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CIC-7 requires Ostm1 as a 3-subunit to support
bone resorption and lysosomal function

Philipp F. Lange', Lena Wartosch', Thomas J. Jentsch' & Jens C. Fuhrmann'

Mutations in CIC-7, a late endosomal/lysosomal member of the
CLC family of chloride channels and transporters"?, cause osteo-
petrosis® and lysosomal storage disease* in humans and mice.
Severe osteopetrosis is also observed with mutations in the
OSTM1 gene, which encodes a membrane protein of unknown
function®. Here we show that both CIC-7 and Ostml proteins
co-localize in late endosomes and lysosomes of various tissues,
as well as in the ruffled border of bone-resorbing osteoclasts.
Co-immunoprecipitations show that CIC-7 and Ostml form a
molecular complex and suggest that Ostml is a §—subunit of
CIC-7. CIC-7 is required for Ostml1 to reach lysosomes, where the
highly glycosylated Ostm1 luminal domain is cleaved. Protein but
not RNA levels of CIC-7 are greatly reduced in grey-lethal mice,
which lack Ostm1, suggesting that the CIC-7-Ostm1 interaction is
important for protein stability. As CIC-7 protein levels in Ostm1-
deficient tissues and cells, including osteoclasts, are decreased
below 10% of normal levels, Ostml mutations probably cause

osteopetrosis by impairing the acidification of the osteoclast
resorption lacuna, which depends on CIC-7 (ref. 3). The finding
that grey-lethal mice, just like CIC-7-deficient mice*, show lyso-
somal storage and neurodegeneration in addition to osteopetrosis
implies a more general importance for CIC-7-Ostm1 complexes.
In western blots of brain membranes, an antibody against the
carboxy terminus of mouse Ostm1 recognized an ~80 kDa band and
a doublet at ~35-45 kDa (Fig. 1¢). These bands were absent in grey-
lethal (gI) mice, an osteopetrotic mouse mutant® carrying a deletion
of the Ostml promoter and exon 1 (ref. 5). Incubating cells with
protease inhibitors increased the proportion of the large band at the
expense of the smaller ones (Fig. 1d), indicating that the small forms
of Ostml are produced by proteolytic cleavage of the ~80kDa
protein. The apparent sizes of the Ostml species suggest cleavage
roughly in the middle of the protein (Fig. 1b). As the large and the
small forms (Fig. 1¢) ran together in a single large band under non-
reducing conditions (Fig. 1e), the cleaved fragments might be linked
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Figure 1| Structural features of the Ostm1 protein. a, Schematic of Ostm1
protein. Black box, hydrophobic stretch; dashed box, proposed RING-finger
domain’; Y, consensus site for N-linked glycosylation. Asterisks indicate
cysteine residues; arrow indicates predicted signal peptide cleavage site; AB
indicates antibody binding site. Lines below show the truncated proteins
predicted from human OSTMI mutations>*. b, Topology model derived
from our work. Arrow shows the approximate cleavage site in lysosomal
Ostm1. c—f, Western blots of Ostm1. WT, wild type. ¢, The band at ~80 kDa
(filled arrowhead) and the doublet at ~35-45 kDa detected in wild-type
brain membranes (open arrowhead) were absent from the grey-lethal brain.

Asterisk indicates a non-specific band. d, Incubating fibroblasts with the
protease inhibitor leupeptin increased the proportion of the large Ostm1
species. Similar results were obtained with E64, which inhibits several
cathepsins (not shown). e, Western blots of brain proteins separated by
non-reducing SDS-PAGE showed a single band of ~80kDa Ostm1.

f, Deglycosylation with PNGaseF reduced the sizes of all Ostm1 species
detected under reducing conditions. g, Western blot of cells (lanes 1 and 2)
and supernatants (sup., lanes 3 and 4) from HEK293 cells expressing Ostm1
(lanes 1 and 3) or a truncated form of Ostm1 (lanes 2 and 4) that mimics a
human mutation®. Both proteins carried a C-terminal HA-epitope.
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by disulphide bonds between some of the cysteine residues that
abound in the luminal domain of Ostm1 (Fig. 1a).

Recent work has proposed an E3 ubiquitin ligase function for
Ostm1 (cloned independently from rat as GIPN)’. The stretch
between the amino- and carboxy-terminal hydrophobic regions of
Ostm1 (Fig. 1a) shows weak homology to RING-finger proteins and
was suggested to be cytosolic’. However, this stretch (and no other
part of the protein) contains several consensus sites for N-linked
glycosylation. Several or all of these sites are used, because deglyco-
sylation with PNGaseF (peptide N-glycosidase F) greatly reduced the
apparent size of all Ostm1 species (Fig. 1f). The observed glycosyla-
tion places the hypothetical RING-finger domain” in the lumen of the
endoplasmic reticulum (ER), a localization difficult to reconcile with
the cytosolic/nucleoplasmic activity of ubiquitin ligases®. The dis-
appearance in transfected cells of a haemagglutinin (HA)-epitope
added to the N terminus indicates the presence of a cleavable signal
peptide (data not shown). We also investigated an Ostm1 mutant
truncated before the second hydrophobic stretch. This mutant, but
not wild-type Ostml, was secreted into the supernatant of trans-
fected cells (Fig. 1g). Hence, the first and second hydrophobic
domains serve as a cleavable signal peptide and transmembrane
domain, respectively, in agreement with the type I transmembrane
protein model proposed in ref. 5 (Fig. 1b). Figure 1f also showed that
the apparent molecular mass of the largest deglycosylated band
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Figure 2 | CIC-7 is required for Ostm1 trafficking to lysosomes. a, Mouse
fibroblast stained for Ostm1 and Lamp-1. Right panels show the overlay,
insets show higher magnification. b, Ostm1-transfected fibroblasts showed
reticular and perinuclear Ostm1 staining that co-localized poorly with
Lamp-1. ¢, d, In fibroblasts co-transfected with Ostm1 and CIC-7, Ostm1
co-localized with Lamp-1 (c) and CIC-7 (d). In b—d, Clen7 ™'~ fibroblasts
were used to avoid effects of endogenous CIC-7, but similar results were seen
in HeLa cells. Scale bar in a represents 8.5 pm (a), 10 pm (b-d), 1.7 pm
(insets).

LETTERS

agreed roughly with the prediction from the OstmI reading frame
(~37kDa). As deglycosylation of the small Ostm1 species yielded a
single band, the doublet is attributable to non-uniform glycosylation.

In cultured primary fibroblasts, Ostm1 co-localized with Lamp-1,
a marker for late endosomes and lysosomes (Fig. 2a). This localiza-
tion resembled that of CIC-7, the loss of which also causes osteo-
petrosis’. However, when fibroblasts were transiently transfected
with Ostml (Fig. 2b), it showed an ER-like distribution and no
significant co-localization with Lamp-1 was observed. Co-transfec-
tion with CIC-7 restored a punctate Ostml staining pattern that
largely co-stained with Lamp-1 (Fig. 2¢) and CIC-7 (Fig. 2d). The
effect of CIC-7 was specific, as co-transfection with neither CIC-3
(not shown) nor CIC-6 (Supplementary Fig. S1), which are both
expressed in the endosomal/lysosomal pathway>’, resulted in such
changes.

As CIC-7 changed Ostm1 localization, we studied Ostm1 in CIC-7-
knockout (Clen7 ~/~) mice. Western blots indicated exclusive loss of
the 35-45kDa Ostm1 doublet in brain tissue from Clcn7 /'~ mice
(Fig. 3a). Subcellular fractionation of wild-type brain tissue revealed
that the small Ostm1 form was co-enriched with lysosomal markers
(bottom fractions 1-2), whereas the 80 kDa form was only detectable
in fractions 9—12, which contain markers for endosomes and the ER
(Fig. 3b). Such experiments yielded samples containing only the
small (wild-type fractions containing lysosomes) or large (Clcn7 '~
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Figure 3 | CIC-7 and Ostm1interact. a, Western blot of Ostm1 in brain from
wild-type, Clcn7 '~ and gl mice. b, Subcellular distribution of Ostm1 in
wild-type and Clcn7 '~ mice. Brain membranes (P2) and Percoll gradient
fractions were analysed. Bottom fractions (fr. 1-2) contained lysosomal
markers (cathepsin D, CIC-7), top fractions (9—12) contained ER (calnexin,
PDI) and endosomal (Rab4) markers. Small forms of Ostm1 were enriched
in lysosomal fractions, and the large form in ER/endosomal fractions.

¢, Deglycosylation of wild-type lysosomal and Clcn7 ~'~ ER/endosomal
fractions, using EndoH or PNGaseF. d, Co-immunoprecipitation reveals a
CIC-7-Ostm1 complex. Solubilized brain membranes were directly loaded
on the gel (input, lanes 1-3), or first immunoprecipitated (IP) with CIC-7
(lanes 4, 5) or Ostm1 antibodies (lanes 6, 7). Western blots were probed for
the proteins indicated on the right. Arrowheads show specific Ostm1 bands;
asterisk shows non-specific bands. Equivalent amounts of lysates and
precipitates were loaded.
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fractions containing endosomes/ER) forms of Ostm1, which we used
for deglycosylation experiments. PNGaseF reduced the size of both
species (Fig. 3¢, lanes 2 and 4), and only the 35-45kDa form was
partially resistant to EndoH (endoglycosidase H) (Fig. 3¢, compare
lanes 2 and 6). This indicates that the small, but not the large species
of Ostm1 had left the ER. Our results thus suggest that CIC-7 is
required for trafficking Ostm1 from the ER to lysosomes, and that the
luminal domain of Ostm1 is cleaved on its way to, or in, this final
compartment.

CIC-7 was efficiently co-immunoprecipitated from the brain with
Ostml, and vice versa (Fig. 3d). This interaction was specific, as it
was observed neither with the related endosomal proteins CIC-3 and
CIC-6, nor with Lamp-2. As expected from the lysosomal localization
of CIC-7 (ref. 4), antibodies against CIC-7 almost exclusively pre-
cipitated the cleaved, lysosomal Ostml fragment from brain. Co-
immunoprecipitation performed with transfected cells in which only
the large form of Ostm1 could be detected showed that this putative
ER form also interacted with CIC-7 (Supplementary Fig. S2).
Notably, Fig. 3d also shows that CIC-7 levels are greatly reduced in
brain extracts from g/ mice (lane 3).

Both CIC-7 and Ostm1 are expressed in several tissues, including
brain, liver, kidney and osteoclasts>>”'° (see Supplementary Fig. S3).
Immunohistochemistry of brain sections revealed that both proteins
co-localize in neuronal cell bodies in structures that most likely
represent lysosomes* (Fig. 4a). Both proteins also co-localize in
osteoclasts in a pattern that represents the ‘ruffled border’ (Fig. 4c).
This acid-secreting plasma membrane domain was identified by co-
staining for the a3 proton pump subunit'"'* (Fig. 4d), mutations of
which also underlie osteopetrosis'"'>"'°. Consistent with our western
blot analyses (Fig. 3a, b, d), Ostm1 staining was very weak in Clen7 '~
mice (Supplementary Fig. S4), and CIC-7 labelling was greatly
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reduced in grey-lethal cells. These cells included neurons (Fig. 4b)
and osteoclasts (Fig. 4e), in which the remaining CIC-7 still localized
to the ruffled border. Western blot analysis of brain, kidney, liver and
bone revealed that CIC-7 levels were reduced to less than 10% in gl
compared to wild-type mice (Fig. 4f, g). The transcript levels of both
Clen7 and Ostm1 genes were unchanged (Supplementary Table).

CIC-7 might support bone resorption by electrically shunting the
H"-ATPase that acidifies the osteoclast resorption lacuna’, or simi-
larly by facilitating the insertion of proton-pump-containing vesicles
into the ruffled border, which is underdeveloped in both Clen7 '~
and gl osteoclasts™®. This mechanism would also be feasible if CIC-7
were not a Cl™ channel, as believed so far>'’, but an electrogenic
Cl~/H"-exchanger such as ClC-ecl (ref. 16), CIC-4 or CIC-5
(refs 17, 18). As the intracellular localization of CIC-7 precluded
biophysical analysis, these alternatives remain untested. Our work
suggests that loss of OSTMI causes osteopetrosis™'®*’ by decreasing
the amount of CIC-7 to pathogenic levels. A 75% decrease in CIC-7
function as a result of dominant-negative mutations causes mild
osteopetrosis in humans®"*. The even lower levels of CIC-7 in gl mice
may be sufficient to cause the severe osteopetrosis observed with
OSTMI mutations™'**°.

Known disease-causing mutations in the human OSTM]I gene>*
introduce frame-shifts that replace the OSTM1 polypeptide with
short unrelated sequences 143 or 21 residues>* before the trans-
membrane domain. When an epitope-tagged construct modelled
after the latter mutation® (Fig. 1a) was transfected into cells, co-
expression with CIC-7 failed to direct the truncated Ostml to
lysosomes (data not shown) and the truncated protein was secreted
into the supernatant (Fig. 1g). We suggest that this mutant may lead
to disease because Ostm1 no longer interacts with CIC-7.

The phenotypes of Clen7 ~'~ and gl mice are strikingly similar. On
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Figure 4 | CIC-7 and Ostm1 co-localization in vivo and Clcn7 ~/~-like
phenotype of gl mice. a, b, Inmunofluorescence of cerebellar Purkinje
cells. a, Ostm1 co-localized with CIC-7 in late endosomes/lysosomes* of
wild-type cells. b, In gl neurons, both proteins were undetectable.

c—e, Immunofluorescence of osteoclasts in situ. Ostm1 and CIC-7
co-localized in the ruffled border (c), as did CIC-7 and the a3 proton-pump
subunit (d). e, In gl osteoclasts, CIC-7 levels were greatly reduced. In a—e,
nucleic acids were counterstained using TOTO (blue). Scale bar, 10 pm
(a—e). f, Western blots show a decrease in CIC-7, but not in CIC-3, CIC-6,
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Lamp-1 or Lamp-2 in gl brain. g, Quantification of western blots from
various tissues shows a decrease in CIC-7 in gl mice at postnatal day
(P)11-33, but no decrease in other late endosomal/lysosomal proteins. The
moderate decrease in control proteins in gl bone might be explained by the
osteopetrosis. Error bars indicate s.e.m.; n = 3—9 mouse pairs, except for
CIC-3 in bone (n = 2). h, i, Retinal degeneration is visible in g/ (h) but not in
wild-type (i) mice at P31. j, NeuN (neuronal nuclear antigen) staining
revealed neurodegeneration in the CA3 region (arrows) of a gl hippocampus
at P47. Scale bar, 100 pm.
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an agouti background, the fur of Clen7 ™'~ mice is grey (data not
shown), just like the coat colour of grey-lethal mice>*. The disrup-
tion of CIC-7 leads not only to osteopetrosis’, but also to retinal® and
central nervous system* degeneration, which are related to lysosomal
storage disease’. We detected similar retinal and hippocampal
degeneration in grey-lethal mice (Fig. 4h—j). Like Clen7 '~ mice?,
they showed electron-dense storage material in neurons and renal
proximal tubular cells (Supplementary Fig. S5). Again similar to
Clen7 ™'~ mice*, the pH of gl lysosomes seemed normal (Supplemen-
tary Fig. S6), possibly pointing to altered acidification during
lysosome formation, or to a role for lysosomal chloride*'*. Taken
together, we suggest that the CIC-7-Ostm1 complex is also import-
ant for the function of melanocytes and lysosomes. Patients with
OSTM1 mutations may develop lysosomal storage disease in
addition to osteopetrosis.

Our work has identified Ostm1 as a hitherto unknown ancillary
B-subunit of CIC-7. Ostml requires CIC-7 to travel to lysosomes,
whereas CIC-7 can reach its destination without Ostm1. The stability
of CIC-7 depends on its association with Ostml. As pronounced
glycosylation is thought to protect lysosomal membrane proteins
from degradation®**’, one might speculate that the highly glyco-
sylated Ostml protein shields CIC-7, the only mammalian CLC
protein lacking N-linked glycosylation sites, from lysosomal pro-
teases. The osteopetrosis, lysosomal storage and neurodegeneration
observed upon loss of Ostm1 may be entirely explained by a large
reduction in CIC-7 protein levels.

METHODS

Please refer to Supplementary Methods for full details.

Mice. Grey-lethal mice™*® obtained from Jackson Laboratory as double-hetero-
zygous GL/Le Edar™+/4 Ostm1#'/] mice were crossed once to C57BL/6 mice
and further bred to isolate the gl allele and produce homozygous gl/gl mice.
Details of Clcn7 ~/~ mice have been published®.

Antibodies. Antibodies against the a3 subunit of the V-type H'-ATPase
(peptide PDASTLENSWSPDEEK) or Ostm1 (LKSSTSFANIQENAT') were raised
in guinea pigs and rabbits, affinity purified and tested for specificity on oc and gl
knockout tissue, respectively”''. Antibodies against CIC-3 and CIC-7 have been
described®”. See Supplementary Information for details of other antibodies.
DNA constructs. The OstmI cDNA was amplified by polymerase chain reaction
with reverse transcription (RT-PCR) from mouse kidney, and cloned into an
eukaryotic expression vector. A mutant mimicking the OSTM1 fragment
remaining in an osteopetrosis patient® was generated by replacing the sequence
encoding Ostm1 amino acids 266-338 with an HA-epitope (resulting sequence
VEDA-VD-YPYDVPDYA-stop).

Cell culture. Fibroblasts from wild-type or Clcn7 = mice, HEK293 or HelLa
cells were prepared and cultured as described*. For protease inhibition, fibro-
blasts were cultured for 24 h in the presence of 20 pM leupeptin (Roche) or
10 pM E64 (Sigma).

Immunohistochemistry and histology. Immunostaining of cryo- and paraffin
sections and histology were done as described™”.

Biochemical methods. Cellular membranes from mouse brain were fractionated
by sedimentation velocity centrifugation as detailed in the Supplementary
Methods. Membrane preparations or gradient fractions were deglycosylated
using PNGaseF or EndoH (Roche). For immunoprecipitation experiments,
Ostml or CIC-7 antibodies were crosslinked to protein A sepharose by
dimethylpimelimidate. Brain membranes were pelleted and solubilized in lysis
buffer containing 1% Triton X-100. Non-solubilized material was removed by a
70,000g spin. After incubation with protein A sepharose—antibody complexes for
2h at 4°C and washing, samples were eluted at pH 2.8, neutralized, and
denatured in SDS sample buffer.
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