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Summary

The genetic causes of global developmental delay (GDD) and intellectual disability (ID) are diverse and include variants in numerous ion
channels and transporters. Loss-of-function variants in all five endosomal/lysosomal members of the CLC family of Cl~ channels and
Cl~/H™ exchangers lead to pathology in mice, humans, or both. We have identified nine variants in CLCN3, the gene encoding CIC-3, in
11 individuals with GDD/ID and neurodevelopmental disorders of varying severity. In addition to a homozygous frameshift variant in
two siblings, we identified eight different heterozygous de novo missense variants. All have GDD/ID, mood or behavioral disorders, and
dysmorphic features; 9/11 have structural brain abnormalities; and 6/11 have seizures. The homozygous variants are predicted to cause
loss of CIC-3 function, resulting in severe neurological disease similar to the phenotype observed in Clcn3~'~ mice. Their MRIs show
possible neurodegeneration with thin corpora callosa and decreased white matter volumes. Individuals with heterozygous variants
had a range of neurodevelopmental anomalies including agenesis of the corpus callosum, pons hypoplasia, and increased gyral folding.
To characterize the altered function of the exchanger, electrophysiological analyses were performed in Xenopus oocytes and mammalian
cells. Two variants, p.Ile607Thr and p.Thr570lle, had increased currents at negative cytoplasmic voltages and loss of inhibition by
luminal acidic pH. In contrast, two other variants showed no significant difference in the current properties. Overall, our work estab-
lishes a role for CLCN3 in human neurodevelopment and shows that both homozygous loss of CIC-3 and heterozygous variants can
lead to GDD/ID and neuroanatomical abnormalities.

Introduction derlying genetic disorder.”” Owing to the complexity of

the human brain, variants in a wide range of genes,
The causes of global developmental delay (GDD) and intel- including those encoding ion transport proteins, have
lectual disability (ID) are multifactorial with recent data been associated with neurodevelopmental disorders and
suggesting that a majority of cases are secondary to an un-  epilepsy. Such transport proteins can localize to the plasma

!Division of Newborn Medicine, Department of Pediatrics, Boston Children’s Hospital, Boston, MA 02115, USA; ZLeibniz—Forschungsinstitut fiir Molekulare
Pharmakologie (FMP), 13125 Berlin, Germany; 3Max-Delbriick-Centrum fiir Molekulare Medizin (MDC), 13125 Berlin, Germany; 4Unitat de Fisiologia, De-
partament de Ciencies Fisiologiques, IDIBELL-Institute of Neurosciences, Universitat de Barcelona-CIBERER, L'Hospitalet de Llobregat, 08907 Barcelona,
Spain; SIstituto di Biofisica, 16149 Genova, Italy; ®Scuola Internazionale Superiore di Studi Avanzati (SISSA), 34136 Trieste, Italy; ’Center for Mendelian
Genomics, Program in Medical and Population Genetics, Broad Institute of MIT and Harvard, Cambridge, MA 02142, USA; 8The Manton Center for Orphan
Disease Research, Boston Children’s Hospital, Boston, MA 02115, USA; 9Department of Radiology, Boston Children’s Hospital, Boston, MA 02115, USA;
%Translational Cytogenomics Research Unit, Bambino Gest Children’s Hospital, IRCCS, 00146 Rome, Italy; ' Division of Genetics & Genomics, Depart-
ment of Pediatrics, Boston Children’s Hospital, MA 02115, USA; 2[nstitute of Human Genetics, Medical Faculty, Heinrich-Heine University, 40225 Diis-
seldorf, Germany; "Institute of Human Genetics, University of Leipzig Medical Center, 04103 Leipzig, Germany; '*Vestische Kinder-und Jugendklinik Dat-
teln, Universitdt Witten-Herdecke, 45711 Datteln, Germany; SDivision of Neonatology and Pediatric Critical Care Medicine, University Medical Center
Hamburg-Eppendorf, 20246 Hamburg, Germany; '®Institute of Human Genetics, University Medical Center Hamburg-Eppendorf, 20246 Hamburg, Ger-
many; 17NeuroCure Cluster of Excellence, Charité Universititsmedizin Berlin, 10117 Berlin, Germany; 18Analytic and Translational Genomics Unit, Mas-
sachusetts General Hospital, Boston, MA 02114, USA; 9provincial Medical Genetics Program, University of British Columbia, Department of Medical Ge-
netics, Children’s and Women’s Health Center of British Columbia, Vancouver, BC V6H 3N1, Canada; 2°Child and Adolescent Neuropsychiatry Unit,
Bambino Gesu Children’s Hospital, IRCCS, Rome, Italy; 21Oncological Neuroradiology Unit, Bambino Gesu Children’s Hospital, IRCCS, 00146 Rome, Italy;
22Department of Human Genetics, Emory University School of Medicine, Atlanta, GA 30322, USA; 23Erasmus University Medical Center, Department of
Clinical Genetics, 3000 CA Rotterdam, the Netherlands; *Brain Development Research Program, Department of Neurology, University of California, San
Francisco, San Francisco, CA 94158, USA; 25Neonatology, Ospedale San Giovanni Calibita Fatebenefratelli, 00186 Roma, Italy

26These authors contributed equally

2’These authors contributed equally

*Correspondence: jentsch@fmp-berlin.de (T.J.J.), pagrawal@enders.tch.harvard.edu (P.B.A.)

https://doi.org/10.1016/j.ajhg.2021.06.003.

© 2021 American Society of Human Genetics.

1450 The American Journal of Human Genetics 708, 1450-1465, August 5, 2021 L)

Gheck for
Updaies


mailto:jentsch@fmp-berlin.de
mailto:pagrawal@enders.tch.harvard.edu
https://doi.org/10.1016/j.ajhg.2021.06.003
http://crossmark.crossref.org/dialog/?doi=10.1016/j.ajhg.2021.06.003&domain=pdf

membrane or to intracellular organelles, such as endo-
somes and lysosomes. The former influence cellular excit-
ability or regulate intra- or extracellular ion concentra-
tions, whereas the latter modulate vesicular trafficking or
cellular metabolism.

The CLC family of C1~ channels and transporters® com-
prises nine members in mammals. Whereas CIC-1, CIC-2,
CIC-Ka, and CIC-Kb are plasma membrane chloride chan-
nels, CIC-3, CIC-4, CIC-5, CIC-6, and CIC-7 reside on ves-
icles of the endosomal/lysosomal system and mediate 2C1™
/H" exchange. Together with proton pumps, these vesicu-
lar CLC (vCLC) proteins support luminal acidification and
Cl” accumulation, which in turn may affect endosomal/
lysosomal function and trafficking by poorly understood
mechanisms. CIC-5 is found predominantly on early endo-
somes, while CIC-3, CIC-4, and CIC-6 reside mainly on late
endosomes. CIC-7, together with its B-subunit Ostm1,* is
present on lysosomes and the specialized acid-secreting
ruffled border of osteoclasts.

Loss-of-function variants of all nine CLCN genes lead to
pathology in mice, humans, or both.” Loss of vesicular
CLC proteins predominantly affect the nervous system,
with the exception of the mainly epithelial CIC-5, whose
disruption causes proteinuria and kidney stones by severely
impairing proximal tubular endocytosis (CLCN5 [MIM:
300008]).>° Although Clcn4~/~ mice lack obvious pheno-
types,””® loss-of-function variants in human CLCN4
(MIM: 302910) cause syndromic intellectual disability
that often presents with seizures and dysmorphic facial fea-
tures.”'” Loss of CIC-6 function leads to a mild form of
neuronal lysosomal storage disease in mice.'" A recurrent
gain-of-function CLCNG6 variant (MIM: 602726) leads to se-
vere global developmental delay, hypotonia, respiratory
insufficiency, neurodegeneration, and associated MRI ab-
normalities in humans,'? and an individual heterozygous
for a different CLCN6 variant presents with West syn-
drome."'*"'* Loss of lysosomal CIC-7 results in pronounced,
mainly neuronal, lysosomal storage disease and severe os-
teopetrosis in mice and humans (CLCN7 [MIM:
602727]).">*° Disruption of mouse Clcn3 results in drastic
neurodegeneration with loss of the hippocampus a few
months after birth and early retinal degeneration.'” To
date, human disease causing CLCN3 (MIM: 600580) vari-
ants have not been reported.

Vesicular CLC proteins are voltage-gated Cl-/H"-anti-
porters that exchange two Cl~ ions for one H ion. They
generate electrical currents that may be needed for efficient
operation of vesicular H"-ATPases,>'®'? although other
vesicular conductors might substitute for vCLCs in vesicle
acidification.”” vCLCs also concentrate Cl~ in the vesicle
lumen, a role that depends on the coupling of CI~ to H*
fluxes.”' The importance of this function is emphasized
by the observation that knock-in mice carrying uncou-
pling point variants display phenotypes resembling those
of the respective knock-out mice.*'?*' Although the
mechanisms by which variants in vCLCs lead to disease
remain poorly understood, it is well established that loss

of CLC function can disrupt endosomal trafficking® or
lysosomal protein degradation.'>?* Many of these insights
have been gleaned from mouse models or from patients
carrying various loss- or gain-of-function variants in
CLCN genes.

We now report 11 individuals, 9 that carry 8 different rare
heterozygous missense variants in CLCN3 (MIM: 600580)
and 2 siblings that are homozygous for a frameshift variant
likely abolishing C1C-3 function. All 11 have GDD or ID and
dysmorphic features, and a majority has mood or behav-
ioral disorders and structural brain abnormalities. The
severity of disease in the two individuals with homozygous
disruption of CIC-3 is consistent with the drastic phenotype
seen in Clcn3~/~ mice.!” Electrophysiological analysis of
four of the individuals’ missense variants revealed that
two variants, p.Ile607Thr (c.1820T>C) and p.Thr570lle
(c.1709C>T), increase ion transport by the CIC-3 trans-
porter. Overall, our work establishes variants in CLCN3 as
a cause of GDD/ID and structural brain anomalies.

Subjects and methods

Human subjects

A parent or legal guardian provided informed consent for all sub-
jects in accordance with local institutional review boards of the
participating centers. MRIs from individuals (I) 3, 5, 6, 7, 8, 9,
10.1, and 10.2 were obtained and reviewed by a single pediatric
radiologist at Boston Children’s Hospital to evaluate the findings.

Expression constructs

A plasmid of mouse CIC-3, splice variant c, kindly provided by C.
Fahlke (Forschungszentrum Jiilich, Germany), contained EGFP
fused to the C terminus in the background of the mammalian
expression vector FsY1.1 G.W. For oocyte expression, the open
reading frame was subcloned in the PTLN vector,”® in which the
disease-associated variants were introduced using standard restric-
tion free mutagenesis. Using suitable restriction enzymes and liga-
tion, the variants were transferred to the FsY1.1 G.W. vector. All
constructs were verified by Sanger sequencing. Mouse and human
CIC-3 differ in three amino acid positions. With numbering refer-
ring to the long human splice B isoform, these are: G205E (not
conserved among CIC-3-5), 1494V (conservative change, being V
also in CIC-4 and -5), and N663S (not conserved among CIC-3-
5). The regions around the functionally studied mutations are
identical.

Expression in oocytes

After linearization with Mlul, RNA was transcribed using the
SP6 mMessageMachine kit (Thermofisher). Oocytes were ob-
tained, injected with 10 ng of RNA, and incubated at 18°C for
2-4 days prior to measurements as described previously.”*

Expression in mammalian cell lines

HEK293 cells were maintained in standard culture conditions and
transfected using the Effectene kit (QIAGEN) or using the FuGENE
HD Transfection Reagent (Promega). 24 h after transfection, cells
were split and seeded on glass coverslips and incubated for another
24 h. Tmem206~'~ HEK cells were seeded on coverslips 1-5 h prior
to measurements. Positively transfected cells were identified and
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selected for patch clamping by means of fluorescence microscopy.
Confocal microscopy did not reveal obvious differences in plasma
membrane expression among the variants.

Two-electrode voltage clamp recordings

Recording pipettes were filled with 3 M KCl (resistance about 0.6
MOhm) and currents were recorded using a TEC03 two-electrode
voltage clamp amplifier (npi electronics). Ground electrodes
were connected to the bath via agar bridges. The standard extracel-
lular solution contained 100 mM NaCl, 5 mM MgSO,4, 10 mM
HEPES (pH 7.3). Transient currents were recorded in a Cl~ free so-
lution exchanging Cl~ by glutamate. For solutions at pH 6.3 and
5.3, MES buffer replaced HEPES. For the solution at pH 4.3,
10 mM glutamic acid replaced HEPES as buffer. Currents were ac-
quired using the custom GePulse acquisition program and an itc-
16 interface (Instrutech). Two types of stimulation protocols were
applied from a holding potential of —30 mV. The first consisted of
10 ms pulses to voltages ranging from +160 to —120 mV (in 20 mV
steps) without leak subtraction. The second protocol consisted of
steps ranging from +170 to —10 mV (in 10 mV steps), applying
linear-leak and capacity subtraction using a “P/4” leak subtraction
protocol from the holding potential —30 mV. Only with this pro-
tocol could transient currents be resolved.

Patch clamp recordings

For the recordings shown in Figures 3B, 4C, and 4D, currents were
recorded in the standard whole-cell configuration at room temper-
ature using a MultiClamp 700B patch-clamp amplifier/Digidata
1550B digitizer and pClamp 10 software (Molecular Devices).
Patch pipette solution contained 140 mM CsCl, 5 mM EGTA,
1 mM MgCl,, 10 mM HEPES (pH adjusted to 7.2 with CsOH).
The extracellular solution: 150 mM NaCl, 6 mM KCl, 1 mM
MgCl,, 1.5 mM CaCl,, 10 mM glucose, 10 mM HEPES (pH 7.5
[NaOH]). The bath solution with pH 5.0 was buffered with MES.
Series resistance was compensated by 60%. During acquisition, re-
cordings were filtered with a low pass Bessel filter at 6 kHz and
sampled at 10 kHz. Voltage step protocol consisted of 0.5 s voltage
steps starting from —100 to +140 mV in 20-mV increment from a
holding potential of —30 mV.

For the recordings shown in Figure S2, recording pipettes were
filled with a solution containing 130 mM NaCl, 2 mM MgCl,,
2 mM EGTA, 10 mM HEPES (pH 7.3) and had resistances of 1-2
MOhm. The extracellular solution contained 145 mM NacCl,
2 mM CacClp, 1 mM MgCl,, 10 mM HEPES (pH 7.3). Data were ac-
quired at 100 kHz, filtered at 10 kHz using an Axopatch 200B
amplifier (Axon), the GePulse acquisition program, and a National
Instruments PCI6021 interface. Pulse protocols were similar to
those used for two-electrode voltage-clamp recordings except
that the holding potential was O mV and pulse protocols were
shorter. Series-resistance and capacitance were compensated in
most recordings by at least 60%. Transient currents could be well
recorded even in the high chloride solution using a P/4 leak sub-
traction protocol.

Data analysis

In order to evaluate the relative expression levels of mutants and
WT in oocytes, currents were measured for >6 oocytes for each
batch of injection of each construct, and the average current-
voltage relationship was obtained. Average currents from >6
non-injected oocytes from the same batch were subtracted. For
the data shown in Figure 3C, currents were normalized to the cur-

rent measured for WT from the same batch at 170 mV, and data
from at least 4 injections for each construct were averaged. For
the data shown in Figure 3E, currents were normalized at each
voltage to the respective current measured for WT. This procedure
highlights possible alterations of the voltage dependence. A
voltage-independent reduction (or increase) in current size would
result in a voltage-independent ratio (as seen for variants
p-Ala413Val [c.1238C>T] and p.Val772Ala [c.2315T>C]). For var-
iants p.Ile607Thr and p.Thr570Ile, the ratio is voltage dependent.

Transient currents were recorded upon return to the holding
potential, integrated, and plotted as a function of the prepulse-
voltage (Figures S1 and S2). The resulting charge voltage-relation-
ship was fitted by a Boltzmann distribution of the form

Qmax

V=Vy)ae/ (KT)

Q(V)=
v 1467
where Q4 is the (extrapolated) maximal charge, V., the voltage
of half maximal displacement, z the gating valence, g, the absolute
charge of the electron, k the Boltzmann constant, and T the tem-
perature. The ratio Qmax / (170 mV in high CI7), was used to
quantitate the amount of transient charge compared to ionic cur-
rents (see Figures S1 and S2).

For data analysis of currents measured at various external pH
values shown in Figure 5, the following leak-subtraction was per-
formed. For each oocyte, currents measured at pH 7.3 were fitted
in the range —120 mV < V < 0 mV with a straight line. The line
was extrapolated to all voltages and subtracted from the IVs
measured in the various conditions and then normalized to the
current at pH 7.3, 160 mV. This is based on the fact that for
WT CIC-3 and the four studied variants, at pH 7.3, currents re-
corded at voltages V < 0 mV are very small and indistinguishable
from currents in uninjected oocytes and represent a mixture of
leak and endogenous currents. Error bars in all figures represent
SEM.

Results

Identification of CLCN3 variants in individuals with
GDD/ID

Individuals with GDD/ID and rare variants in CLCN3 were
identified through an international collaboration facili-
tated by MatchMaker Exchange (Table 1).%>*” CLCN3 var-
iants were identified through clinical trio exome
sequencing (I:1, I:2, I:§5, I:8), clinical trio exome sequencing
with research reanalysis (I:9),”® research trio exome
sequencing (I:7, 1:10.1, [:10.2), research trio genome
sequencing (I:6), and singleton clinical exome sequencing
(1.3, I:4).

Nine individuals (1-9) in the cohort harbor eight different
heterozygous missense variants, whereas a pair of siblings
(I:10.1, I:10.2) carried homozygous frameshift variants pre-
dicted to truncate the CIC-3 protein before the first trans-
membrane domain (Table 1, Figure 1). All missense variants
were confirmed to be de novo in eight individuals for whom
parental data was available. The Combined Annotation
Depletion Score (CADD) scores for the missense variants
ranged from 22.3 to 28.7, suggesting that the variants
have a deleterious impact. The CADD score within that
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Table 1. Clinical and genetic findings of individuals with variants in CLCN3
Individual # 1 2 3 4 5 6 7 8 9 10.1 10.2
CLCN3 variant information
Genomic chr4: 169680143- chr4: 169692 chr4: 16969  chr4: 1696974  chr4: 1696975  chr4: 1697041  chr4: 169704 chr4: 1697069  chr4: 1697132  chr4: 169687  chr4: 169687
(GRCh38) A-G 139-T-C 5646 T>C 09-C-T 28-A-C 43-C-T 143-C-T 37-T-C 44-T-C 675_16968767 675_1696876
8del 78del
cDNA c.254A>G c.755T>C c.971T>C c.1238C>T c.1357A>C c.1709C>T c.1709C>T c.1820T>C €.2315T>C €.336_339del  ¢.336_339del
(NM_173872.3)
Protein p-Tyr85Cys p-1le252Thr p-Val324Ala  p.Ala413Val p.Ser453Arg p-Thr570Ile p.Thr570Ile  p.lle607Thr p-Val772Ala p-Lys112Asnfs* p.Lys112Asnfs*6
6
Inheritance de novo de novo de novo unknown de novo de novo de novo de novo de novo homozygous homozygous
(adopted) (parents (parents
unaffected) unaffected)
Sequencing trio WES, trio WES, clinical WES, research singleton WES, trio WES, clinical trio WGS, trio WES, trio WES, clinical trio WES, clinical trio WES, trio WES,
method clinical clinical research research research research
CADD score 28.7 26.2 27.4 22.3 26.7 23.6 23.6 27.1 23.4 32 32
Patient information
Sex female male male female female female female female male male male
Ethnicity Turkish European European European Metis/European European Ashkenazi European Uruguayan European European
(consanguineous) Jewish
Institution Erasmus Bambino Gesu  University Emory University of Broad Institute  University of University Boston University University
University Children’s of California  University British Columbia of MIT and British Medical Center Children’s Hospital of Hospital
Medical Center  Hospital San Francisco School of Harvard Columbia Hamburg- Hospital Diisseldorf of Diisseldorf
Medicine Eppendorf
Age 16y Sy 17y 10y Sy 13y 12y 23 d (deceased) 7y 18 m 14 m (deceased)
Gestational age 40 weeks 39 weeks 39 3/7 weeks ND 41 3/7 weeks 41 2/7 weeks approx. 39 6/7 weeks approx. 40 weeks 40 weeks
40 weeks 39 weeks
Birth weight 4,000 g (+1.57 3,340 g 3,020 g (—0.89 ND 3,960 g (>+1.19 2,790 g (-1.01 3,203 g (—0.06 3,130 g 2,485g(-3.94 3,230¢g 3,660 g
SD, 94™ %ile)  (—0.35 SD) SD, 19" %ile) SD, >88.3%ile) SD, 16™ %ile)  SD, 47" %ile) (—0.8 SD) SD, 3rd %ile)  (25™ %ile) (50" %ile)
Birth length ND 52 cm 50 cm (-0.22 ND 54 cm (+2.17 52 cm (+1.59 49 cm (—0.08 50.8 cm 44 cm (-3.11 53 cm 55 cm
(+0.70 SD) SD, 41%ile) SD, 98.5%ile)  SD, 94" %ile)  SD, 47" %ile) (—0.4 SD) SD, 0%ile) (50" %ile) (90-97" %ile)
OFC Birth ND 34.5 cm 33 cm (—1.16 ND 35 cm (+0.42 32 cm (—1.59 33.5cm 40.5 cm ND 34 cm 34.5 cm
(=0.61 SD) SD, 12" %ile) SD, 66.4%ile)  SD, 6™ %ile) (-0.32 SD, (+4.5 SD) (10 %ile) (10-25'" %ile)
371 %ile)
Failure to thrive N N Y N N Y N Y Y N
Feeding issues Y Y Y Y Y Y N Y Y N Y

(Continued on next page)
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Table 1. Continued
Individual # 1 2 3 4 5 6 7 8 9 10.1 10.2
Neurological features
Speech delayed absent absent delayed delayed delayed with delayed N/A absent absent absent
development regression at 3 'y
Gross motor delayed, walks delayed, walks  delayed, does delayed, walks  delayed, walks  delayed, walks delayed, walks N/A delayed, sits delayed, does delayed,
development  independently  independently not walk independently independently independently independently supported, not walk never walked
(startinga 6 y)  independently with difficulty cannot crawl or independently independently
and AFOs walk
Fine motor delayed delayed delayed delayed delayed delayed delayed N/A delayed delayed delayed
development
Developmental mild-moderate  severe ID severe ID mild ID (IQ 71) GDD profound ID mild- N/A severe ID GDD GDD
delay/ ID (IQ 55) (QS 24) moderate ID
intellectual
disability
Seizures N tonic clonic, myoclonic, N non-clinical N N N seizures, onset  focal seizure seizure onset
onset 29 m onset 4y, seizures 6 m, well onset in 3 months, tonic
controlled by controlled neonatal and myoclonic
clobazam + w/ Keppra period; start
oxcarbazepine at 3 months
multifocal
tonic and
myoclonic
seizures
Autism not evaluated N Y N Y N N/A N N Y
Hypotonia N severe moderate mild moderate mild moderate N truncal and N N, has severe
nuchal spasticity
Mood or temper tantrums N N hyperactive, self- stimulatory severe anxiety, severe anxiety N/A N severe N
behavioral since puberty OCD, anxiety,  actions when self-injurious, restlessness
abnormalities stereotypies younger intermittent
explosive
behavior
Other Clinical Findings
Vision/Eye N unilateral bilateral strabismus strabismus, strabismus, anisometropia N/A esotropia salt and pepper salt and pepper
abnormalities strabismus partial intermittent hyperopia fundus fundus
optic atrophy, right exotropia pigmentation, pigmentation,
retinal nystagmus, no nystagmus, no
dystrophy, fixation fixation
nystagmus
Hearing N N N unilateral N mild N N/A N N N
impairment hearing sensorineural
impairment due hearing loss
to hx of
cholesteatoma

(Continued on next page)



Continued

Table 1.

10.2

10.1

1

Individual #

Y

Dysmorphic

features

N

ASD, BL talipes
equinovarus,

arthrogryposis
multiplex

crytorchdism  possible

N

Congenital

hydrocephalus

at birth

anomalies

congenita, hip  BL renal

dislocation

pyelectasis,
BL hand

contractures,
congenital

radial head

dislocation,

hypoplastic/

absent coccyx

Y, present; N, absent; ND, no data; N/A, not applicable; GDD, global developmental delay; BL, bilateral.

range did not correlate with the individual’s clinical severity.
The CADD scores from lowest to highest were as follows:
¢.1238C>T (p.Ala413Val), ¢.2315T>C (p.Val772Ala), c.170
9C>T (p.Thr570Ile), c.755T>C (p.lle252Thr), ¢.1357A>C
(p-Ser453Arg), c.1820T>C (p.lle607Thr), c.971T>C (p.Va-
1324Ala), c.254A>G (p.Tyr85Cys) (GenBank: NM_173872.
3, GRCh38). All of the variants identified are absent from
gnomAD, and the data from gnomAD suggests that
CLCNS3 is a highly constrained gene that is intolerant of
missense variation (z-score: 4.37) and loss of function
(pLi = 1, LOEUF = 0.22).

The 11 individuals in the cohort share clinical features
of variable severity (Table 1). They were all diagnosed
with GDD and ID, if old enough for testing. Their ID
ranged in severity from mild to profound. All of the indi-
viduals demonstrated delayed gross motor, fine motor,
and language development, with five of them never
developing speech (Table 1). The structural brain abnor-
malities on MRI (9/11) included partial or full agenesis
of the corpus callosum (6/9), disorganized cerebellar folia
(4/9), delayed myelination (3/9), decreased white matter
volume (3/9), pons hypoplasia (3/9), and dysmorphic
dentate nuclei (3/9) (Table S1, Figure 2). Six of those
with brain abnormalities also presented with seizures.
Nine have abnormal vision, including strabismus in
four and inability to fix or follow in the two with homo-
zygous loss-of-function variants (I1:10.1, 1:10.2). Hypoto-
nia ranging from mild to severe was reported in 7 of
the 11 individuals. Six have mood or behavioral disor-
ders, particularly anxiety (3/6). Consistent dysmorphic
facial features included microcephaly, prominent fore-
head, hypertelorism, down-slanting palpebral fissures,
full cheeks, and micrognathia. The disease was more se-
vere in two siblings carrying homozygous loss-of-func-
tion variants (I:10.1, 1:10.2) with the presence of GDD,
absent speech, seizures, and salt and pepper fundal
pigmentation in both individuals, with one deceased at
14 months of age (I:10.2). The siblings also had signifi-
cant neuroanatomical findings including diffusely
decreased white matter volume, thin corpora callosa,
small hippocampi, and disorganized cerebellar folia. In
comparison, the heterozygous de novo variants caused a
spectrum of disease. In individual 8, p.lle607Thr caused
severe disease; she had complex brain malformation
and died within the first month of life. In contrast, the
p-Thr570Ile variant was de novo in two individuals (I:6,
1:7) of different ethnicities and was associated with severe
anxiety, mild-moderate ID, hypotonia, and increased
gyral folding on brain MRI in both individuals.

Electrophysiological analysis of CIC-3 variants at neutral
external pH

Clcn3~'~ mice display severe neurodegeneration, whereas
heterozygous Clcn3*/~ mice appear normal.'” Similarly,
the bi-allelic disruption of CIC-3 manifests as a severe neu-
rodevelopmental disorder in individuals 10.1 and 10.2,
and their carrier parents are unaffected. In this context,
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A Figure 1. CLCN3 variants in affected indi-
viduals
Domain cic &Bs (A) Domains present in the protein CIC-3
136-642 653-803 . .
and the variants presented in the affected
0 866 aa A
—r*——— individuals.
Individual 1 Individual 2 Individual 5 Individual 9 (B) .PICtureS of lndIVId.uals 4,5,6,and 9. In-
st €.254A>G €.755T>C c.1357A>C €.2315C>T dividual 4 has a prominent forehead, bushy
ariant p.Tyr85Cys p.lle252Thr p.Ser453Arg pVal772Ala eyebrows, mild downslanting palpebral fis-
sures, posteriorly rotated ears, and full
Individual 10.1 and 10.2 Individual 3 Individual 6 and 7 cheeks; high arched palate also present,
°L'353161—2?i?1°::ls bl ) but not shown. Individual 5 has a bossed
Py P 2 a forehead, high anterior hairline, and hyper-
R th ;0
Individual 4 pE— telorism; clinodactyly of 5 Fllglts also pre-
€.1238C>T €.1820T>C sent, but not shown. Individual 6 has
p.Alad13Val p.lle607Thr notable midface retrusion, full cheeks, and
prognathia. Individual 9 has mildly down
slanting palpebral fissures, epicanthal folds,
B flat midface, and mild micrognathia;
Individual 5

Individual 4

Individual 6

we hypothesized that in other families, monoallelic vari-
ants alter neurodevelopment through a gain-of-function
mechanism, rather than loss of function. To test this hy-
pothesis, we selected four variants that resulted in a range
of neurodevelopmental impairment for electrophysiolog-
ical analysis: p.lle607Thr, p.Val772Ala, p.Thr570Ile, and
p-Ala413Val. Variant p.lle607Thr (I:8) led to the most
severe neurological outcome in a heterozygous individ-
ual, p.Val772Ala (I:9) caused moderate to severe neurolog-
ical disorder and had associated congenital anomalies,
p-Thr570Ile (I:6, I:7) led to a mild-moderate neurological
disorder in two individuals, and p.Ala413Val (I:4) caused
a mild neurological disorder.

In native cells, CIC-3 primarily resides on late endo-
somes.®!” This localization prevents straightforward
electrophysiological characterization by measurements
of plasma membrane currents. However, inclusion of
an alternative 5’ exon (exon c), which replaces the
extreme amino terminus of the CIC-3 sequence, allows
for partial targeting of the protein to the plasma
membrane when it is overexpressed and enables charac-
terization by measuring whole cell currents.”’ In order to
understand how the variants in our human cohort
altered function, we inserted the four variants into
exon c-containing CIC-3 cDNA sequence and compared
their electrophysiological properties to those of WT
CIC-3. Upon expression in Xenopus oocytes, all variants
yielded currents at positive voltages with amplitudes

brachycephaly and long digits also present,
but not shown.

that, except for variant p.lle607Thr
(I:8), were comparable to those of
WT (Figures 3A and 3C). Currents
from variant p.Ile607Thr were
moderately decreased; however, the
decrease in amplitude of CIC-3"°7"
is of unclear significance, since over-
expression of the same variant in
HEK cells rather lead to an increase
in current amplitudes compared to
WT (Figures 3B and 3D). These quantitative differences
in amplitudes might reflect disparities between expres-
sion systems or effects on surface targeting and likely
lack physiological relevance.

To test quantitatively whether any of the variants
changed the voltage-dependent rectification, we calcu-
lated the ratio of currents mediated by the mutants and
the WT at each voltage in Xenopus oocytes. For variants
p-Ala413Val (I:4) and p.Val772Ala (I:9), this ratio was close
to one at all voltages, indicating that their rectification is
indistinguishable from WT (Figure 3E). In contrast, for
p-Thi570Ile (I:6, 1:7) and p.lle607Thr (I:8), this ratio
decreased with increasingly positive voltages indicating
that their rectification was less than that of WT
(Figure 3E). The reduced rectification of p.lle607Thr was
not apparent in HEK293 cells (Figure 3D), suggesting that
functional properties depend to a certain degree on the
expression system.

Upon voltage steps, CIC-3 generates large transient
currents®”*° that probably result from the relaxation of
voltage-dependent protein conformations rather than
from ion transport across the membrane. The physiolog-
ical importance, if any, of these currents remains unclear.
Such transient currents were seen for WT CIC-3 and for
variants p.Ala413Val (I:4), p.Thr570Ile (I:6, 1:7), and
p-Val772Ala (I:9), but not for variant p.lle607Thr (I:8)
(Figure S1A). The biophysical characteristics of the tran-
sient currents, i.e., the relative size of transient charge
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Figure 2. Neuroanatomical differences appreciated on brain MRI

MRI of individual 3. 3a: Sagittal T1 weighted image shows complete absence of the corpus callosum, a hypoplastic pons and a prominent
superior cerebellar peduncle (arrow). 3b: Coronal T2 weighted image also shows an absent corpus callosum. 3c: Axial T2 weighted image
shows left plagiocephaly.

MRI of individual 6 at an unknown age. 6a: Axial T2 Blade showing increased gyral folding in the frontal lobes (circle). 6b: Sagittal T2
Blade showing increased gyral folding in the parasagittal frontal lobe (circle).

MRI of individual 7 at 2 years. 7a: Sagittal 3D FLASH in the midline showing small posterior body and splenium of the corpus callosum
(arrows). 7b: Sagittal 3D FLASH of the right hemisphere showing increased gyral folding in the frontal lobes (circle).

MRI of individual 8 as an infant. 8a: Sagittal T1 showing hypoplastic pons (*), aqueductal stenosis (thin arrow), and small vermis (thick
arrow). 8b: Axial inversion recovery T1 showing hypoplastic pons (*) and small cerebellar hemispheres (arrowheads).

MRI of individual 9 at 11 months. 9a: Sagittal MPRAGE shows thin corpus callosum, particularly the anterior body and genu (arrows). 9b:
Coronal T2 TSE with incompletely rotated hippocampi (arrows). 9c: Axial T2 TSE showing delayed myelination (myelination should be
seen in the gyri throughout the posterior temporal and occipital lobe and decreased white matter volume shown by arrows).

MRI of individual 10.1 as a neonate. 10.1a: Sagittal T2 showing hypoplastic thin corpus callosum (arrows). 10.1b: Coronal reformation of
sagittal MPGR showing small incompletely rotated hippocampi (arrows). 10.1c: Axial T2 showing lack of myelin in the posterior limb
internal capsule (thick arrows) and decreased white matter volume (thin arrows).

MRI of individual 10.2 as a neonate. 10.2a: Sagittal MPGR showing hypoplastic thin corpus callosum (arrow). 10.2b: Coronal T2 TSE
showing small incompletely rotated hippocampi (arrows). 10.2c: Axial T2 TSE showing lack of myelin in the posterior limb internal
capsule (thick arrows) and decreased white matter volume (thin arrows).

movement and ionic currents, were indistinguishable
between WT CIC-3 and variants p.Ala413Val (I:4) and
p-Val772Ala (I:9) (Figures S1A-SD). Transient currents
of variant p.Thr570Ile (I:6, I:7) were significantly reduced
compared to WT (Figure S1C), whereas the voltage of
half-maximal charge movement was not altered
(Figure S1D). Similar effects of CIC-3 sequence variants

on transient currents were observed with overexpression
in HEK cells (Figure S2) and, therefore, are independent
of the expression system.

In summary, we detected moderate changes of biophys-
ical properties of the Thr507Ile and p.[le607Thr variants at
neutral pH; however, the biological consequences of these
alterations remain unclear.
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Figure 3. Functional expression of CLCN3 variants

(A) Voltage protocol and typical current traces obtained for WT and indicated variants in Xenopus oocytes. Linear leak and capacitance
were subtracted using a P/n protocol. Traces have been clipped to hide the residual capacitative artifact.

(B) Voltage protocol and typical current traces obtained for WT and variant p.Ile607Thr in HEK293 cells.

(C) Average normalized current-voltage relationship measured in oocytes, normalized to WT currents at 170 mV (see Subjects and
methods). For variant p.Ile607Thr values are significantly different from WT for V > 120 mV (p < 0.05, Student’s t test). All other values
are not significantly different from WT (p > 0.05, Student’s t test).

(D) Average current-density voltage relationship of WT and variant p.Ile607 Thr measured in HEK293 cells. p.Ile607Thr values are signif-
icantly different from WT for V. > 0 mV (p < 0.05, Mann-Whitney U test).

(E) Average ratio of mutant versus WT currents in Xenopus oocytes (see Subjects and methods). For variants p.Ala413Val and p.Val772Ala,
the ratio is close to 1 at all voltages, indicating similar rectification properties compared to WT. In contrast, for p.Thr570Ile and
p-1le607Thr the ratio is voltage dependent, becoming smaller at more positive voltages, indicating that rectification is shallower

compared to WT. All error bars indicate SEM.

Acidic pH,, profoundly changes the properties of the
p.1le607Thr mutant

CIC-3 normally resides on vesicles of the endosomal
pathway, which are progressively acidified. Since the
lumen of vesicles corresponds topologically to the extracel-
lular space, we examined the effect of external pH (pH,) on
the currents of surface-resident CIC-3 and its mutants ex-
pressed in Xenopus oocytes. WT CIC-3 was inhibited by
acidic pH, (Figure 4A) as shown previously®' and as
described earlier for the highly homologous CIC-4 and
CIC-5.>* Mirroring their unchanged behavior at normal
pH,, variants p.Ala413Val and p.Val772Ala showed a
similar pH, dependence as WT, retaining their strong out-
ward rectification at acidic pH,, (Figure 5). By contrast, out-
ward currents mediated by variant p.lle607Thr were
increased rather than decreased at acidic pH,, and strik-
ingly exhibited considerable inward currents at pH 6.3,
pH 5.3, and pH 4.3 (Figure 4B).

Measurements of Cl™ currents at acidic pH, can be
confounded by the activation of the widely expressed
acid-sensitive outwardly rectifying anion channel
ASOR,** which was recently shown to be formed by
Tmem206 proteins.***® We therefore used Tmem206 '~
HEK cells* as an expression system for examining WT
and p.Ille607Thr CIC-3 at acidic pH (Figures 4C and 4D).
Indeed, also in Tmem206 '~ HEK cells CIC-3'°*’" but not
WT CIC-3, showed an increase of current amplitude at pos-
itive potentials and, most importantly, elicited currents of
considerable amplitudes at cytoplasmic negative voltages
(Figures 4D and 4F). The presence of currents at negative
voltages enabled us to determine reversal potentials that
reflect the ion selectivity of the permeation pathway and
the coupling between fluxes of different ionic species. In
oocytes, the mere fact that the reversal potential measured
at pH 6.3 is more negative than that measured at pH 5.3
demonstrates that proton transport is contributing to the
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Figure 4.

Induction of inward currents of variants p.lle607Thr and p.Thr570lle at acidic pH,

(A) Typical currents of an oocyte expressing WT CIC-3 in the presence of different pH values and in a low CI™ solution at pH 5.3.

(B) Typical currents of an oocyte expressing variant p.Ile607Thr. For display reasons, capacitance (but not leak) was partially subtracted
using the capacitive transients upon return to the holding potential.

(C and D) Typical current traces of WT (C) or variant p.Ile607Thr (D) expressed in T mem206~'~ HEK cells.

(E) Difference of reversal potential measured for p.lle607Thr in oocytes in the indicated conditions and that measured at pH 6.3 (bars) (a
liquid junction potential of 8 mV was added to the values measured in the low Cl™ condition). Expected values were calculated assuming
a2 Cl™:1 H" transport stoichiometry.®* For variant p.Ile607Thr, reversal potentials could be obtained at pH 6.3 and lower.

(F) Average current-density voltage relationship of WT and variant p.Ile607Thr measured in Tmem206~'~ HEK cells at pH 7.5 and pH 5.0.
For V < 0 mV values of variant p.Ile607Thr are significantly different from those of WT (p < 10~*, Student’s t test). All error bars indicate

SEM.

inward currents. More quantitatively, the difference of
reversal potentials compared with that measured at pH
6.3 indicates that the inward currents represent to a large
extent coupled 2Cl /H*-exchange (Figure 4E). In
Tmem206~'~ HEK cells, the measured reversal potential
of V; ~+18 mV markedly differs from that expected for
an uncoupled Cl- conductance (V; ~—3 mV). Although
falling short of the reversal potential predicted for a 2CI™
/H"-exchange for the ionic conditions (V, ~+43 mV),
this indicates that protons contribute to CIC-3""" cur-
rents at pH, 5.0 also in these cells (Figure 4F). Overall,
the results indicate that the currents measured at acidic
pH represent coupled Cl7/H" antiport (Figures 4E and
4F). The differences between measured reversal potentials
and those calculated for 2Cl1~/H*-exchange might be due
to background currents of the expression system or a mi-
nor degree of uncoupling at very acidic pH.

Detailed analysis in Xenopus oocytes revealed that
variant p.Thr570Ile (individuals 6 and 7) also mediates sig-
nificant inward currents at an acidic pH, although they are

smaller than those of p.Ile607Thr (Figure 5; note the
different scaling in Figure SA compared to Figure 5B). In
addition, variant p.Thr570Ile showed increased outward
currents at pH 6.3 when compared to pH 7.3 (Figure 5A),
which is a response similar to that of variant p.lle607Thr.
These results, therefore, suggest that mutants p.Ille607Thr
and p.Thr570Ile show increased function at acidic pH;
we speculate that this is due to a defect in the gating pro-
cess that determines the activity of the transporter.

Discussion

We identified 11 individuals with syndromic GDD/ID,
structural brain abnormalities, and variants in the widely
expressed endosomal exchanger, encoded by CLCN3. In
two siblings, a homozygous frameshift variant is predicted
to cause complete loss of CIC-3 function and resulted in se-
vere neurological disease as in Clcn3~/~ mice.'” In contrast,
functional evaluation of a few of the heterozygous
missense variants indicated a pathogenic gain of function.
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Figure 5. Effect of acidic pH on all variants
expressed in Xenopus oocytes
Normalized currents measured for WT and
all four variants at pH 5.3 and pH 6.3,
leak-subtracted as described in Subjects
and methods. For variants p.Thr570Ile
and p.Jle607Thr, values are significantly
different from those of WT at all voltages
vimv) (P < 1073, Student’s t test). For variants
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Electrophysiological analysis revealed a significant in-
crease in ion transport for variant, p.lle607Thr, found in
the most severely affected heterozygous individual (8).
Similar but less pronounced changes were observed with
a variant p.Thr570Ile identified in two individuals (I:6,
I:7) with less severe disorders. These mutant transporters
showed increased current amplitudes at the acidic pH of
late endosomes where CIC-3 is normally localized. Our
work suggests that loss and gain of CIC-3 function is detri-
mental for brain structure and function.

Loss of CIC-3 causes severe neurological disease in both
mice and humans
The homozygous early frameshift variant in individuals
10.1 and 10.2 truncates the CIC-3 protein before the first
transmembrane helix; it therefore predicts both a complete
loss of ion transport and a lack of CIC-3 protein interac-
tions such as the formation of heterodimers with CIC-4
in brain and other tissues.® Without CIC-3, CIC-4 is
partially retained in the ER and is more prone to degrada-
tion. As a consequence, CIC-4 levels are reduced by
~60% in the brain of Clcn3~/~ mice.® Since loss-of-func-
tion variants in CLCN4 lead to ID, seizures, and dysmor-
phic features in humans,”'%*” the predicted secondary
loss of CIC-4 in individuals 10.1 and 10.2 might contribute
to the severity of their disease. By contrast, no effect on
CIC-4 levels is expected for CLCN3 missense variants, un-
less they alter CI1C-3 production or interaction with CIC-4.
Clcn3~'~ mice display severe neurodegeneration, leading
to an almost complete loss of the hippocampus within a few
months of life and to blindness from an early complete loss
of photoreceptors.'” Likewise, individuals 10.1 and 10.2
have abnormal retinas with salt and pepper pigmentation
appreciated on both of their funduscopic examinations;
clinically, neither individual is (or was) able to fix and follow
with their eyes (Table 1). Brain imaging showed diffusely
decreased white matter volume and small hippocampi,
which can be suggestive of neurodegeneration similar to
that of Clcn3~/~ mice; hypoplasia, however, cannot be ruled
out since the MRIs are only from single time points. Their
MRIs also revealed, like many of the other probands, signif-
icant thinning of the corpus callosum, a finding not present
in Clcn3~/~ mice.'”*%*? Partial or full agenesis of the corpus
callosum (ACC [MIM: 217990]) was also present in five of

T T T
-120 -100 -80

o0 40 20 0 p-Ala413Val and p.Val772Ala, values are
not significantly different from WT (p >
0.05, Student’s t test). Same data as (A)
shown at higher magnification in (B). All
error bars indicate SEM.

theindividuals and is a common malformation with diverse
etiology, including variants in >20 genes.*’ In these genetic
disorders, ACC is often variable and its expression may
differ between mice and humans. For instance, in ACCPN
(peripheral neuropathy with agenesis of the corpus cal-
losum, or Anderman syndrome [MIM: 218000]), which is
caused by loss-of-function variants in SLC12A6 encoding
the K-Cl -cotransporter KCC3,*' penetrance is incom-
plete in humans and preliminary studies in Kcc3~/~ mice
indicated that they have a normal corpus callosum.*'*
However, careful quantitative analysis indicated a ~12%
decrease in corpus callosum volume in Kcc3~/~ mice.** Like-
wise, in contrast to individuals 10.1 and 10.2, Clcn3~/~ mice
do not lack the corpus callosum. The severe early degenera-
tion of the brain in Clcn3~/~ mice precludes, however, a
meaningful quantitative assessment of the size of their
corpus callosum. Focal and generalized seizures were
observed in both individuals 10.1 and 10.2. While both in-
dividuals had a history of seizures, no seizures were reported
for two Clcn3~/~ mouse strains,'”*” but in a third strain
spontaneous seizures were observed in a few animals.*®

Effect of heterozygous missense variants

For those CLCN3 missense variants for which parents were
tested, all arose de novo. None of these variants predicted a
truncation of the protein. Two of the four missense variants
studied, p.Thr570Ile and p.lle607Thr, exhibited a signifi-
cant increase of inward currents at acidic extracellular (or
luminal) pH. The effect was much more pronounced for
p-1le607Thr, which was associated with one of the most se-
vere phenotypes in our cohort. Such inward currents have
never been observed with WT CIC-3,*! nor with the highly
homologous CIC-4 and CIC-5 exchangers.”** The absence
of inward currents has been largely attributed to a “gating”
process that quickly inactivates the transporters at negative
voltages.®** A similar gating process can be introduced into
CIC-5 by a single point variant** and was recently found
with a disease-causing variant of CIC-6."* Transporter
gating is also present in the lysosomal CIC-7 transporter
that displays gating kinetics in the seconds range.**
Hence both variants p.lle607Thr and p.Thr570Ile might
interfere with gating, particularly at acidic luminal (or
extracellular) pH, thereby allowing currents also at cyto-
plasmic negative potentials. These currents predominantly
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Figure 6. Mapping of variants on a homology model of CIC-3
Based on the structure of the Cm-CLC transporter _ENREF_37,°" a
CIC-3 homology model was constructed by the Swiss model server.
One subunit is shown in light blue, the other in gray. The “gating”
glutamate is shown as red sticks. Affected residues are shown in
spacefill and are color coded (red: p.lle607Thr, magenta: Thr570,
green: Ala413, yellow: Val772, brown: I1e252, blue: Ser453). A,
top view from the extracellular (luminal) side; B, side view from
within the membrane, which is schematically indicated by dashed
lines.

represent 2C1~/H"-exchange, although their reversal po-
tential did not fully correspond to a tightly coupled
exchanger. This discrepancy may be explained by back-
ground currents endogenous to the expression system or
might point to a partial uncoupling of CI~ from H*-trans-
port caused by the variant at the acidic pH,,.

Depending on the expression system, currents elicited
by CIC-3'°’T also exhibited slight changes in amplitudes.
Decreased current amplitudes in the oocyte system likely
represent diminished surface expression, as suggested by
less complete glycosylation of the mutant protein
observed in western blots (data not shown). By contrast,
when expressed in HEK cells, the mutant displayed
increased current amplitudes, a finding we confirmed for
an equivalent mutant in CIC-4 (data not shown). Impor-
tantly, the transporter-intrinsic changes in pH sensitivity
are independent from the non-physiological levels of sur-
face expression and strongly support a gain of transporter
function in their native, acidic environment.

CIC-3"“"T not only displays inward currents at acidic
pH, but almost completely lacks the transient currents

seen in WT CIC-3%?*° or CIC-7.** Such transient currents
are hypothesized to be associated with partial reaction cy-
cles of CLC transporters and movements of the so-called
“gating glutamate.”*®*’ Variant p.Thr570Ile, which ex-
hibits a smaller increase of inward currents at acidic pH
likewise shows a partial reduction of transient currents.
These transient currents are unlikely to have physiological
relevance,” but provide insight into the transport mecha-
nism of CLC transporters.

Amino acid I1e607 is located at the extracellular end of
helix Q, close to the subunit interface of the CLC dimer
(highlighted in red in Figure 6). This location is consistent
with the hypothesis that gating of CIC-3 involves a rear-
rangement of the dimer interface, similar to that proposed
for the “common gating” process of CLC channels® and for
the slow gating of CIC-7.*® Residue Thr570 is also located
close to the outside of the channel, in the loop connecting
helices N and O (highlighted in magenta in Figure 6). In
contrast, residues Ala413 and Val772 are located on the
intracellular side of the transporter (highlighted in green
and yellow, respectively, in Figure 6). Interestingly, Ile607
corresponds to Ile422 of the bacterial ecCIC-1 transporter,
mutation of which to tryptophan together with another
variant (p.[le201Trp) led to a disruption of the dimeric
architecture and thereby resulted in monomeric trans-
porters.*” If the p.[le607Thr similarly, possibly partially, de-
stabilizes dimerization of CLC subunits, it might lead to a
decrease of CIC-4 protein levels like in Clcn3~/~ mice.®

We could not detect functional differences between
WT CIC-3 currents and those mediated by variants
p.-Ala413Val and p.Val772Ala. However, our analysis
only examined electrical currents at the plasma mem-
brane, and not other parameters such as a change in sub-
cellular localization. The different pathologies observed
with variants of CIC-3, -4,”'° and -6,'!"'? which are all en-
dosomal 2Cl~/H"-exchangers expressed in brain, suggest
that subtle, poorly understood differences between these
proteins are crucial for their function. However, in the
absence of functional defects, we cannot strictly exclude
that these variants are not causally related to the clinical
phenotype.

While a detailed evaluation of the roles of CIC-3 and all
the human variants is beyond the scope of this work and
may require the generation of new mouse models, we
can speculate on the effects of some of the missense vari-
ants we did not analyze functionally.

The tyrosine mutated in the p.Tyr85Cys variant of indi-
vidual 1 is located in the cytosolic N terminus of CIC-3. As
noticed before,”'*? its sequence context conforms to a
tyrosine-based sorting motif (Yxx®, with ® being a hydro-
phobic, bulky amino acid such as phenylalanine in the
present case). However, previous mutagenesis studies did
not reveal functional effects of this tyrosine, nor of the
equivalent tyrosine in the highly homologous CIC-5.>"%%
In particular, mutating the equivalent Tyr residue did not
result in increased surface expression of CIC-5.°* Nonethe-
less, we believe that altered trafficking of ClC-37Y85¢¥
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remains a viable hypothesis to explain the pathological
effect of this variant.

Physiological and pathological roles of CIC-3

In addition to the four plasma membrane Cl~ channels,
CIC-1, -2, -Ka, and -Kb, the mammalian CLC gene family
encodes five different 2C1~/H"-exchangers that are pre-
dominantly located on vesicles of the endosomal-lyso-
somal pathway. A common feature of those vesicular
CLCs (vCLCs) is the strong outward rectification that al-
lows ion transport only with cytoplasmic positive poten-
tial, and their inhibition by acidic extracellular (luminal)
pH. Inhibition by luminal pH was hypothesized to provide
a negative feedback loop for endosomal acidification,'?**
but the benefit of strong outward rectification remains
mysterious.

Vesicular CLCs are believed to foster the acidification of
endosomes and lysosomes by providing neutralizing coun-
tercurrents for electrogenic H™-ATPases.™'® Whereas this
has been confirmed for renal endosomal CIC-5,'%19:53
the steady-state pH of lysosomes does not depend on lyso-
somal CIC-7,'>?! and a role of CIC-3 in acidifying recy-
cling and late endosomes has not been observed univer-
sally.>*%>% At first sight, the strong voltage-dependence
of vCLCs seems to contradict a role in compensating H*
-ATPase currents: proton pumping is expected to generate
lumen-positive potentials, which would shut down vCLC
activity. However, mathematical analysis predicts that par-
allel operation of an H"-ATPase and a 2Cl~/H"-exchanger
leads to a moderately lumen-negative potential that allows
for vCLC activity and efficient acidification.”'>*>> As pre-
dicted and confirmed experimentally,”' vCLCs accumulate
CIl™ inside vesicles. Changes in vCLC activity likely affect
not only vesicular voltage, CI~ and H" concentrations,
but indirectly also those of other ions and not least vesicu-
lar osmolarity which might, together with luminal pH and
Ca®", affect vesicle budding, fusion and trafficking. We as-
sume that both the moderate pH dependence, as well as
the strong voltage dependence of vCLCs provide crucial
feedback regulation for the regulation of endosomal/lyso-
somal homeostasis.

It was hypothesized that the severe neurodegeneration
of Clcn3~/~ mice'”**% results from altered endo-lyso-
somal trafficking, but the underlying mechanism remains
obscure. As mentioned before, CIC-3 disruption is associ-
ated with a marked reduction of protein levels of its bind-
ing partner CIC-4. However, the lack of CIC-4 is not
sufficient to explain the severe phenotype of Clcn3~/~
mice, since Clcn4~/~ mice appear largely normal.”~* Loss-
of-function variants in human X chromosome CLCN4
lead to intellectual disability, seizures, and facial abnormal-
ities mostly in males.”'” After recent work associated
CLCN6 variants with a neurodegenerative disorder,'”
CLCN3 was the only CLCN gene for which no human dis-
ease was known.

Both CLCN3 p.lle607Thr and p.Thr570Ile variants
showed clear gain of function with the appearance of

abnormal currents at lumen-positive potentials and acidic
luminal pH. We suggest that these variants interfere with a
negative feedback mechanism in which transport of CIC-3
is shut down when a certain threshold of luminal acidifica-
tion or lumen-positive potential is reached. Loss of CIC-3
control may then cause excessive Cl~ accumulation in
late endosomes or lysosomes and their subsequent
swelling and functional impairment, as has been suggested
for CIC-6.'” Similarly, overexpression of WT CIC-3 in
transfected cells was associated with large, acidified vacu-
oles whose generation required C1-/H"-exchange.>®

Genotype-phenotype correlations

Intriguingly, both loss and gain of CIC-3 function lead to
neurodevelopmental or possible neurodegenerative disor-
ders in humans with overlapping clinical spectra. Similar
observations were made for variants in the late endosomal
CIC-6'"'? and the lysosomal CIC-7.'“***” Homozygous
loss of CIC-7 function results in lysosomal storage disease
and osteopetrosis,'® but several CLCN7 variants found in
dominant osteopetrosis accelerate the normally very slow
gating of CIC-7, resulting in a gain of CIC-7 currents at
early time points.** Another CLCN7 variant, which
increased current amplitudes several-fold, led to lysosomal
storage, but not osteopetrosis, and was associated with the
formation of large intracellular vacuoles.’” Whereas Clcn6
disruption in mice only leads to a mild lysosomal storage
disease,'' a human CLCN6 missense variant markedly in-
creases currents and leads to severe developmental delay,
ID, and neurodegeneration.'” Resembling the CIC-7
variant described by Nicoli et al.,’” the CIC-6""%3%
variant induces giant lysosome-like vesicles in transfected
cells."” Akin to the present CIC-3"¢%7™r varjant, CIC-
67Y1553CYs abolished the inhibition of currents by luminal
acidic pH but failed to invert the pH dependence as found
here for CIC-3"¢¢97Tr The CIC-6 variant did not produce
currents at cytoplasmic negative voltages as seen here
with CIC-3"¢%7™r 1n conclusion, loss- and gain-of-func-
tion variants in CLCN6, CLCN7, or CLCN3 (this work)
can lead to distinct but partially overlapping phenotypes
at the organismal level. In the present cohort, genotype-
phenotype correlations also extend to the missense vari-
ants. The p.lle607Thr variant, which produced a more
pronounced gain of transport function than p.Thr570Ile,
resulted in very severe pathology (I:8), whereas the two un-
related children carrying the latter variant (I:6, 1:7) that
showed less pronounced biophysical changes were less
severely affected and displayed fewer abnormalities on
their brain MRIs.

It is likely that the gain of currents is present not only in
homodimeric mutant CIC-3 transporters, as studied here,
but also in heterodimers with WT CIC-3 or CIC-4. The
gating of vCLCs involves both subunits of the transporters,
as illustrated by mutant CIC-7 subunits with altered open-
ing kinetics that changed gating of associated WT subunits
in the same direction.*® Hence, in heterozygous patients,
the disruption induced by either variant will likely be at
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least partially conferred to mutant/WT and mutant/CIC-4
heterodimers. The gain of abnormal CIC-3 currents associ-
ated with both p.lle607Thr and p.Thr570lle, therefore,
helps explain why they exert effects when present in de
novo heterozygous patients. The observed correlation be-
tween amplitudes of abnormal currents and the severity
of the clinical phenotype, as found with p.Thr570Ile and
the more severe p.lle607Thr mutant, further strengthens
the conclusion that both variants contribute to the respec-
tive patient’s pathology. The fact that both loss and gain of
function of vesicular Cl~/H*-exchangers caused abnormal-
ities highlights that ion homeostasis of endosomes and ly-
sosomes needs to be finely tuned.
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