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ARTICLE

Stretch-activated ion channel TMEM63B associates
with developmental and epileptic encephalopathies
and progressive neurodegeneration

Annalisa Vetro,1,38 Cristiana Pelorosso,1,38 Simona Balestrini,1,2,38 Alessio Masi,3 Sophie Hambleton,4,5

Emanuela Argilli,6 Valerio Conti,1 Simone Giubbolini,7 Rebekah Barrick,8 Gaber Bergant,9 Karin Writzl,9

Emilia K. Bijlsma,10 Theresa Brunet,11,12 Pilar Cacheiro,13 Davide Mei,1 Anita Devlin,4,5

Mariëtte J.V. Hoffer,10 Keren Machol,14 Guido Mannaioni,3 Masamune Sakamoto,15 Manoj P. Menezes,16

Thomas Courtin,17,18 Elliott Sherr,6 Riccardo Parra,7 Ruth Richardson,19 Tony Roscioli,20,21

Marcello Scala,22 Celina von Stülpnagel,12,23 Damian Smedley,13 TMEM63B collaborators, The Genomics
England Research Consortium, Annalaura Torella,24,25 Jun Tohyama,26 Reiko Koichihara,27

Keisuke Hamada,28 Kazuhiro Ogata,28 Takashi Suzuki,29 Atsushi Sugie,30 Jasper J. van der Smagt,31

Koen van Gassen,31 Stephanie Valence,32,33 Emma Vittery,19 Stephen Malone,34,35 Mitsuhiro Kato,36

Naomichi Matsumoto,15 Gian Michele Ratto,7,37 and Renzo Guerrini1,2,*
Summary
Byconvertingphysical forces intoelectrical signalsor triggering intracellular cascades, stretch-activated ionchannelsallowthecell to respond

to osmotic andmechanical stress. Knowledge of the pathophysiological mechanisms underlying associations of stretch-activated ion chan-

nels with human disease is limited. Here, we describe 17 unrelated individuals with severe early-onset developmental and epileptic enceph-

alopathy (DEE), intellectual disability, and severemotor and cortical visual impairment associatedwith progressive neurodegenerative brain

changescarrying tendistinctheterozygousvariantsofTMEM63B, encoding forahighlyconservedstretch-activated ionchannel.Thevariants

occurred de novo in 16/17 individuals for whomparentalDNAwas available and eithermissense, including the recurrent p.Val44Met in 7/17

individuals, or in-frame, all affecting conserved residues located in transmembrane regions of the protein. In 12 individuals, hematological

abnormalities co-occurred, such asmacrocytosis andhemolysis, requiringblood transfusions in some.Wemodeled six variants (p.Val44Met,

p.Arg433His, p.Thr481Asn, p.Gly580Ser, p.Arg660Thr, and p.Phe697Leu), each affecting a distinct transmembrane domain of the channel,

in transfectedNeuro2a cells anddemonstrated inward leak cationcurrents across themutated channel even in isotonic conditions,while the

response tohypo-osmoticchallengewas impaired,aswere theCa2þ transientsgeneratedunderhypo-osmotic stimulation.Ectopicexpression

of the p.Val44Met and p.Gly580Cys variants inDrosophila resulted in early death. TMEM63B-associated DEE represents a recognizable clin-

icopathological entity in which altered cation conductivity results in a severe neurological phenotype with progressive brain damage and

early-onset epilepsy associated with hematological abnormalities in most individuals.
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Introduction

TMEM63B, with its two paralogs TMEM63A and C, be-

longs to a gene family initially identified as the closest ho-

mologs of the OSCA proteins, which represent the largest

family of stretch-activated ion channels conserved across

eukaryotes.1,2 In plants, members of the OSCA family

sense osmotic stress-induced mechanical forces across

the plasma membrane and activate a signaling pathway

responsible for regulating water transpiration and root

growth.1,3 In mammals, members of the TMEM63 family

mediate cation currents in response to osmotic and me-

chanical stimuli affecting membrane tension.1,4 This pro-

cess is crucial for cell volume regulation and viability, as

changes in osmolarity may cause water influx or efflux

through the plasma membrane, resulting in cell swelling

or shrinkage.5

Other members of the TMEM63 family have been

associated with monogenic disorders, namely transient

infantile hypomyelinating leukodystrophy-19 (HLD19

[MIM: 618688]), with developmental delay of variable

severity caused by heterozygous TMEM63A variants,6–8

and autosomal recessive spastic paraplegia-87 (SPC-87

[MIM: 619966]), caused by biallelic truncating variants of

TMEM63C.9 The TMEM63B gene still lacks a clear associa-

tion with human diseases and is not yet listed either in

the OMIM’s Morbid Map of the Human Genome or in

the ClinGen Gene-Disease Validity database (https://

www.clinicalgenome.org/). The gene is ubiquitously ex-

pressed in humans, and, according to the GTEx portal

(https://www.gtexportal.org/home/), multiple TMEM63B

mRNA isoforms occur with different tissue specificity. Mul-

tiple Tmem63bmRNA isoforms have also been identified in

mice, with post-transcriptional modifications contributing

to mRNA diversity.10 A brain-specific Tmem63b isoform,

exhibiting alternative splicing of exon 4 and glutamine

to arginine change (Q/R) at exon 20, has been shown to

regulate Ca2þ permeability and osmosensitivity of the

channel.10

We identified ten distinct heterozygous de novo variants

of TMEM63B in 17 unrelated individuals with early-onset

developmental and epileptic encephalopathy (DEE), all

associated with white matter disease, corpus callosum

abnormalities, and variable cortical, cerebellar, and hema-

tological abnormalities.

After determining the most represented brain

TMEM63B isoform in humans, we tested in vitro the ef-

fect of selected variants on the protein localization and

function by immunocytochemistry, whole-cell patch

clamp, and calcium imaging in transfected Neuro2a cells.

We also modeled in vivo in Drosophila the effects of the

ectopic expression of two variants. Our findings indicate

that heterozygous variants of TMEM63B result in a

clinically recognizable DEE syndrome whose pathophys-

iology lies in altered functional properties of the

channel.
The American
Material and methods

Research cohort
Our initial discovery cohort consisted of 600 consecutive individ-

uals referred to the Neuroscience Department of the Meyer Chil-

dren’s Hospital to investigate the genetic causes of DEEs. Within

this cohort, we identified by whole-exome sequencing (WES)11

de novo heterozygous variants of TMEM63B in three individuals

(IDs 1–3) with a homogeneous clinical and neuroimaging pheno-

type and promoted an international collaboration through

GeneMatcher12 identifying 14 additional individuals carrying de

novo TMEM63B variants (IDs 4–17). We reviewed medical records,

electroencephalograms (EEGs), and brain magnetic resonance

imaging (MRI) scans. We classified seizure types following the In-

ternational League Against Epilepsy (ILAE) criteria13 whenever

applicable and usedmore descriptive terms when seizure phenom-

enology could not fit classification terminology.We obtained writ-

ten informed consent for the study from all participants or their

legal guardians, according to local requirements. The study was

approved by the Pediatric Ethics Committees of the Tuscany Re-

gion, Italy, in the context of the DESIRE FP7 EU project and its

extension by the DECODE-EE project.

Detailed methods for MRI investigations, genetic and structural

protein analyses, functional characterization of TMEM63B vari-

ants, and Drosophila modeling are reported in the supplemental

information.
Results

Clinical findings

Clinical, EEG, and MRI findings of the 17 individuals are

summarized in Tables 1 and S2. They were all unrelated sub-

jects who exhibited amarkedly overlappingDEE phenotype

with early-onset drug-resistant epilepsy (17/17, 100%), se-

vere developmental delay (17/17, 100%), early generalized

hypotonia evolving to spastic quadriparesis (13/17, 76%),

nystagmus and central visual impairment (11/17, 65%). Ep-

ilepsy onset ranged frombirth to 3 years but occurredwithin

the first year in 14/17 (82%) and in the first month of life in

6/17 (35%). A common pattern of the epilepsy phenotype

was early onset of focal seizures (11/17, 65%), often mani-

fested as apnoeic episodes in newborns, followed over

months by epileptic spasms (5/17, 29%)or by different types

of focal and generalized onset seizures (7/17, 41%). Infantile

epileptic spasms, whichwere the initial manifestation of ep-

ilepsy in three additional individuals (3/17, 18%), had there-

fore been present in 9/17 individuals (53%). In two remain-

ing individuals (2/17, 12%), onset was at 2 and 3 years with

focal seizures with impaired awareness. Epilepsy was severe

at onset in all individuals, with episodes of status epilepticus

in three (3/17, 18%). At last follow-up, five individuals (5/17,

29%)no longerhad severe epilepsy, including threewhohad

experienced prolonged seizure freedom on medication (3/

17, 18%).

EEGs showed slow background activity with bilateral in-

dependent or multifocal epileptiform discharges in most

individuals.
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Table 1. Clinical features of the 17 individuals with TMEM63B variants

Individuals’
ID/gender

TMEM63B
varianta

(cDNA and
protein)

Age at last
follow-up/
death

Age at
seizure
onset/type

Seizure types/
severity during
follow-up

Treatment
ever tried (þ
efficacy, þ/�
transient
efficacy, �
worsening
or not
tolerated) EEG

Brain magnetic
resonance imaging

Clinical
neurological
phenotype

Hematological
findings

1/M c.130G>A
(p.Val44Met)

8 years/
deceased
at 9 years
(pneumonia)

6 months/
infantile
spasms

spasms, myoclonic,
focal with impaired
awareness/daily

CZP, ESM, PB,
VGB

6 months–8 years:
slow background,
bilateral independent
discharges; epileptic
spasms and
myoclonic szs

5 months, 4 years:
thin CC,
colpocephaly,
abnormal
myelination,
dysmorphic lateral
ventricles, enlarged
extracerebral spaces,
progressive mild
cerebellar atrophy,
and watershed areas
WM abnormality

threatened preterm
labor at 35 weeks,
global profound
DD, generalized
hypotonia,
plagiocephaly,
nystagmus,
dysphagia (PEG
17 months),
dyskinesias

mild anemia

2/M c.1298G>A
(p.Arg433His)

10 years birth/focal bilateral independent
focal motor with
impaired awareness,
focal to bilateral
tonic-clonic/weekly

CBZ, CLB, CZP,
LEV, LCM, MDZ,
PB, PHT, STP,
TPM

7�10 years: slow
background,
multifocal discharges;
focal szs recorded

6 years, 10 years:
thin CC, multifocal
WM abnormalities,
ventricular
asymmetry,
progressive
cerebellar atrophy

global profound
DD, ataxic gait,
lower limb
hypertonia,
nystagmus

mild abnormalities
of RBCt, MCV,
MCH

3/M c.1442C>A
(p.Thr481Asn)

15 years 2 months/
focal motor
with
asymmetric
posturing

focal with impaired
awareness and
asymmetric
posturing, focal
to bilateral tonic-
clonic/weekly

CBZ, CLB, PB,
PER, STP, VGB,
VNS

15 years: slow
background, focal
epileptiform
discharges

4 years: thin CC,
posterior
predominant
multifocal WM
abnormalities,
dysmorphic
asymmetric lateral
ventricles, enlarged
cortical sulci

global profound DD,
spastic asymmetric
quadriparesis, severe
cortical visual
impairment

none

4/Mb c.130G>A
(p.Val44Met)

12 years/
deceased
at 12.5 years
(pneumonia)

4 months/
focal

focal with impaired
awareness; 9 months
on: spasms and
focal to bilateral
tonic-clonic/daily;
single episode of
SE (14 months)

CBZ, CLB, KD,
LTG, LEV, PRED,
RFM, VGB, VPA,
VNS

8 months–10 years:
slow background,
bilateral independent
or multifocal
discharges; epileptic
spasms recorded

5 months, 7 years:
thin CC, multifocal
WM abnormalities,
dysmorphic enlarged
lateral ventricles,
mild cortical and
cerebellar atrophy,
progressive trabecular
bone thickening

global profound DD,
wheelchair bound,
cortical visual
impairment, by 10
years knee fixed
flexion contractures,
dysphagia (PEG 5
years)

severe macrocytic
anemia transfusion
dependent

(Continued on next page)
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Table 1. Continued

Individuals’
ID/gender

TMEM63B
varianta

(cDNA and
protein)

Age at last
follow-up/
death

Age at
seizure
onset/type

Seizure types/
severity during
follow-up

Treatment
ever tried (þ
efficacy, þ/�
transient
efficacy, �
worsening
or not
tolerated) EEG

Brain magnetic
resonance imaging

Clinical
neurological
phenotype

Hematological
findings

5/M c.130G>A
(p.Val44Met)

8 years day 2/apnoeic 4 months: epileptic
spasms;
7 years: focal
hyperkinetic
motor with impaired
awareness/sz-free

CBZ(þ), CLB, LEV,
PB(þ), TPM(þ)

7 years: slow
background,
bilateral independent
or multifocal
discharges;
focal szs recorded

1 week, 7 months,
2 years: thin CC,
abnormal
myelination,
dysmorphic
asymmetric lateral
ventricles, enlarged
extracerebral spaces,
progressive
posteriorly
predominant WM
abnormality, and
cerebellar atrophy

global profound DD,
severe cortical visual
impairment,
nystagmus, spastic
quadriparesis,
dysphagia (PEG 2
years)

jaundice at birth

6/Fb c.130G>A
(p.Val44Met)

15 months/
deceased at
23 months
(pneumonia
in progressive
respiratory
failure)

day 10/
apnoeic

focal onset with
impaired
awareness, focal to
bilateral
tonic-clonic, epileptic
spasms/
daily

Alimemazine, CBZ,
CLB, PB(þ/�),
paraldehyde, PRED,
TPM, VGB, VPA,
VNS(þ), biotin,
pyridoxine

2–23 months: slow
background,
multifocal
or generalized
discharges
with burst
suppression;
focal szs recorded

2 months: thin
CC, enlarged
extracerebral
spaces, diffusely
abnormal
myelination

global profound
DD, quadriparesis
with generalized
hypotonia, cortical
visual impairment,
nystagmus,
dysphagia (PEG
16 months)

macrocytic
anemia,
transfusion
dependent

7/Ma c.130G>A
(p.Val44Met)

20 months birth/apnoeic 2 weeks: stiffening
episodes;
9 months: epileptic
spasms/
sz-free

LEV, steroids, VGB birth–20 months:
normal
background, then
hypsarrhythmia, slow
background, focal
discharges

1 week, 5 months,
11 months: thin
CC, widespread
WM abnormalities,
enlarged dysmorphic
lateral ventricles,
mild progressive
cerebellar atrophy

global profound
DD, asymmetric
quadriparesis,
generalized
hypotonia, cortical
visual impairment,
nystagmus,
dysphagia (no P
EG yet)

scleralicterus

(Continued on next page)
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Table 1. Continued

Individuals’
ID/gender

TMEM63B
varianta

(cDNA and
protein)

Age at last
follow-up/
death

Age at
seizure
onset/type

Seizure types/
severity during
follow-up

Treatment
ever tried (þ
efficacy, þ/�
transient
efficacy, �
worsening
or not
tolerated) EEG

Brain magnetic
resonance imaging

Clinical
neurological
phenotype

Hematological
findings

8/F c.130G>A
(p.Val44Met)

17 years 4 months/
infantile
spasms

1 year: generalized
tonic,
focal motor with
impaired
awareness/daily

ACTH, CBZ, CLB,
CZP, ESM, GBP,
ivIg, LCM, LEV,
PB, PER, PIR, PLP,
PRM, STP, TPM,
VPA, ZNS

4 months–12 years:
hypsarrhythmia,
then slow
background,
multifocal
epileptiform
discharges

4 months, 2 years,
10 years: thin CC,
abnormal
myelination,
dysmorphic
asymmetric lateral
ventricles, enlarged
extracerebral spaces,
progressive
widespread WM
abnormality,
ventricular dilatation,
cerebellar atrophy,
and trabecular bone
thickening

global profound
DD, quadriparesis,
dysphagia (PEG 12
years)

severe anemia
requiring
occasional
transfusions

9/M c.130G>A
(p.Val44Met)

15 years 2 years 6
months/
febrile
seizures

3 years: epileptic
spasms in small
clusters/weekly

CZP, VPA slow background,
no epileptiform
discharges in 4 EEG
recordings

4 months: thin CC
with absent splenium
and delayed
myelination; 6 years
7 months: increased
signal of WM in
watershed areas,
generalized decrease
of white matter
volume

global profound DD,
wheelchair bound,
quadriparesis,
pseudobulbar signs,
jerky involuntary
movements,
stereotypical
movements and
behavior, dysphagia
(PEG 3 years), cortical
visual impairment,
nystagmus

mild anemia

10/F c.1377C>G
(p.Asp459Glu)

3 years 2 weeks/focal bilateral independent
focal, epileptic
spasms/daily

CBD, KD, LEV,
VGB, VNS, ZNS

2–9 months: slow
background,
hypsarrhythmia,
multifocal discharges;
focal szs and epileptic
spasms recorded

2 months: thin
CC, enlarged
extracerebral
spaces, abnormal
myelination more
pronounced
posteriorly, Rathke
cleft cyst

global profound DD,
quadriparesis,
generalized
hypotonia,
cortical blindness
with
roving eye
movements,
dysphagia

mild macrocytic
anemia

(Continued on next page)
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Table 1. Continued

Individuals’
ID/gender

TMEM63B
varianta

(cDNA and
protein)

Age at last
follow-up/
death

Age at
seizure
onset/type

Seizure types/
severity during
follow-up

Treatment
ever tried (þ
efficacy, þ/�
transient
efficacy, �
worsening
or not
tolerated) EEG

Brain magnetic
resonance imaging

Clinical
neurological
phenotype

Hematological
findings

11/M c.1387G>A
(p.Val463Ile)

7 years 2 years/focal occasional focal
with impaired
awareness/during
fever

VPA 4–6 years: normal
background, bilateral
independent
discharges

6 years: multifocal,
posteriorly
predominant
WM abnormality

global severe DD,
motor impairment,
generalized
hypotonia

none

12/M c.1387G>A
(p.Val463Ile)

23 months first few
weeks/
myoclonic
jerks

14 months;
intractable focal
seizures

LEV, CLB, ESM,
CLZ, TPM(þ/�),
VPA(�)

14 months: normal
background,
generalized and focal
discharges

14 months: mild
prominence of
ventricular system
and extra-axial CSF
spaces

global DD,
dysphagia

none

13/F c.1424_1426del
(p.Ile475del)

16 years 6 months/
infantile
spasms

tonic/daily; GTCs/
monthly

ACTH, CBD, CLB,
CZP, LEV, LTG,
OXC, TPM(�),
VGB(�), VPA

4 months–16 years:
hypsarrhythmia,
then slow
background, bilateral
independent or
multifocal discharges;
epileptic spasms and
tonic szs recorded

7 months, 2 years,
4 years, 8 years: thin
CC, multifocal WM
abnormalities,
asymmetric
dysmorphic lateral
ventricles,
progressive trabecular
bone thickening

global profound
DD, generalized
hypotonia,
microcephaly, visual
impairment,
nystagmus, squint,
spastic quadriparesis,
dysphagia (PEG 12
years)

severe hemolytic
anemia,
transfusion
dependent

14/M c.1738G>A
(p.Gly580Ser)

5 years 10 months/
focal

GTCs/occasional
during fever

VPA 2 years: slow
background,
focal discharges

1 year 7 months: thin
CC, widespread WM
abnormality,
especially
periventricular,
asymmetric
dysmorphic lateral
ventricles, mild
cerebellar atrophy

global profound DD,
spastic quadriparesis,
axial hypotonia,
upper limb dystonia,
visual impairment,
dysphagia (PEG 3
years)

none

15/F c.1738G>T
(p.Gly580Cys)

30 years 3 years/focal focal with impaired
awareness, GTCs/
yearly

CBZ, CZP, PHT(þ),
VPA, ZNS

15 years: slow
background, focal
discharges; focal
szs recorded

15 years, 21 years,
24 years, 27 years,
28 years: thin CC,
widespread WM
abnormality,
especially
periventricular/
posterior, progressive
cerebellar atrophy,
and trabecular bone
thickening

global moderate DD,
cerebellar ataxia,
tremor, dysarthria,
limited mobility,
bipolar disorder

mild
hyperbilirubinemia

(Continued on next page)
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Table 1. Continued

Individuals’
ID/gender

TMEM63B
varianta

(cDNA and
protein)

Age at last
follow-up/
death

Age at
seizure
onset/type

Seizure types/
severity during
follow-up

Treatment
ever tried (þ
efficacy, þ/�
transient
efficacy, �
worsening
or not
tolerated) EEG

Brain magnetic
resonance imaging

Clinical
neurological
phenotype

Hematological
findings

16/F c.1979G>C
(p.Arg660Thr)

25 years 11 months/
focal

focal with posturing
and impaired
awareness, recurrent
SE/yearly

CBZ(�), LMT(�),
OXC, PB(�),
TPM, VNS(þ)

17 months–22 years:
background mildly
abnormal, diffuse
beta activity,
multifocal discharges;
focal szs recorded

1 year, 2 years, 10
years:
thin CC, multifocal
WM
abnormality

global moderate DD,
spastic quadriparesis,
ASD

macrocytic
anemia

17/M c.2089T>C
(p.Phe697Leu)

15 years 11 months/
focal

focal with eye
deviation; jerking,
GTCs, recurrent
SE/sz-free at
last FU

CLB, LTG(�),
LEV(�), OXC,
PHT, VPA

5–17 months:
normal background;
focal discharges

1 year, 12 years: thin
CC, abnormal
myelination,
colpocephaly,
dysmorphic lateral
ventricles, increased
WM signal with
posterior/
periventricular
predominance

global, severe DD,
toe walking, ASD

none

Abbreviations and symbols: ASD, autism spectrum disorder; CBD, cannabidiol; CBZ, carbamazepine; CC, corpus callosum; CLB, clobazam; CZP, clonazepam; DD, developmental delay; ESM, ethosuximide; F, female; GBP,
gabapentin; GTCS, generalized tonic-clonic seizures; ivIg, intravenous immunoglobulin; KD, ketogenic diet; LCM, lacosamide; LEV, levetiracetam; LTG, lamotrigine; M, male; MCH, mean corpuscular hemoglobin; MCV,
mean corpuscular volume; MDZ, midazolam; NA, not available; OXC, oxcapazepine; PB, phenobarbital; PEG, percutaneous endoscopic gastrostomy; PER, perampanel; PHT, phenytoin; PIR, piracetam; PLP, pyridoxal 50-phos-
phate; PRED, prednisolone; PRM, primidone; RBCs, red blood cells; RFM, rufinamide; SE, status epilepticus; STP, stiripentol; sz, seizure; TGP, targeted gene panel; TPM, topiramate; VGB, vigabatrin; VNS, vagus nerve stim-
ulation; VPA, valproic acid; WM, white matter; ZNS, zonisamide.
aVariants’ nomenclature is based on the GenBank: NM_018426.3 reference sequence.
bIDs 4, 6, and 7 are mentioned in Cacheiro et al.14 (Table S8: DDD subject 1, 100KGP subject 2, and100KGP subject 1); treatment ever tried: þ, efficacy; þ/�, transient efficacy; �, worsening or not tolerated.
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All individuals (17/17, 100%) had global developmental

delay, with moderate-to-profound intellectual disability

and severe motor impairment; only two had developed

communicative language skills (2/17, 12%). Severe

dysphagia was present in 11 individuals (11/17, 65%),

requiring a percutaneous endoscopic gastrostomy (PEG)

insertion in eight (8/17, 47%). In 12 individuals (12/17,

71%), clinical history revealed hematological abnormal-

ities resulting in abnormal hemoglobin levels, often with

macrocytosis and signs of hemolysis (hyperbilirubinemia,

jaundice, hepatosplenomegaly) with a fluctuating course.

In four of the 12 individuals (4/12, 33%) with hematolog-

ical abnormalities, three of whom were carrying the recur-

rent c.130G>A (p.Val44Met) variant, anemia was severe

and required blood transfusions (IDs 4, 6, 8, and 13). In

ID 4, peripheral blood film showed abnormally shaped

red blood cells (RBCs) with elliptocytes and increased sto-

matocytes. Bone-marrow biopsy was performed in two in-

dividuals (IDs 4 and 8) with signs of hemolysis in both and

evidence for hematopoiesis and myelodysplastic syn-

drome with aplastic anemia in one (ID 8, Figure S1). Auxo-

logical parameters at birth were normal inmost individuals

(Table S2). Three individuals (3/17, 18%) had died prema-

turely due to pneumonia (IDs 1, 4, and 6; Table 1).

Prompted by the evidence for progressive hearing loss in

Tmem63b-deleted mice,4 we investigated whether any

signs of hearing impairment were present in our cohort.

Eleven out of 17 (65%) individuals received formal hearing

tests (Table S2) with abnormal results in two (IDs 15 and

16; 2/11, 18%). In a further individual (ID 10), hearing

impairment was suspected on clinical ground but not

formally tested.

MRI findings

All individuals had at least one brain MRI scan at 1.5 or 3T

between ages 1 week and 28 years, and 11 individuals were

studied with two or more scans taken 6months to 13 years

apart (Table 1 and Figure 1). MRI revealed an association of

multiregional or widespread whitematter signal abnormal-

ities, dysmorphic lateral ventricles, thinning of corpus cal-

losum (17/17, 100%), cerebellar atrophy (8/17, 47%), and

atrophy of the cerebral cortex (8/17, 47%).

All the 11 individuals for whom repeated MRIs were

available for comparison (IDs 1, 2, 4, 5, 7–9, 13, and 15–

17) exhibited clear morphological or signal signs resulting

from the combination of maturational and disease-related

progressive changes. For example, when cerebellar atrophy

was present, there had always been evidence of atrophy

progression from initial to follow-up imaging (IDs 1, 2, 4,

5, 7, 8, and 15). White matter signal abnormalities (always

present) appeared in early scans as severely delayed myeli-

nation that was better appreciated with T2-weighted imag-

ing and later evident as diffuse or more circumscribed areas

of high-signal intensity changes in fluid attenuated inver-

sion recovery (FLAIR) (see IDs 1, 5, 7, and 8 in Figure 1). In

the only individual who had received control MRI scans at

different adult ages (ID 15), cerebellar and white matter
The American
changes continued to worsen between age 21 and 28.

Overall, white matter abnormalities, ventricular shape,

and thinning of the corpus callosum exhibited similar lon-

gitudinal changes. Signs of progression of cortical atrophy

were minor, if any, and proportional to overall volume

shrinking. MRI also showed progressive thickening of the

trabecular (spongy) bone of the skull in five individuals

(5/17, 29%; IDs 4, 8, 13, and 15 in Figure 1; ID 9, not

shown), four of whom had anemia (IDs 4, 8, 9, and 13),

with a myelodysplastic disorder in three (IDs 4, 8, and

13), while one had experienced episodes of hyperbilirubi-

nemia (ID 15).

Genetic findings

In these 17 individuals,we identified tendistinctTMEM63B

variants (Table 1 and Figure 2) including ninemissense sub-

stitutions and one in-frame deletion. None of them were

present in publicly available allele frequency databases,

such as gnomAD and TOPMed, or in our internal dataset,

and all were predicted to be damaging by multiple predic-

tion tools (Table S3). Available gene constraint scores from

gnomAD indicate that TMEM63B is globally highly intol-

erant to both loss-of-function (LoF; pLI score ¼ 1.00;

observed/expected [o/e] LoF ¼ 0.07) and missense (Z

score ¼ 4.22; o/e missense ¼ 0.475) variants. In addition,

all variants were in regions of the protein predicted to be

intolerant to missense variations according to region-level

metrics (Figures 2BandS2) and involvedaminoacidshighly

conserved among the vertebrate orthologs of the protein

(Figure 2C, Table S3), as well as the paralogs TMEM63A

and TMEM63C (Figure S3).

We noticed a complementary linear distribution on the

protein sequence of the TMEM63B variants in our cohort

versus the gene variants in the reference population from

gnomAD. The latter were enriched in exons 3–14 and 22–

24 and substantially depleted in exons 15–21, where our

variants clustered (Figures 2B and S2). This observation, sup-

ported by the local constraint metrics provided by multiple

tools, suggests an increased selective pressure in the region

of the gene corresponding to the seventh transmembrane

(TM) domain region RSN1_7TM (PF02714). This domain is

conserved among osmosensitive calcium-permeable cation

channels.16

The p.Val44Met variant was recurrent in seven unrelated

individuals (IDs 1, 4–9), the c.1387G>A (p.Val463Ile) in

two (IDs 11 and 12), and two different changes affected the

same residues in two individuals (c.1738G>A [p.Gly580Ser]

in ID 14 and c.1738G>T [p.Gly580Cys] in ID 15). Eight of

the affected residues are fully conserved from human to ze-

brafish (Val44, Arg433, Asp459, Val463, Thr481, Gly580,

Arg660, and Phe697), and one is fully conserved up to

chicken (Ile475). Inaddition, sixoutofnineaffected residues

are fully conserved among all the three paralogs’ sequences

(Val44, Asp459, Val463, Gly580, Arg660, and Phe697), and

three (Arg433, Thr481, and Ile475) are fully conserved in

two among three paralogs and theymaintain similar proper-

ties in the third paralog (Figure S3).
Journal of Human Genetics 110, 1356–1376, August 3, 2023 1363



Figure 1. Brain MRI in 16 individuals with TMEM63B pathogenic variants
Individuals’ ID is shown in the upper left corner. For each individual, the corresponding TMEM63B variant is reported in the lower right corner. For IDs 1, 4, 5, 7, 8, 15, and 17, two sets of
comparative images are presented, taken respectively from the initial and follow-up investigation. For IDs 2, 3, 6, 10, 11–14, and 16, only one set of images is presented. For ID 2 we included
additional images, illustrating suspected areas of focal cortical dysplasia (circles). Structural abnormalities include a combinationofwhitematter (WM) abnormalities, dysmorphic lateral ven-
tricles, thinning of corpus callosum (CC), and cortical and cerebellar atrophy that are variably distributed. In ID 1, MRI at age 5 months shows increased extracerebral spaces with enlarged
cortical sulci, thinCCwith colpocephaly, andhigh signal intensity of thehemisphericWM, consistentwith abnormalmyelination. At age 4, enlarged extracerebral spaces and thinningof the
CC are less prominent but there is a definite high signal abnormality of theWM, with dysmorphic lateral ventricles, andmild atrophy of the cerebellar cortex. In ID 4, after a first MRI at age
5months only showing reduced volume of the frontal lobes, a follow-up scan at 7 years revealed a progressive change in shape of the lateral ventricles and CC, revealingWM suffering with
mild atrophyof the cerebellar cortex. In IDs 5 and8, changes that occurred fromage 7months to age2 years (ID5) and fromage 4months to 10 years (ID8) are comparablewith those observed
in ID 1. The abnormal ventricular shape causes ventricular asymmetry in these individuals. Cerebellar atrophy is indicated by arrows. In ID 7, a second MRI at age 11 months confirms the
severe WM abnormality with dilated ventricles and thin CC and reveals mild progressive cerebellar atrophy (arrow). In ID 15, imaged twice 7 years apart, MRI shows as WM changes and
cerebellar atrophy continued to progress after age 21 (arrow). In ID 17, only minor changes occurred between age 1 year and 12 years. At 1 year, there were areas of abnormal myelination,
especially on the right hemisphere, with thin CC and colpocephaly. At age 12, the CC remained thin but because of maturation processes was thicker than before and ventricular dilatation
less prominent, withmild peritrigonal high signal intensity. In ID 2, brainMRI taken at 10 years shows bilateral patchyWMabnormalities highlighted by a circle in the left frontal and right
temporal regions. This finding, in associationwith focal seizures, had raised the suspicion of areas of focal cortical dysplasia. Additional findings include ventricular asymmetry, thin CC, and
progressive cerebellar atrophy. In ID3, imaged at 4 years, there aremultifocal high signalWMchangeswith dysmorphic and asymmetric lateral ventricles, thinCC, and enlarged cortical sulci.
IDs 6 and 10, both imaged at age 2 months, exhibited increased extracerebral spaces with enlarged sulci, thin CC, and reduced signal intensity of theWM, consistent with abnormal myeli-
nation (ID10, circles). In ID11, at age6years, thereweremultifocal areasofWMabnormalitieswithout atrophic changes. In ID12, at age14months, there is alreadyanobvious combinationof
dilated extracerebral spaces and ventricles with thin CC and high signal abnormality in the posterior WM. IDs 13, 14, and 16 imaged between 1 year 7 months and 10 years show similar
findings, slightly varying in severity and including a thin CC, areas of abnormal signal intensity of the WM with posterior predominance in all, dilated asymmetric ventricles (IDs 13 and
14), and mild cerebellar atrophy (ID 14). In IDs 4, 8, 13, 15, and 16, thickening of the trabecular (spongy) bone of the skull (indicated by the asterisks) is suggestive of a blood disorder.
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Figure 2. Genetic results
(A) The lollipop diagram shows the distribution of the TMEM63B variants observed in our cohort on the linear proteinmap and relative to
the TMEM63B exons (top, based on NM_018426.3 reference sequence). The variants are represented as green (missense substitutions) or
brown (in-frame deletion) dots and all map in the transmembrane helices TM1, TM4–7, and TM9–10 (green boxes). The p.Val44Met
(V44M) and the p.Val463I (V463I) are recurrent in seven and two individuals, respectively, as illustrated by the number of green dots.
At the bottom of the diagram, the dark blue dots represent the residues affected bymissense variants in TMEM63A (five variants in six un-
related individuals: p.Gly168Glu [G168E], p.Ile462Asn [I462N], p.Gly553Val [G553V], p.Tyr559His [Y559H], p.Gly567Ser [G567S]).6–8

(B) Tolerance landscape plot of the TMEM63B protein provided by the MetaDome web server (https://stuart.radboudumc.nl/metadome/).
The tool identifies regions of low tolerance to missense variations based on the local non-synonymous over synonymous variants ratio
from gnomAD.15 All variants in our cohort are contained in intolerant/highly intolerant regions (in red) of the landscape.
(C) Multiple sequence alignment shows the protein sequence of the human TMEM63B protein (NP_060896.1) and of its orthologs in
five different vertebrate species (Pan troglodytes, Sus scrofa, Mus musculus, Gallus gallus, Danio rerio) with the mutated residues in bold.
The details of the TMEM63B variants in the cohort are displayed above the alignments. The asterisk below the sequence indicates po-
sitions that have a single, fully conserved residue between all the input sequences, the colon indicates conservation between groups of
strongly similar properties, and the period indicates conservation between groups of weakly similar properties.
The TMEM63B variant occurred de novo in the 16 indi-

viduals for whom parental DNA was tested. Individual 10

was born through egg donation; therefore, maternal DNA

was not available for analysis. The variant was absent

from the DNA of the father and of the healthy dizy-

gotic twin.

Based on both in silico analyses using sequence data

and the functional studies described below, we inter-
The American
preted all variants as detrimental for the function of the

protein.

In 13/17 (77%) individuals, we did not identify addi-

tional clinically relevant variants (Table S2). In ID 12, a

de novo TSC1 variant was associated with macrocephaly

with no other signs of tuberous sclerosis complex (TSC1

[MIM: 191100]). In three more individuals (IDs 9, 16,

and 17), additional variants were identified, which were
Journal of Human Genetics 110, 1356–1376, August 3, 2023 1365
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Figure 3. Structural consideration of TMEM63B pathogenic variants
(A and B) View of the predicted tridimensional protein structure of TMEM63B from the membrane plane (A) and the extracellular side
(B). All the variants in our cohort map into a transmembrane (TM) helix: p.Val44Met (V44M) in TM1 (dark green helix), p.Arg433His
(R433H), p.Asp459Glu (D459E), p.Val463Ile (V463I), p.Ile475del (I475del), and p.Thr481Asn (T481N) in TM4 and TM5 (blue helices),
p.Gly580Ser (G580S) in TM7 (orange helix), p.Arg660Thr (R660T) in TM8 (pink helix), and p.Phe697Leu (F697L) in TM9 (light green
helix). Dotted line in (A) indicates the plasma membrane, OUT the extracellular side and IN the intracellular (cytoplasmic) side. Details
of selected variants are provided in the inlets.
(C) Predicted structural change induced by the D459E substitution. The OD2 atom of Asp459 is predicted to form a buried salt bridge
with NZ atom of Lys460 (K460). The substitution of an aspartic acid with a glutamic acid at position 459 increases the distance between
the NZ atom of Lys460 and the closer oxygen atom (OE2) available to make a salt bridge, breaking this bond.
(D) Predicted structural change induced by the G580S substitution. The substitution of a glycine (green) with a bulkier amino acid
(serine, orange) changes the RSA of the amino acid at position 580 (5.9%–3.8%). In addition, OG atom of Ser580might form a salt bridge
with NE1 atom of Trp485 (W485) and help in stabilizing the structure of the pore.
(E) Predicted structural change induced by the G580C substitution. The substitution of a glycine (green) with a bulkier amino acid
(cysteine, orange) changes the RSA of the amino acid at position 580 (5.9%–3.7%). Although the substitution introduces an amino
acid with a free SH group that can make disulphide bonds with other amino acids with free SH groups (depicted as yellow spheres),
the distance between C580 and the closer amino acid with a free SH group (C486, 10.519 Å) is too big to allow the making of such
type of bond.
(F) Predicted structural change induced by the R660T substitution. The substitution of a buried charged residue (arginine) with an un-
charged residue (threonine) at position 660 disrupts a salt bridge formed by NH2 atom of Arg660 and Asp137 (D137).
either classified as variants of uncertain significance

(VOUSs) or reported as unsolicited findings not related to

the phenotypic spectrum presented here (Table S2).

Structural considerations

Because crystallographic data are not yet available for

TMEM63B, we can only access information about the pro-

tein topology based on its partial homology with the

plants’ OSCAs for a subset of whom crystallographic data

are available.2,17,18 As the percentage of identity in protein
1366 The American Journal of Human Genetics 110, 1356–1376, Aug
sequence between mammals TMEM63A–C proteins and

OSCAs is around 20%,1 mapping our variants on these

structures would be inaccurate. Aware of the limitations

of prediction tools in regions of low homology, wemapped

our variants on the structure exhibiting more homoge-

neous resolution across the protein, including both the

TM helices and the intracellular domains (Figures 3 and

S4). In our model, 81% of residues had >90% confidence,

including all those affected by variants in our cohort, all

affecting a predicted TM helix (Figures 2A, 3A, and 3B).
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Five variants fell in TM4 (c.1298G>A [p.Arg433His],

c.1377C>G [p.Asp459Glu], and c.1387G>A [p.Val463Ile])

or TM5 (c.1424_1426del [p.Ile475del] and c.1442C>A

[p.The481Asn]) (Figures 3A and 3B, blue helices), whose

tilting and rearrangement upon osmotic stimulus plays a

role in channel opening inOryza sativaOSCA1.2 protein.18

The remaining variants mapped in TM1 (p.Val44Met),

TM7 (p.Gly580Ser and p.Gly580Cys), TM8 (c.1979G>C

[p.Arg660Thr]), and TM9 (c.2089T>C [p.Phe697Leu]). All

but the recurrent p.Val44Met variant are in the Pfam-clas-

sified domain RSN1_7TM,16 and six of them affect the pre-

dicted pore-forming TM4–TM8 helices.2

The p.Val44Met (IDs 1 and 4–9) lies in a region with

limited sequence homology between OSCAs and

TMEM63A–C and for which available OSCA structures

have low resolution.2,17 The valine tomethionine substitu-

tion involves two amino acids with similar properties

(Grantham distance 21; scale 0–215) and mass. The TM1

helix is located on the external surface of the channel

and is not directly involved in the predicted pore, but it

seems to be rather involved, together with TM7, in the

sensitivity to membrane stretching (Figure 2).2,17

In a FoldX-based model, Met44 is predicted to make van

der Waals contacts with Gln477, Phe478, and Thr481, all

mapping on the TM4 helix (Figure S5). Because the free

energy change associated with p.Val44Met is negative

(�1.46, calculated by FoldX), we hypothesize that this sub-

stitution may stabilize the protein structure.

We estimated evolutionary conservation and role of the

mutated residues by ConSurf, which confirmed that all

changes affected highly conserved residues with predicted

functional and/or structural role (Figure S6; Table S4).

We also evaluated the structural impact of the nine

distinct missense variants in our cohort by using the Mis-

sense3D tool19 and found that eight of nine may affect

the protein structure, although limitedly, via changes in

cavities volume (7/8), residues accessibility (3/8), and

breakage of non-covalent bonds (2/8) (Table S4). The

p.Asp459Glu substitution (ID 10) disrupts a salt bridge

formed between OD2 atom of Asp459 and NZ atom of

Lys460 (distances: 4.168 Å between OD2 atom of Asp450

and NZ atom of Lys460, 5.503 Å between OE2 atom of

Glu450 and NZ atom of Lys460) (Figure 3C). The

p.Gly580Ser substitution (ID 14) replaces a buried glycine,

with a residue solvent accessibility (RSA) of 5.9%, with a

buried serine with an RSA of 3.8%. In addition, OG atom

of Ser580 might form a salt bridge with NE1 atom of

Trp485 (W485), possibly stabilizing the structure of the

pore (Figure 3D). Substitution of the Gly580 amino acid

with a cysteine (p.Gly580Cys, ID 15) introduces a bulkier

residue at position 580 and changes its RSA from 5.9% to

3.7%. Although the free thiol (SH) residue of Cys580 can

make disulphide bonds with other amino acids with free

SH residues, the distance between Cys580 and Cys486,

which is the closer amino acid with a free SH residue

(10.519 Å; Figure 3E), does not allow the making of disul-

phide bonds. The p.Arg660Thr variant (ID 16) replaces a
The American
buried charged arginine (RSA 5.6%) with an uncharged

threonine. This substitution also disrupts a salt bridge be-

tween NH2 group of Arg660 and OD1 atom of Asp137 (dis-

tance: 4.787 Å) (Figure 3F). For p.Val44Met, p.Arg433His

(ID 2), p.Val463Ile (IDs 11 and 12), and p.Phe697Leu (ID

17), Missense3D suggests only mild alterations of the cav-

ity volume (<70 Å3) without significant structural changes,

which might still influence the overall stability of the

protein (Table S4). It has indeed been demonstrated

that cavities in membrane proteins play a pivotal role

in balancing stability and flexibility, impacting protein

function.20 For the p.The481Asn (ID 3), which accord-

ing to ConSurf affects a predicted structural residue,

Missense3D did not indicate clear structural damage but

could calculate cavity volume in the mutant structure. As

for the in-frame deletion variant p.Ile475del (ID 13),

Phyre2 modeling did not predict gross alterations of the

secondary structure.

Post-transcriptional editing in TMEM63B mRNA from

human cerebral cortex and selection of variants for

in vitro functional studies

In themouse brain, the Tmem63b isoform lacking exon 4 is

the most expressed during all developmental stages, and

the Q/R editing at exon 20 is absent in the early brain

but increases with age, reaching �80% in Tmem63b

mRNA in the adult cortex.10

To characterize TMEM63B expression profile in humans,

we reverse-transcribed RNA from an adult human cerebral

cortex sample into cDNA and amplified by PCR the region

around exon 4 (Figure S7A). We found that exon 4 was

missing in 80% of TMEM63B mRNA (Figures S7B and

S7C). We further characterized the Q/R editing at exon

20 in long and short TMEM63B isoforms by PCR and

Sanger sequencing and found that the editing occurred

only in the short isoform (Figures S7D and S7E). Both the

exon 4 splicing and Q/R editing findings are in line with

previous observations in mice,10 except for lower Q/R

editing occurrence in the adult human cortex (�40%)

(Figure S7E).

Collectively, these data prompted us to study the effects

of selected TMEM63B variants in vitro bymodeling them in

the short non-edited isoform, which is likely the most

abundant in the developing cortex.

For functional studies in Neuro2A cells, we selected six

missense variants (p.Val44Met, p.Arg433His, c.1442C>A

[p.Thr481Asn], p.Gly580Ser, c.1979G>C [p.Arg660Thr],

and c.2089T>C [p.Phe697Leu]), each affecting a distinct

TM domain of the channel (Figure 2A). We also included

in the experiments the truncating variant c.973C>T

(p.Arg325*) as a negative control. We became aware of

such variant through our matchmaking initiative, as it

was found at the homozygous state in an individual with

an unrelated phenotype and was heterozygous in both par-

ents whowere healthy (unpublished data). The p.Arg325* is

located in exon 12 of 24 and predicted to result in nonsense-

mediated decay (NMD) of the aberrant mRNA.
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Figure 4. Immunocytochemistry to assess TMEM63B localization at the plasma membrane
Confocal microscopy photographs of Neuro2A cells transfected with GCaMP6f empty vector, TMEM63B WT, or mutant plasmids and
analyzed 48 h post-transfection. Transfected cells express the GCaMP6f protein, which fluoresces in the green channel. Cells were
stained with primary anti-HA tag antibody, secondary Alexa Fluor 555 antibody, and DAPI. Scale bar ¼ 10 mm.
p.Val44Met, p.Arg433His, p.Thr481Asn, p.Gly580Ser,

p.Arg660Thr, and p.Phe697Leu do not affect TMEM63B

localization at the plasma membrane

The TMEM63B channel normally localizes at the plasma

membrane level.21,22 To address the impact of p.Val44Met,

p.Arg433His, p.Thr481Asn, p.Gly580Ser, p.Arg660Thr,

and p.Phe697Leu on TMEM63B localization, we per-

formed immunocytochemistry in Neuro2A cells trans-

fected with GCaMP6f plasmids overexpressing either

wild-type (WT) or mutant hemagglutinin (HA)-tagged

TMEM63B and GCaMP6f empty vector as control.

InWT- andmutant-expressing Neuro2A cells, TMEM63B

was correctly localized at the membrane level (Figure 4). As

expected, we did not observe TMEM63B expression in con-

trol GCAMP6f and in p.Arg325*-expressing cells. These

findings suggest that the six missense variants we studied

exert their effect by altering the channel function without

impacting localization on the plasma membrane.

p.Val44Met, p.Arg433His, p.Thr481Asn, p.Gly580Ser,

p.Arg660Thr, and p.Phe697Leu affect TMEM63B

conductance

In physiological conditions, TMEM63B operates as a

non-selective cationic channel activated by mechanical

and osmotic stimuli.1,4 To address the impact of the selected

p.Val44Met, p.Arg433His, p.Thr481Asn, p.Gly580Ser, p.Arg

660Thr, and p.Phe697Leu variants on channel properties,

we applied a set of electrophysiological protocols previously

implemented to characterize WT TMEM63B in vitro.4 In

transfected Neuro2A cells, we initially recorded whole-cell

currents elicited by a�80 toþ80mV voltage ramp protocol
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in isotonic conditions (300 mOsm/L extracellular solution)

and then imposed a hypo-osmotic stimulus by switching to

a 170 mOsm/L solution.

In cells expressing each of the selected TMEM63B vari-

ants, a�80mV step imposed under isotonic conditions eli-

cited a stable inward current that was absent in TMEM63B

WT, control GCAMP6f, and p.Arg325*-expressing cells

(Figures 5A and 5B). Outward currents elicited at þ80 mV

were also enhanced in cells expressing p.Val44Met,

p.Arg433His, p.Thr481Asn, p.Gly580Ser, p.Arg660Thr,

and p.Phe697Leu compared with controls (Figure 5C).

These six variants also caused a significant depolarization

of the reversal potential, as shown by the current-voltage

(I/V) relationship (Figures 5A and 5D).

Under hypo-osmotic conditions, a �80 mV step elicited

an inward current in cells expressing either the WT or

mutant TMEM63B, while no current was generated in con-

trol cells (Figure S8). In most cases, cells underwent massive

swelling and eventually burst, as previously reported.4 WT-

and mutant-expressing cells that sustained the hypo-os-

motic shock and reached the plateau currents exhibited

similar current amplitudes (Figures S8A and S8B). The over-

all increase in currents observed at�80mV, expressed as the

delta (D) between currents measured under hypo-osmotic

and isotonic conditions, was larger in WT- than in mutant

TMEM63B-expressing cells (Figure S8C), as might be ex-

pected by an inward leak current under isotonic conditions

in the mutant.

Overall, these results show that p.Val44Met, p.Arg433His,

p.Thr481Asn, p.Gly580Ser, p.Arg660Thr, and p.Phe697Leu

alter channel conductance, resulting in partial channel
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Figure 5. Electrophysiological recordings on transfected Neuro2A cells
(A) Left: representative raw traces of TMEM63B-mediated currents registered under isotonic condition in Neuro2A cells transfected with
GCaMP6f, TMEM63B WT, or mutant plasmids. Cells were held at 0 mV and recorded with a ramp protocol from �80 mV to þ80 mV,
100 ms duration, 0.1 Hz. Right: current-voltage (I/V) relationship showing variant-induced change in reversal potential.
(B and C) Quantification of whole-cell current density at �80mV (B) and þ80mV (C) (GCaMP6f ¼ 16 cells, TMEM63B WT ¼ 18 cells,
TMEM63B R325*, V44M, R433H, T481N, G580S, R660T, and F697L ¼ 17 cells; ****p < 0.0001, ***p < 0.001, **p < 0.01, *p < 0.05, ns ¼
not significant, Kruskal-Wallis and Dunn’s multiple comparisons tests).
(D) Quantification of reversal potential (GCaMP6f¼ 16 cells, TMEM63BWT¼ 18 cells, TMEM63B R325*, V44M, R433H, T481N, G580S,
R660T, and F697L¼ 17 cells; ****p< 0.0001, one-way ANOVA and Tukey’smultiple comparison test). Data are expressed asmean5 SEM.
activation in physiological conditions, without altering

the maximal channel conductance under hypo-osmotic

stimulation.

p.Val44Met, p.Arg433His, and p.Thr481Asn affect

calcium permeability

Previous experiments conducted in Neuro2A cells demon-

strated that hypo-osmotic challenges trigger cationic

currents across the TMEM63B channel with hyposmolar-

ity-induced Ca2þ influx.4 To determine whether the

TMEM63B variants affect the hyposmolarity-induced Ca2þ

response, we co-expressed in Neuro2A cells the Ca2þ sensor

GCaMP6f and either WT TMEM63B or one of the three

mutants p.Val44Met, p.Arg433His, and p.Thr481Asn. We

selected these variants based on their recurrence inmultiple

individuals with overlapping clinical features (p.Val44Met)

and location in critical TM helices TM4 (p.Arg433His) and
The American
TM5 (p.Thr481Asn), whose rearrangement is implicated in

channel opening.18

We performed calcium imaging under a confocal micro-

scope in a recording chamber equipped with a perfusion

system to deliver the test hypo-osmotic solutions to the

cells. As previously reported,4 a hypo-osmotic stress pro-

vided by decreasing the osmolarity of the perfusion solu-

tion from 300 mOsm/L to 170 mOsm/L triggered a Ca2þ

response (Figure 6A) in about 35% of cells expressing WT

TMEM63B, while only a small fraction of control cells

transfected with GCaMP6f responded (Figure 6B).

Neuro2A cells expressing p.Val44Met showed reduced re-

sponsivity with respect to the WT-expressing cells. We

also tested the response to weaker osmotic stresses that

are more likely to be representative of physiological

changes by shifting solution osmolarity from 300 mOsm/

L down to 255mOsm/L. The percentage of responsive cells
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Figure 6. Mutations of TMEM63B impair the Ca2þ response to hypotonic stress
(A) Representative time-lapse sequence of Neuro2A cells co-transfected with WT and p.Val44Met TMEM63B after exposure to hypo-os-
motic solution (170 mOsm/L). For each genotype, we show two cells characterized by transient or steady responses. The green dots on
the traces indicate the timing of the images. Calibration bar is 10 mm in all images.
(B) Fraction of Neuro2A cells transfected with WT, p.Val44Met, p.Arg433His, or p.Thr481Asn TMEM63B presenting a Ca2þ response
within 10 min from exposure to hypo-osmotic solutions. The number of analyzed cells is on top of each column, with the number
of replicates in parentheses.
(C) Representative traces showing the change of fluorescence for several cells transfected with WT, p.Val44Met, p.Arg433His, or
p.Thr481Asn TMEM63B.
(D) Cumulative results indicating the peak amplitude of the Ca2þ response to hypo-osmotic stimulus (255 mOsm/L). Numbers indicate
the responding cells in each group. Total number of analyzed cells and replicates as indicated in (B).
(E) Integral of the Ca2þ change for the indicated experimental groups. In this analysis, we included only the cells that returned to base-
line within 150 s from the transient onset. All mutants showed a drastically reduced response. Abbreviations and symbols: ***, p< 0.001;
**, p < 0.01; *, p < 0.05 (chi-squared test); GCaM, control cells transfected with GCaMP6f empty vector. Data are expressed as box plots
ranging from 25th percentile to 75th percentile, while the whiskers indicate the range of the outliers with a coefficient of 1.5.
decreased, and all the three mutants expressing cells

showed a reduced responsivity score, whichwas significant

for p.Arg433His (Figure 6B). The time course of representa-

tive responses plotted in Figures 6A and 6C shows a hetero-

geneous behavior of cells, ranging from transient Ca2þ

pulses to sustained increments.

Given the role of Ca2þ in orchestrating the cell response

to osmotic stress,4 we next analyzed the amplitude and dy-

namics of the observed Ca2þ changes. Cells expressing the

three variants showed smaller Ca2þ transient compared
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with those expressing WT TMEM63B. This is true

when considering the maximal amplitude of the response

(Figure 6D) and when considering the integral of the Ca2þ

change computed for cells that returned to baseline within

150 s from the response onset (Figure 6E).

p.Val44Met and p.Gly580Cys cause lethal toxicity in

Drosophila

About two-thirds of the vital genes in theDrosophila genome

are involved in eye development, including genes required
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for general cellular processes. For this reason, the fly eye pro-

vides an excellent experimental system to study the role of

target genes in cellular function and development and in

neurodevelopment/degeneration.23 To evaluate the poten-

tial impact of selected variants on the eye morphology, we

generated transgenic flies expressing the human TMEM63B

gene. We designed transgenes for the WT TMEM63B, the

recurrent p.Val44Met, and the p.Gly580Cys variants by us-

ing the GMR-Gal4 ectopic expression system, which is

mostly expressed in the retina.24 A schematic representation

of the transgene construct is shown in Figure S9A. The Gal4-

UAS system25 induces TMEM63B expression by the binding

of the yeast transcription factor Gal4 to the upstream acti-

vating sequence (UAS). The expression level of the Gal4/

UAS system increases in a temperature-dependentmanner24

and can therefore be modulated by changing the fly-rearing

temperatures. InWTTMEM63B-expressing flies, whichwere

viable and reached the adult stage,wedidnot observeeye ab-

normalities (Figures S9B and S9C). However, when express-

ing the p.Val44Met and p.Gly580CysTMEM63B transgenes,

we did not obtain any adult fly as both variants caused early

lethality. We could not obtain any adult fly even after

reducing the expression level of the two transgenes to the

minimum by lowering the rearing temperature down to

18�C. In adult flies expressing WT TMEM63B by c739-Gal4,

we performed immunohistochemistry and observed dotted

signals on the cell membrane (Figure S9D), thus demon-

strating correct expression of the transgene in a neuronal

cell type, Kenyon cells. We observed the same lethal pheno-

type by expressing the TMEM63B transgenes under either

the GMR-Gal4 or the c739-Gal4 drivers, demonstrating that

both variants caused lethal toxicity in Drosophila. Because

the lack of either Kenyon cells or photoreceptors is not suffi-

cient in itself to cause death in flies, we expect this pheno-

type to be caused by the expression of the p.Val44Met and

p.Gly580Cys TMEM63B transgenes in other cell types indis-

pensable during developmental stages.
Discussion

This series of 17 individuals with pathogenic heterozygous

de novo variants of TMEM63B defines the phenotypic fea-

tures of an autosomal dominant early-onset DEE syn-

drome. All individuals exhibited global developmental

delay, moderate-to-profound intellectual disability, severe

motor impairment, and severe epilepsy with onset from

birth to 3 years. Three individuals had died prematurely,

and those who had reached adolescent or adult age re-

mained completely dependent. Most had central visual

impairment and swallowing dysfunction requiring PEG

insertion. Epilepsy was a prominent feature and was quite

severe at onset, featuring recurrent episodes of status in

some individuals, although a variable degree of seizure

control was reported, with three individuals achieving

seizure freedom on treatment. We noticed a common tra-

jectory of the epilepsy phenotype, especially with the
The American
recurrent p.Val44Met variant, characterized by neonatal

onset of apnoeic/focal seizures, evolving to epileptic

spasms around the age of 4 to 6 months, and then

continuing with focal, generalized seizures, or both. EEGs

were consistent with an epileptic encephalopathy pattern

at onset, including multifocal interictal epileptiform ab-

normalities and multiple seizure types in most. MRIs

showed a consistent pattern of widespread or multire-

gional white matter abnormalities, with posterior periven-

tricular predominance, dysmorphic lateral ventricles, thin

corpus callosum, variably accompanied by global cere-

bellar atrophy (eight individuals), and areas of cortical at-

rophy (eight individuals). Overall, initial MRI findings in

most individuals could be misdiagnosed as consequence

of perinatal hypoxic-ischemic cerebral injury (see for

example IDs 1, 3, 5, 7, 8, and 12–16). However, longitudi-

nal neuroimaging with relatively long time intervals (up to

13 years) often revealed signs of progression, especially

affecting the white matter and cerebellum. Over a clinical

monitoring period up to ages 20 months to 30 years, three

individuals died at ages 23 months, 9, and 12 years due to

pneumonia. In the remaining 14 individuals, clinical find-

ings were consistent with a DEE akin to cerebral palsy in

most, with limited signs of progression in ten (IDs 1, 2,

5, 7–9, 13, and 15–17) and of a milder encephalopathy in

four (IDs 3, 10, 11, and 14).

Overall, clinical and imaging findings are consistent

with a progressive neurodegenerative clinical course and

indicate, in most individuals, prenatal central nervous sys-

tem impairment leading to onset of symptoms early after

birth or within the first year of life. Hematological abnor-

malities might have contributed to brain damage. In 12

individuals, we found macrocytosis or signs of chronic

hemolysis, often from birth, with a fluctuating course

(Tables 1 and S2). Although such abnormalities were

mostly not clinically significant or only caused jaundice

in the neonatal period, in four individuals, the anemia

was so severe it required periodic transfusions. In four of

the individuals with anemia, MRI showed progressive

thickening of the trabecular (spongy) bone of the skull

(IDs 4, 8, and 13 in Figure 1 and individual 9, not shown),

a finding often associated with severe hematological

disorders.26

TMEM63B is evolutionarily conserved and highly

intolerant to both LoF andmissense variants in the general

population. The International Mouse Phenotyping Con-

sortium (IMPC, https://www.mousephenotype.org/) lists

Tmem63b among the essential genes in database because

its homozygous knockout causes pre-weaning lethality in

the C57BL/6N strain.27 Heterozygous Tmem63b mutant

mice from the IMPC exhibit a neurodevelopmental pheno-

type and increased circulating bilirubin level, both

consistent with observations in our individuals. No further

significant hematological or sensorial abnormalities were

observed in this mouse model, but susceptibility to

epilepsy (e.g., by electroconvulsive threshold testing

phenotypic assays) was not assessed. In a more vital
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C57BL/6N-FVB/N mixed breed, surviving Tmem63b

knockout mice developed progressive hearing loss.4 Hear-

ing impairment was described in 2/11 (18%) individuals

who could be formally tested and in one more individual

who was not tested. Because individuals with TMEM63B-

associated DEE might be at increased risk of hearing

impairment and this clinical problem is easily overlooked

in the severely disabled, objective testing should be per-

formed in this disorder.

Mendelian disease genes associated with autosomal

dominant disorders are overrepresented among genes

whose loss causes early development lethality (DL) in

mice.14 TMEM63B was prioritized among the potential

candidates for human developmental disorders based on

the overlap between genes that cause DL in mouse and

those carrying de novo variants in large-scale human rare

disease sequencing datasets.14 Of five individuals with

de novo TMEM63B variants included in the Deciphering

Developmental Disorders (DDD28) and 100KGP29 studies,

with minimal phenotypic information, we could retrieve

detailed clinical data in three, which we added to this series

(IDs 4, 6, and 7; Table 1).

All tenvariantsweredistributed inaTMdomainconserved

among osmosensitive calcium-permeable cation channels

and affected residues under selective pressure in the

general population, consistently with their predicted

pathogenicity. None were a clear LoF/haploinsufficient

variant (e.g., causing frameshift or premature stop codon).

Heterozygous deletions including TMEM63B are rarely

reported in the Database of Genomic Variants, where

at least two individuals carry truncating deletions

removing most of the gene (http://dgv.tcag.ca/; support-

ing variants nssv1153700 and nssv538990). Through

our matchmaking initiative, we became aware of an indi-

vidual with an unrelated phenotype and a homozygous

p.Arg325* truncating variant of TMEM63B present in

both healthy heterozygous parents (unpublished data).

As we demonstrated in transfected Neuro2A, this variant

abolished the expression of the mutated TMEM63B, in

line with the predicted NMD.

These observations argue against haploinsufficiency be-

ing the obvious pathogenic mechanism in our cohort, as

also supported by structural modeling and functional

data. Structural modeling suggested mild changes in eight

of ten of the variants without a disruptive effect on the pro-

tein structure. All ten variants affected TM helices,

including TM4–TM8, constituting the channel pore, or

TM1 and TM7, involved in sensing membrane tension,2

and were predicted to cause minimal structural changes,

such as disruption or creation of single salt bridges and

changes in cavity volume. The predictedmutational conse-

quences might therefore imply altered channel function,

e.g., by stabilizing the pore opening or affecting ion perme-

ability and selectivity. In line with this hypothesis, and as

expected for variants sparing protein folding, none of the

six variants we tested in vitro impaired protein localization

in the plasma membrane.
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The p.Val44Met was recurrent in seven individuals, and

the remaining variants clustered across a �270-residue TM

region. Recurring mutations, as well as mutations with

spatial clustering patterns, may exert their pathogenic ef-

fect through disease mechanisms other than LoF, such as

gain of function (GoF) with enhanced activity or domi-

nant-negative effects.30,31

We cannot exclude that variants in domains other than

the TM helices or differently affecting the TMEM63B func-

tion, including LoF, might cause not-yet-described hetero-

geneous disorders.

In two independent Drosophila models, loss of Tmem63

resulted in viable flies not exhibiting gross defects in coor-

dination but lacking the ability to discriminate food

texture or humidity.32,33 In one of these models, the

ectopic expression of the human TMEM63B gene in

knockout flies rescued the defective phenotype inmoisture

attraction, demonstrating functional conservation of the

two orthologs.33We thus decided tomodel the p.Val44Met

and p.Gly580Cys variants in Drosophila. However, both

p.Val44Met and p.Gly580Cys TMEM63B transgenes

caused lethal toxicity in our models. In contrast, the

phenotype of theWT TMEM63B-expressing flies was indis-

tinguishable from the control animals. These observations

suggest that the variants we tested cause a toxic GoF of

TMEM63B rather than LoF.

Heterozygous variants of TMEM63A have been associ-

ated with developmental delay and hypomyelination.6–8

Disease-associated missense variants are enriched at amino

acid sites that are conserved across paralogs,34 and differ-

ences in the clinical consequences of variants in paralogs

may be due to different expression patterns and novel

functions emerged with adaptive evolution.35When align-

ing protein sequence of and comparing variants positions

in TMEM63B and TMEM63A (Figures 1A and S2), we found

that the glycine 580 mutated to serine in ID 14 and to

cysteine in ID 15 corresponds to the glycine 567

recurrently mutated to serine in TMEM63A in two unre-

lated individuals with transient hypomyelination.6 The

p.Gly580Ser affects a buried glycine in TM7. In the Arabi-

dopsis AtOSCA1.1 channel, the corresponding glycine

528 is located in a bending of the TM6 helix.2 Targeted

mutagenesis of glycine 528 to alanine or proline reduces

the pressure necessary to elicit a current, suggesting that

channel activation might involve straightening of M6

around glycine 528 to relieve the blockage of the ion chan-

nel pore.2 According to in silico prediction and structural

modeling, we might expect that both variants of glycine

580 stabilize the structure of the pore.

Multiple expression datasets indicate a complementary

expression pattern between TMEM63A and TMEM63B,

with the first being mainly expressed in oligodendrocytes

and the second strongly expressed in neurons and to a

lesser extent in astrocytes and oligodendrocyte precursor

cells (OPCs) (Figure S10; https://singlecell.broadinstitute.

org; https://www.proteinatlas.org/). The six individuals re-

ported to date with TMEM63A variants had follow-ups of
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variable duration and exhibited phenotypes that were

either similar to our individuals’7,8 or milder in those

whose white matter changes improved with age,6 a phe-

nomenon we did not observe.

For invitro functional studies,we focusedontheTMEM63B

mRNA isoformmost represented in the human cerebral cor-

tex, themain generator of epileptogenic activity, and, in line

with previous approaches,4 we used Neuro2A cells to model

six selected variants (p.Val44Met, p.Arg433His, p.Thr481

Asn, p.Gly580Ser, p.Arg660Thr, and p.Phe697Leu). In phys-

iologic isotonic conditions, the�80mVsteprevealed inward

leak currents in cells expressing mutants but not WT

TMEM63B or control cells, indicating that the variants lead

to a gain in conductance even in the absence of the hypo-os-

motic stimulus gating the channel.

Under a hypo-osmotic challenge, we measured similar

values of inward current amplitude in both mutant- and

WT TMEM63B-expressing Neuro2A cells, suggesting that

the variants do not alter the maximal channel conduc-

tance. However, the overall increase between currents

measured in hypo-osmotic and isotonic conditions was

larger in WT- than in mutant TMEM63B-expressing cells.

Similarly, when we examined cells expressing the p.Val44-

Met, p.Arg433His, and p.Thr481Asn variants by calcium

imaging, the Ca2þ transients generated under hypo-os-

motic stimulation were smaller across the mutant chan-

nels compared with the WT. One possible explanation

for these observations is that those three variants result

in a selective reduction of the relative permeability for

Ca2þ in favor of Naþ.
Inward cationic leak currents in neural cells expressing

TMEM63B mutants may lead to altered neuronal excit-

ability and/or impaired Ca2þ homeostasis. In C57BL/6N-

FVB/N Tmem63b knockout mice, progressive hearing loss

due to necroptosis of the outer hair cells (OHCs),4 which

face severe shape- and volume-changing conditions, was

suggested to reflect an abnormal response to osmotic and

mechanical stimuli, ultimately leading to cell death.4 Brain

shrinking with white matter changes, the main imaging

finding in our series, might indicate neuronal loss, defective

myelination, and possibly defective oligodendrocyte devel-

opment. Clinical and imaging findings suggest that cell

damage is already present at birth but further progresses

postnatally. Already during prenatal life, several factors

may determine osmotic challenges to the brain, including

hydration changes, electrolyte imbalance, and mechanical

stress. In a brain where neural cells are exceedingly vulner-

able to even trivial volume changes and electrolytic imbal-

ances, recurrent seizures may, in a vicious circle, make

TMEM63B-defective neurons particularly susceptible to os-

motic imbalance. During seizure activity, the extracellular

environment surrounding axons and oligodendrocytes un-

dergoes changes in volume and osmolarity,36 and given the

very small volume of the extracellular space surrounding

myelinated axons, oligodendrocytes might be subjected to

continuous changes in local osmolarity. Unfortunately,

our understanding of the homeostasis of the extracellular
The American
space is still in its infancy.37 In line with the above consid-

erations, the epilepsy phenotype observed in our cohort is

considerablymore severe compared with other neurological

conditions featuring structural damage of similar magni-

tude (i.e., cerebral palsy due to vascular injury).38

We hypothesize that the severe epileptic encephalopa-

thy present in our individuals is caused by multiple

converging factors including alteration of electrogenesis

due to diffusely impaired ion currents and susceptibility

to osmotic imbalance, resulting in structural brain damage,

which can in turn be epileptogenic.

In 12 individuals, we also observed hematological

abnormalities of variable severity, with signs of chronic he-

molysis and myelodysplasia. In inherited hemolytic ane-

mias, abnormally shaped RBCs may reflect disorders of

cation permeability in the membrane, resulting in cellular

over- or dehydration. Dehydrated hereditary stomatocyto-

sis (DHSt), a rare congenital hemolytic anemia, is caused

by dominant GoF mutations of PIEZO1, encoding for a

stretch-activated ion channel.39,40 In some individuals

with DHSt, hematologic abnormalities are subtle,39,40 as

also seen in most of our individuals in whom they were re-

vealed. In DHSt, PIEZO1mutations keep the channel in an

open conformation with prolonged activity, resulting in

Ca2þ influx and consequent Kþ efflux though Ca-sensitive

Gardos channels, decreasing intracellular osmolarity and

causing dehydration of RBCs.40,41 Although the role of

TMEM63B in RBCs remains to be elucidated, it is known

to be expressed in the RBC membrane (http://rbcc.

hegelab.org/), such as PIEZO1, and might act similarly.

Erythrocytes are highly deformable cells. The intense me-

chanical solicitations they face when circulating through

the brain microvasculature require highly effective mecha-

nosensory feedback mechanisms. Under normal healthy

conditions, deformability of their membrane allows RBCs

to flow through vessels of diameter less than the cell diam-

eter (7–8 mm), ensuring robust tissue perfusion and oxygen

delivery.42 This RBC feature is particularly critical in the

brainmicrovascular network, where the diameter of cortical

capillaries is around 4–5 mm.43 RBCs also play an active role

in stabilizing neurovascular flow dynamics, both by their

physical properties44 and by targeting the vascular endothe-

lium with vasoactive molecules.45 Chronic anemic changes

and the physical vulnerability of TMEM63B-defective RBCs

might contribute to white matter abnormalities, which

often predominate in watershed vascular areas in the indi-

viduals reported here (Figure 1). Similar cerebrovascular

complications are known to occur in individuals with he-

reditary hemolytic anemia.46

In conclusion, TMEM63B DEE represents a recognizable

clinicopathological entity deriving from the dysfunctional

behavior of a highly conserved stretch-activated ion

channel. TMEM63B variants cause a gain in conductance

with impaired Ca2þ homeostasis and are associated with

neurodegenerative changes that start during prenatal brain

development and slowly progress during postnatal devel-

opment and adulthood, affecting the cerebral white and
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gray matter and cerebellum. The clinical counterpart of

such widespread anatomic abnormalities includes severe

early-onset epilepsy, associated with moderate-to-pro-

found intellectual disability and severe motor and cortical

visual impairment. Although a clear genotype-phenotype

correlation is not yet possible, the phenotype associated

with the recurrent p.Val44Met variant is uniformly

severe. Concomitant hematological changes make this a

complex syndrome also featuring potentially life-threat-

ening acute hemolytic episodes occurring without obvious

triggers.
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Moshé, S.L., et al. (2017). ILAE classification of the epilepsies:

Position paper of the ILAE Commission for Classification and

Terminology. Epilepsia 58, 512–521. https://doi.org/10.1111/

epi.13709.
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