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Fig. 1 | ALS-associated CLCC1 mutations S263R and W267R reduce mutant CLCC1
expression and promote ER stress in vivo. a, The nonsynonymous (colored circle) and
stopgain (red triangle) mutations of CLCC1 were identified in a Chinese sporadic ALS cohort.
The potential damaging mutations are labeled in red. b, Validation of the potential disease-
causing mutations of CLCC1 by Sanger sequencing. Genomic DNA extracted from
peripheral blood cells of individual ALS patients. The PCR products were subject to Sanger
sequencing and the boundaries of adjacent exon and intron are marked. c, The Manhattan
plot for an exome-wide rare variant burden analysis. The p value of CLCC1 (1.51×10-6, with
OR = 5.72). d, A protein alignment of CLCC1 encompassing S263, W267, and neighboring
residues. Note that S263 and W267 are located in a predicted alpha helix. e, ER stress and
misfolded protein accumulation documented by Bip and ubiquitin (Ubi) staining in cerebella
of compound heterozygous mice (S263R/NM and W267R/NM). NM, the NM2453 allele is
an IAP (intracisternal A-particle) insertion in the intron 2 of Clcc1, which greatly reduces the
expression of CLCC1 protein to ~10% of that in wildtype animals (PMID: 25698737).
S263R/+ and wildtype (+/+) are negative for the phenotypes. f, Cerebellar expression of
CLCC1 in the indicated genotypes. Both S263R and W267R lowered the expression of
CLCC1. GAPDH, loading control. In e and f, +/+, 1.5 month; other genotypes, P35. Scale
bar in E, 20 µm.
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Supplementary Table 1 | Rare genetic variances found in ALS patients in a Chinese
cohort.
N

o.
rsID Chr1 Mutation Category

Patien

t(s)

Contro

l(s)
ExAC

Gnom

AD

TOPME

D

1000

G

1 N.A.
10948

4036

c.787A>C,

p.Ser263Arg

Nonsynon

ymous
2 0 N.A. N.A. N.A. N.A.

2 N.A.
10948

2762

c.799T>C,

p.Trp267Arg

Nonsynon

ymous
1 0 N.A. N.A. N.A. N.A.

3 N.A.
10947

9980

c.1102A>G,

p.Ser368Gly

Nonsynon

ymous
1 0 N.A. N.A. N.A. N.A.

4 N.A
10949

2974

c.86T>C

p. Met29Thr

Nonsynon

ymous
1 0 N.A N.A N.A N.A

5
rs75038

5149

10947

9801

c.1280_1281insGA,

p.Asp427Glufs*5
Stop gain 1 0 N.A. N.A. N.A. N.A.

6
rs20219

9249

10947

7405

c.1543G>T,

p.Ala515Ser

Nonsynon

ymous
1 0 N.A.

4.06E

-06

7.96E-

06

2.00E

-04

7
rs77079

5683

10948

4108
c.715C>T, p.Gln239* Stop gain 1 0

8.25E

-06

4.06E

-06

3.18552

E-05
N.A.

8
rs37244

9194

10949

3031
c.29G>A, p.Cys10Tyr

Nonsynon

ymous
1 0

1.66E

-05

1.63E

-05

7.96E-

06
N.A.

Note: The genetic variances were detected in a Chinese cohort which contains 670 ALS

sporadic patients and 1910 controls without neurological diseases. ExAC, The Exome

Aggregation Consortium; GnomAD, The Genome Aggregation Database; TOPMed, The Trans-

Omics for Precision Medicine program; 1000G, The 1000 Genomes Project. The chromosome

position is based on human reference sequence (GRCh37, 2009).
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Extended Data Fig. 1 | The conservation and second structure prediction of CLCC1.
The secondary structure, including alpha-helix and beta-sheet, was predicted by an online tool
Jpred4 (PMID: 25883141). The rare genetic variances we identified in the Chinese cohort.
Nonsynonymous (colored circle) and stopgain (red triangle) mutations are highlighted.
Human CLCC1 sequence was used for position reference.
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Extended Data Fig. 2 | Generation of Clcc1 knockout and ALS-associated mutation
knockin mice. a, A single nucleotide insertion was introduced in exon 8 of Clcc1 by
CRISPR/Cas9, which led to a Clcc1 out-of-frame knockout (KO). b and c, Confirmation of the
S263R and W267R knockin (KI) mice by genomic DNA PCR and Sanger sequencing.
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Supplementary Table 2 | Abnormal Mendelian ratio in the progenies from KO/+
intercross and KO/+ and W267R/+ cross.

+/+ KO/+ KO/KO
Expected segregation ratio 12.5 25 12.5
Observed segregation ratio 16 35 0

Note: The Chi-square value was equal to 16.419 (p < 0.001)

Note: The Chi-square value is equal to 14.59 (p < 0.001)

+/+ W267R/+ KO/+ W267R/KO
Expected segregation ratio 13.75 13.75 13.75 13.75
Observed segregation ratio 23 16 16 0
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Fig. 2 | CLCC1 is a pore-forming component of an ER anion channel and luminal Ca2+
inhibits the channel activity. a, Domain prediction of mouse CLCC1 (mCLCC1) that
contains a signal peptide (SP) and three transmembrane segments (TMs). mCLCC1 is
encoded by 10 exons (Ex2-11) (NM_145543.2). Note the N-terminal (12-200 a.a.) and C-
terminal polypeptides (355-539 a. a.) used for generation of the N- and C-terminal antibodies,
respectively. b, Naive 293FT cells were treated with disuccinimidyl suberate (DSS) at
indicated concentrations. Cell lysates were separated by SDS-PAGE and blotted with
CLCC1 C-terminal antibody (CLCC1-C). c, Chromatograph of His-tagged mCLCC1
expressed by an insect expression system and purified by Nickel column. Standard
molecular weight markers are indicated by arrows. d, Purified mCLCC1 from (c) were
incorporated into planar phospholipid bilayer and single channel currents were recorded in
asymmetric KCl and NaCl solutions at indicated voltages (upper). C, closed state; O, open
state. Current-voltage (I-V) relationships in asymmetric KCl and NaCl solutions (lower). e,
Single channel currents recorded at 0 mV with 150 mM KCl in cis and 150 mM KBr, 75 mM
K2SO4, or 150 mM KNO3 in trans (upper). I-V relationships under conditions (lower). f,
Single channel activities (upper) and I-V relationships (lower) recorded from planar bilayers
with purified human wildtype (hWT), S263R, and W267R mutant CLCC1, respectively.
Solution, asymmetric KCl (In/Ex, 150/15 mM). In d, e, and f, values are presented as mean
± SEM (n ≥ 6). g, Topology of CLCC1 determined by microsome preparation. Microsomal
vehicles prepared from mouse cerebellum were treated with trypsin alone, or trypsin
together with Triton X-100. Protein lysates were then separated by SDS-PAGE and probed
with CLCC1 N- and C-terminal antibodies. As a control, Bip, an ER lumen resident, was
protected from trypsinization. h, Application of 2 mM MTSET in trans but not cis side
blocked mCLCC1 channel activity. We defined cis side as the chamber we applied purified
CLCC1 proteins (upper). The C350F mCLCC1 mutant was resistant to MTSET (n ≥ 6). i,
Cysteine residues of CLCC1, with C350 highlighted. j, An alignment of predicted TM3 of
CLCC1 across different species. C350 is labeled with an asterisk. Note the corresponding
residue of Homo sapiens and Mus musculus C350 is phenylalanine in Xenopus. k,
Application of 10 mM CaCl2 in cis but not trans reduced mCLCC1 channel activity. The
inhibitory effect of Ca2+ was partially prevented by EDTA (10mM). l, Statistical analysis of
normalized relative open probability (Po). Relative Po, Po-post/Po-pre, Po after CaCl2 or
EDTA treatment divided by that before the treatment. Values are presented as mean ±
SEM (n = 6).
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Extended Data Fig. 3 | CLCC1 ER localization and topology. a, Cerebellar lysates from
wild type (+/+) and homozygous mutant NM2453 (NM-/-) mice were blotted with CLCC1 N-
and C-terminal antibodies. Tubulin served as a loading control. b, Subcellular localization
of CLCC1 in Hela cells was examined by the CLCC1 C-terminal antibody. Flag-tagged
Calnexin, an ER resident, was detected by the Flag antibody. Scale bar, 10 μm. c, Liver
microsome preparations were treated with trypsin alone, or trypsin plus Triton X-100. The
resulting protein lysates were then separated by SDS-PAGE and probed with the CLCC1 N-
and C-terminal antibodies. An ER lumen-resident chaperon Bip was protected from
trypsinization as a control.
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Extended Data Fig. 4 | Homomultimer formation of CLCC1 in vivo and in vitro. a, Flag-
tagged mCLCC1 was expressed without or with Myc-tagged mCLCC1 in 293FT cells and
the cell lysates were applied for Flag immunoprecipitation (IP) followed by western blotting
for Myc. b, mCLCC1 tagged with SBP (streptavidin-binding peptide) and CBP (calmodulin-
binding peptide) was expressed in 293FT cells. Streptavidin beads (M-280) pulled down
both exogenous and endogenous CLCC1. c and d, His-tagged mCLCC1-N (c) and -C (d)
were cross-linked by DSS at the indicated concentrations in vitro and detected by anti-His
antibody (His-Ab). e and f, Cysteine residues in mCLCC1-N and -C were mutated into
alanines. The purified cysteine-less polypeptides were separated by SDS-PAGE (e) and
native gel (f). g, Homomultimers of His-tagged mCLCC1-C detected after a formaldehyde
(FA) treatment in vitro.
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Extended Data Fig. 5 | Macroscopic current recording of CLCC1. a, Representative
macroscopic currents recorded with (Top) or without (Bottom) the addition of purified
mCLCC1. b, The corresponding I-V curve for with mCLCC1.
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Extended Data Fig. 6 | C350F largely restores DIDS inhibition of CLCC1 channel
activity. a, His-tagged C350F mutant mCLCC1 was expressed in an insect expression
system and purified by Nickel column. b, Purified wildtype (WT) and C350F mutant
mCLCC1 were incorporated into planar phospholipid bilayer and single channel recordings
were performed at 0 mV in the absence and presence of 10 mM DIDS. DIDS completely
inhibited the WT channel activity, which was largely restored by C350F mutant mCLCC1. c,
Data summary of normalized open probability (Po). Values are presented as mean ± SEM
(n = 6), ***p<0.001 by one-way ANOVA.
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Fig. 3 | Dysfunction of CLCC1 impairs steady state [Cl-]ER and leads to ER swelling. a,
Ratiometric Cl- sensor (RaMorideER) for ER [Cl-] ([Cl-]ER) measurement. A signal peptide (SP)
was tagged to the N-terminus of a previously reported Cl- sensor (PMID: 24901231), which
was then fused to a monomeric DsRed as an internal control for the probe expression level
and an ER retention signal (KDEL) at the C-terminal end. The resulting ratiometric Cl-
sensor (RaMorideER) for ER [Cl-] ([Cl-]ER) measurement (upper). Cell expressing wildtype
(WT) or ALS-associated mutant CLCC1 was monitored by the expression of an engineered
near-infrared fluorescent protein, miRFP670S (PMID: 23770755). IRES (Internal Ribosome
Entry Sites) sequences were employed to ensure the co-expression (lower). b, ER
localization of RaMorideER, showing a prominent overlap of the DsRed fluorescence with
Calnexin immunostaining signals. c and d, Measurement of [Cl-]ER in 293FT cells
expressing WT or ALS-associated mutant CLCC1 by RaMorideER. [Cl-]ER was reflected by
the ratio of YFP/DsRed fluorescent signals. Cells expressing WT or ALS-associated mutant
CLCC1 were sorted by miRFP670S. Representative FACS (Fluorescence Activated Cell
Sorting) plots (c) and the summary data (d) are shown. e, Knockdown of CLCC1 in 293FT
cells infected with lentiviral H3 and H4 shRNAs, measured by western blot (left), FACS
(middle), and RNA-seq (right). Ctrl., MOCK control; Scra., scrambled shRNA; H3 and H4,
shRNAs specific for CLCC1. f, Steady state [Cl-]ER measured by RaMorideER in 293FT cells
infected with the indicated shRNAs. g and h, Transmission electron microscopy (TEM)
images of 293FT cells infected with the indicated shRNAs. Ribosome-bound rough ER was
marked by red arrows. ER width was calculated and the summary data are shown in (h). In
d, f, and h, values are presented as mean ± SEM from at least three independent
experiments or biological replicates; N.S., no significant difference, *p<0.05, **p<0.01,
***p<0.001 by one-way ANOVA. In g, scale bar, 50 nm.
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Extended Data Fig. 7 | Effect of extracellular [Cl-] ([Cl-]Extra) on [Cl-]ER in 293FT cells
measured by RaMorideER. [Cl-]ER was reflected by the ratio of YFP/DsRed fluorescent
signals. Representative FACS (Fluorescence Activated Cell Sorting) plots (a) and the
summary data (b) are shown. In b, values are presented as mean ± SEM from at least
three biological replicates; **p<0.01, ***p<0.001 by one-way ANOVA.
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Fig. 4 | Dysfunction of CLCC1 impairs internal Ca2+ release and depletion of CLCC1
dosage-dependently reduces [Ca2+]ER. a-c, 293FT cells infected with the indicated
shRNAs were loaded with Fura-2 and stimulated with ATP in a calcium-free medium (gray
rectangle). Representative Ca2+ release traces averaged from at least 50 cells (a). The
knockdown of CLCC1 reduced the amplitude (b) but increased the time-to-peak (c) of ATP-
induced Ca2+ release. d and e, Full-length WT mCLCC1 but not the Δ2nd loop mutant
CLCC1 restored the ATP-induced Ca2+ release damaged by H3 shRNA knockdown. The
data summary shown in (e). f, ATP-induced internal Ca2+ release was impaired by S263R
and W267R mutants. Human wildtype (hWT) and S263 and W267 mutant CLCC1 were
expressed in 293FT cells. g-i, ER Ca2+ content was estimated by CPA-induced cytosolic
Ca2+ rise in the calcium-free medium (gray rectangle) in 293FT cells infected with the
indicated shRNAs. Shown are representative traces of CPA-induced calcium leak averaged
from at least 50 cells (g) and summary data for the amplitude (h) and time-to-half peak (i) of
CPA-induced cytosolic Ca2+ rise. j and k, Steady state [Ca2+]ER in 293FT cells infected with
the indicated shRNAs was measured by fluorescent signals of ER-GCaMP6-210 a
previously reported low affinity Ca2+ probe (PMID: 28162809) by FACS. Baseline, 1 mM
EGTA + 10 µM ionomycin; Steady, normal medium containing 2 mM Ca2+; Max, 10 mM Ca2+
+ 10 µM ionomycin. The summary data (k) were from three independent experiments.
ΔFsteady = (Fsteady-Fbaseline); ΔFmax = (Fmax-Fbaseline). Values are presented as
mean ± SEM. In b, c, e, f, h, and i, n > 150 cells pooled from three independent
experiments. N.S., no significant difference, *p<0.05, **p<0.01, ***p<0.001 by one-way
ANOVA.
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a b

Extended Data Fig. 8 | Depletion of CLCC1 impairs internal Ca2+ release. a, Human
293FT cells were infected with the indicated lentiviral shRNAs. The infected cells were
loaded with Fura-2 and stimulated with ATP in the calcium-free medium (gray rectangles).
Representative single cell Ca2+ traces are shown. Ctrl., MOCK control; Scra., scrambled
shRNA; H4, H4 CLCC1 shRNA. b, Histogram of percentage of cells showing different
numbers of calcium spikes induced by ATP (at least 50 cells for each group). c,
Representative traces of intracellular Ca2+ changes of cardiomyocytes cultured from wildtype
(+/+) and NM2453 homozygous mutant (NM-/-) mice, loaded with Fura-2, and stimulated with
caffeine (upper). Summary data for amplitude of caffeine-induced internal Ca2+ release
(lower). Values are presented as mean± SEM of at least 150 cells from three independent
experiments. ***p<0.001 by t-test.
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Extended Data Fig. 9 | Validation of an ER Ca2+ probe ER-GCaMP6-210 by CPA. The
culture medium of 293FT cells expressing ER-GCaMP6-210 was sequentially switched to
the indicated conditions. The fluorescent signals of ER-GCaMP6-210 dropped sharply after
the application of CPA, a Ca2+ pump inhibitor, which recovered after the application of 10
mM extracellular Ca2+ together with 10 µM ionomycin, a Ca2+ ionophore. Three single cell
traces representing individual cells (cell1, 2, and 3) are shown.
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Fig. 5 | Mutation of K298 a PIP2-sensing residue for CLCC1 channel activity impairs
ER Ca2+ release and promotes ER swelling and motor neuron degeneration. a and b,
Single channel activities recorded after incorporating the purified wildtype (WT), K298A, and
K298E mutant mCLCC1 into the planar phospholipid bilayer. In b, the phospholipid bilayer
contained 2% PIP2. c, An alignment of sequences encompassing the 2nd loop of CLCC1
among different species. d and e, I-V relationships in the absence (d) and presence (e) of
PIP2 for WT mCLCC1 and its K298A and K298E mutants recorded from planar phospholipid
bilayer in the asymmetric KCl solutions. f, Summary data of slope conductance (upper) and
channel open probability (Po) at 0 mV (lower) in the asymmetric KCl solutions. g, A lentiviral
inducible system was used to express wildtype mCLCC1 (WT) and its K298A mutant
(K298A) in 293FT cells. ATP-induced Ca2+ release was measured in the calcium-free
culture medium in Fura-2 loaded cells with (+Dox) or without (-Dox) induction. h and i,
Summary data of amplitude (h) and time-to-peak (i) of ATP-induced Ca2+ release under
conditions shown in (g). j, Cerebellar expression of CLCC1 in the indicated genotypes.
GAPDH, loading control. k, ER stress and misfolded protein accumulation documented by
Bip and ubiquitin (Ubi) staining, respectively, in cerebella of NM2453 homozygotes (NM/NM)
and K298A and NM2453 compound heterozygotes (K298A/NM). P, Purkinje cells. Wildtype
(+/+), negative control; NM2453 homozygotes (NM/NM), positive control. l and m, Ubiquitin-
positive inclusions in ChAT-positive motor neurons in lumbar 4–5 spinal cords of K298A/NM
mice. Representative images (l) and quantification of number of ChAT-positive motor
neurons in the ventral horn (m) are shown. n and o, TEM images of cerebellar granule
neurons from wildtype (+/+) and K298A/NM mice (n). Red arrows indicate ribosome-bound
rough ER. Summary data are shown in (o). Mouse age: j and k, 1.5 month; l and m, +/+, 10
months, K298A/NM, 14 months; n and o, 3 months. Quantification: d, e, and f, n = 4-20; h
and i, more than 150 cells from three independent experiments; m and o, 14-18 slides (m)
and more than 25 granule cells (o) per mouse from three individual animals for each
genotype. Scale bar, k, 20 µm; l, 10 µm; n, 50 nm. Values are presented as mean± SEM;
N.S., no significant difference; *p<0.05; ***p<0.001, by t-test or one-way ANOVA.
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Extended Data Fig. 10 | ALS-associated mutant CLCC1 do not impair the PIP2-
mediated facilitation. a and b, Single channel activities (a) and I-V relationships (b)
recorded from planar phospholipid bilayers in the presence of PIP2 after the incorporation of
purified hWT CLCC1 and its S263R, and W267R mutants, respectively. c and d, Summary
data of slope conductance (c) and channel open probability (Po) at 0 mV (d) in the absence
and presence of PIP2. Values are presented as mean ± SEM. In c and d, n = 4-20. N.S.,
no significant difference; ***p<0.001, by one-way ANOVA.
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Extended Data Fig. 11 | K298A impairs ATP-induced Ca2+ oscillation. a, A lentiviral
inducible system for expression of wildtype (WT) and K298A mutant mCLCC1 (K298A). b,
Western blot (WB) confirmation of expression of Flag-tagged WT and K298A mutant
mCLCC1 by Flag (upper) and CLCC1 (CLCC1-C, middle) antibodies in the Dox-induced
cells. Endo., endogenous CLCC1. c, Recombinant WT and K298A mutant mCLCC1
interact with endogenous (Endo.) CLCC1. Flag-IP products were probed with the CLCC1-C
antibody. d, Single cell calcium traces in cells with Dox induction of wildtype (WT) and
mutant (K298A) mCLCC1 expression. The cells were loaded with Fura-2 and stimulated
with ATP in the calcium-free culture medium (gray rectangle). e, Histogram of percentage of
cells showing different numbers of calcium spikes induced by ATP. Note that nearly a half of
the K298A expressing cells showed single calcium spike. At least 50 cells were analyzed for
each group.
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Extended Data Fig. 12 | K298A promotes neuron degeneration and ER stress. a and b,
Generation of K298A KI mouse. Genomic DNA PCR products from the KI mutant mice were
applied for Sanger sequencing (a) and MspA1l enzyme digestion (b). c, Cerebellar total
RNA from a K298A/+ mouse was subject to RT-PCR and the PCR products were sent for
Sanger sequencing. The boundary of exon 8 and 9 is marked. d and e, Brain lysates of a
K298A/NM mouse were applied for immunoprecipitation with the CLCC1-C antibody,
followed by LC-MS/MS analysis. MS/MS spectra of wildtype (d) and K298A CLCC1
peptides (e) were identified. f, Cerebellar hematoxylin and eosin (H&E) staining in mice with
the indicated genotypes. The pyknotic nuclei in cerebellar granule layer were labeled with
arrows. g, The Bip and ubiquitin (Ubi) stainings were performed in hippocampal DG areas
from the indicated genotypes. Mouse age, 1.5 month. In f, scale bar, 50 μm; in g, 20 μm.
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+/+ K298A/+ K298A/K298A
Expected segregation ratio 13.5 27 13.5
Observed segregation ratio 20 34 0

Supplementary Table 3 | Abnormal Mendelian ratio in the progenies from K298A/+
intercross.
Note: The Chi-square value is equal to 18.44 (p < 0.001)

Link CLCC1 to ALS.

26



Extended Data Movie 1 | Early onset behavior phenotypes in the K298A/NM mouse.
Mice with indicated genotypes were videotaped in side view. K298A/NM mouse showed
severe body weight loss, hind leg weakness, trunk shaking, tail flagging, abnormal gaits, and
ataxia, which were not shown in aged-matched WT and NM/NM mice. Obvious phenotypes
appeared in the NM/NM mice at the age of 1.5 year (PMID: 25698737).
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Fig. 6 | Increased penetrance of K298A allele and cell-autonomous effect of Clcc1
loss-of-function in motor neuron loss. a, Percent of phenotype onset in wildtype (+/+)
and K298A/+ animals. The early onset phenotypes of K298A/+ animals (K298A/+*, 12/182,

onset time: postnatal 90.9 ± 5.5 days) include body weight loss, hindlimb weakness, trunk

shaking, tail flagging, abnormal gaits, and ataxia (also see Movie S2). b, A K298A/+

mutant mouse displaying early onset phenotype (K298A/+*) together with a wildtype and a

normal K298A/+ mouse. c, Curved spine shown in K298A/+* but not in wildtype and
K298A/+ mice. d, Expression levels of CLCC1 in various tissues in wildtype, K298A/+, and
K298A/+* mice. Summary data in Extended Data Fig. 13. e, Construction of Clcc1
conditional knockout mouse. f-j, Knockout of Clcc1 in ChAT-positive motor neurons

(ChAT-Cre;Clcc1fl/fl) leads to ER stress (f and g), TDP-43 pathology (h), early death (i), and
motor neuron loss (j). ChAT-Cre;Clcc1fl/+ served as a negative control. In j, 14-18 slides
per mouse from lumbar 4–5 spinal cords of three individual animals for each genotype were

analyzed. Mouse age: b-d, 10 months; f, g, h, and j, P20-25. Scale bar in f-h, 10 µm.
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Extended Data Movie 2 | Increased penetrance of K298A allele. A K298A/+ mutant
mouse carrying early onset phenotype (K298A/+*), which is similar to that of K298A/NM
(Extended Data Movie 1), together with a wildtype and a normal K298A/+ mouse. Mouse,
male, 10 months of age.

Link CLCC1 to ALS.

30



a b

Extended Data Fig. 13 | Protein and mRNA expression of Clcc1 in K298A/+ mice
with/without early onset phenotypes. a, Tissue lysates from K298A/+ mutant mice with
(K298A/+*) or without (K298A/+) early onset phenotype were blotted with CLCC1 and GAPDH
antibodies (Fig. 6d). Expression levels of CLCC1 were normalized to GAPDH. b, Clcc1
mRNA levels were detected by real-time PCR in the various tissues with indicated genotypes
and phenotypes. Mouse, male, 10 months of age. Values are presented as mean ± SEM
from three independent experiments; * p < 0.05, *** p < 0.001, by one-way ANOVA.
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Extended Data Fig. 14 | CLCC1 dosage-dependence in severity of disease phenotypes
in vivo. Phenotypic analysis from 5 available Clcc1 alleles, including the previously reported
NM2453 (NM) and 4 new alleles reported here, which clearly demonstrate that the severity of
mutant Clcc1 phenotypes is CLCC1 dose-dependent.
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Extended Data Fig. 15 | Our working models. The working model for CLCC1 in regulation
of ER ion homeostasis, ER morphology, and ER stress. Top left, ER Ca2+ release through the
release channels (IP3Rs and/or RyRs) positively charges the ER membrane and decreases
the driving force for continued Ca2+ release. Cl- efflux through CLCC1 and K+ influx via TRIC
channels or IP3Rs/RyRs work together to compensate both ER membrane potential and
luminal osmolarity changes during the release. CLCC1 functions as homomultimers. The
high Ca2+ concentration in the ER lumen (represented as light brown) inhibits CLCC1 channel
activity. Topologically, CLCC1 N-terminus and the 2nd loop face ER lumen and its C-terminus
is exposed to the cytoplasmic side (lower enlarged). Key residues of CLCC1 for its anion
channel activity are labeled. A lysine (K298) in the second loop is responsible for PIP2-
facilitation of the channel activity. Two ALS-associated mutations are located in the same
loop. MTSET and DIDS work on C350 to block CLCC1 channel activity, suggesting that C350
is close to the conduction pathway. Top right, Upon dysfunction of CLCC1, [Cl-]ER is
increased and the counter movement of Cl- efflux through CLCC1 during the store Ca2+
release is impaired, which in turn reduces the driving force of Ca2+ release. Although pure K+
influx can also partially compensate for the loss of ER membrane potential, it will increase
luminal osmolarity, leading to ER swelling due to the uptake of H2O through osmosis. ER
swelling and ER Ca2+ content reduction caused by the depletion/dysfunction of CLCC1 leads
to a decrease in [Ca2+]ER (represented as light blue), which impairs ER protein folding and
results in ER stress and eventually neurodegeneration. SERCA, sarco/endoplasmic reticulum
Ca2+-ATPase responsible for transferring Ca2+ from cytosol to ER lumen.
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