPHR was found to be targeted to the Golgi. Direct measurement of
the steady state pH of intracellular compartments revealed that the mutation of GPHR was
associated with decreased acidification of the cisternae of the Golgi and trans-Golgi network
by 0.4 to 0.5 pH units with no effect on lysosomal pH and no effect on endocytosis or recycling.
Thus the absence of GPHR had a selective effect on Golgi acidification. Expression of
recombinant GPHR followed by purification and reconstitution into planar lipid bilayers
showed that GPHR functioned as a non-rectifying DIDS inhibitable, high conductance, weakly
anion selective channel. These data strongly support the identification of GPHR as a conductive
pathway that supports Golgi acidification. However, the experiments presented did not
demonstrate altered chloride permeability of the Golgi or that the lack of acidification is due
to absence of counterion conductance in the absence of GPHR. The possibility remains that
GPHR may regulate Golgi pH by some other mechanism.

Concluding Remarks

The past two decades have witnessed an explosion of knowledge accompanied by ongoing
controversy regarding chloride transport mechanisms of intracellular membranes.
Identification of newly recognized channel proteins, clarification of the relationships between
chloride permeability and acidification, and the molecular description of previously mysterious
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human diseases all must be recognized as major accomplishments. Controversies include the
longstanding problem of CFTR and intracellular acidification, and, perhaps most notably, the
realization that intracellular CICs are exchangers rather than channels. This stunning finding
has forced a thorough reconsideration of some of the most fundamental assumptions about
acidification of intracellular compartments, a reconsideration which is not yet fully resolved.
Despite the advances, many fundamental questions persist: which proteins are responsible for
which channel activities, how are these activities regulated, and exactly how do intracellular
chloride channels contribute to integrated cell and organismal function. Are the intracellular
CICs responsible for counterion movement supporting acidification along the endosomal
pathway or do they support acidification through some other mechanism? Does the absence of
the actions of CFTR in intracellular membranes contribute to the cystic fibrosis disease
phenotype, even if they do not regulate the pH of intracellular compartments? Are bestrophins
channels, regulators of channels or both? Do CLICs really function as channels in intracellular
membranes or is their true role something quite different? Undoubtedly more surprises lie head.

Abbreviations

CFTR cystic fibrosis transmembrane conductance
GPHR Golgi pH regulator
SR sarcoplasmic reticulum
ER endoplasmic reticulum
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