of Clinical and Translational Neurology

Open Access

RESEARCH ARTICLE

Clinical and biophysical characterization of 19 GJB1
mutations

Pei-Chien Tsai"*3, De-Ming Yang*®, Yi-Chu Liao"?, Tai-Yu Chiu*®, Hung-Chou Kuo®, Yu-Ping Su’?,
Yuh-Cherng Guo®'%"", Bing-Wen Soong"?3, Kon-Ping Lin"?, Yo-Tsen Liu'? & Yi-Chung Lee"??3

'Department of Neurology, Taipei Veterans General Hospital, Taipei 11217, Taiwan

’Department of Neurology, National Yang-Ming University School of Medicine, Taipei 11221, Taiwan

3Brain Research Center, National Yang-Ming University, Taipei 11221, Taiwan

“Microscopy Service Laboratory, Basic Research Division, Department of Medical Research and Education, Taipei Veterans General Hospital, Taipei
11217, Taiwan

®Institute of Biophotonics, School of Medical Technology & Engineering; Biophotonics and Molecular Imaging Research Center (BMIRC), National
Yang-Ming University, Taipei 11212, Taiwan

®Department of Neurology, Chang Gung Memorial Hospital at Linkou Medical Center and Chang Gung University College of Medicine, Taoyuan

33302, Taiwan

’Department of Psychiatry, Cathay General Hospital, Taipei 10687, Taiwan

8School of Medicine, Fu-Jen Catholic University, Taipei 24205, Taiwan

®Institute of Clinical Medicine, National Yang-Ming University, Taipei 11221, Taiwan

'“Neuroscience Laboratory, Department of Neurology, China Medical University Hospital, Taichung 40447, Taiwan
School of Medicine, College of Medicine, China Medical University, Taichung 40402, Taiwan

Correspondence

Yi-Chung Lee or Yo-Tsen Liu, Department of
Neurology, Taipei Veterans General Hospital,
Taipei 11217, Taiwan. Tel: +886-2-28712121
ext 3790 or +886-2-28712121 ext 7578,
Fax: +886-228757584 or +886-228757579;
E-mail: ycli@vghtpe.gov.tw or
ytliu2@vghtpe.gov.tw

Funding Information

This study was funded by the Ministry of
Science and Technology, Taiwan (102-2628-
B-075-006-MY3, 105-2628-B-075-002-MY3),
and Taipei Veterans General Hospital
(V104C-041) for providing funding.

Received: 11 April 2016; Revised: 8 August
2016; Accepted: 8 August 2016

Annals of Clinical and Translational
Neurology 2016; 3(11): 854-865

doi: 10.1002/acn3.347

Introduction

Charcot-Marie-Tooth disease (CMT) is a clinically and
genetically heterogeneous group of inherited neuropathies
characterized by distal muscle weakness and atrophy, foot

Abstract

Objective: Charcot—Marie-Tooth disease type X1 (CMTX1), which is caused
by mutations in the gap junction (GJ) protein beta-1 gene (GJBI), is the second
most common form of Charcot—Marie-Tooth disease (CMT). GJBI encodes the
GJ beta-1 protein (GJB1), which forms GJs within the myelin sheaths of periph-
eral nerves. The process by which GJB1 mutants cause neuropathy has not been
fully elucidated. This study evaluated the biophysical characteristics of GJB1
mutants and their correlations with the clinical features of CMTXI1 patients.
Methods: All patients with a validated GJBI mutation were assessed using the
Charcot—Marie-Tooth disease neuropathy score version 2 (CMTNS). The
impacts of the mutations on the biophysical functions of GJB1 were character-
ized by assessing intracellular localization, expression patterns, and GJ Ca** per-
meability. Result: Nineteen GJBI mutations were identified in 24 patients with
a clinical diagnosis of CMT. Six are novel mutations: p.L6S, p.I20F,
pI101Rfs*8, p.F153L, p.R215P, and p.D278V. Diverse pathological effects of
the mutations were demonstrated, including reduced GJB1 expression, intracel-
lular mislocalization, and altered GJ functions. GJBI mutations that caused a
complete loss of GJ Ca®" permeability appeared to be associated with an earlier
disease onset, whereas those resulting in preservation of GJ permeability and
with predominant cell membrane expression tended to have a later onset and a
milder phenotype. Interpretation: This study demonstrated that the degree of
loss of GJ function caused by the GJ/BI mutations might contribute to the onset
and severity of neuropathic symptoms in CMTX1.

deformities, distal sensory loss and depressed tendon
reflexes. CMT type X1 (CMTXI1), caused by a mutation
in the gap junction protein beta-1 gene (GJBI), is the sec-
ond most common subtype of CMT, accounting for
6.2~15% of all CMT cases."* Heterozygous females are
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usually latently affected and have a milder phenotype.
Median or ulnar motor nerve conduction velocities
(MNCVs) are typically 30-40 m/sec in affected males and
30-50 m/sec in affected females.>® To date, more than
400 GJBI mutations have been reported (www.mol-
gen.ua.ac.be/CMTMutations/), indicating that almost all
of the residues are required for the normal functioning of
gap junction (GJ) beta-1 protein (GJB1).2

GJBI1, also known as connexin32 (Cx32), is expressed in
Schwann cells and forms GJs via the interaction of two
apposed hemichannels (connexons).” These GJs allow for
the diffusion or exchange of ions across apposed cell mem-
branes of noncompact regions of peripheral myelin and
thus connect these regions to the perinuclear cytoplasm of
Schwann cells.® GJs play an important role in the home-
ostasis of myelinated axons because they are involved in
many vital biological functions, including metabolic coop-
eration, spatial buffering, electrical coupling, growth con-
trol, and cellular differentiation.'® Many GJB1 mutants fail
to form functional GJs, and most GJ/BI mutations are pre-
sumed to cause loss of function.*!" Although some studies
have investigated the clinical and electrophysiological char-
acteristics of different GJB1 mutants,” correlations between
the biological functions and patients’ clinical phenotypes
have not yet been fully elucidated.

This study identified 19 GJBI mutations, including six
novel mutations, in a cohort of 24 unrelated Taiwanese
patients with CMTX1 and assessed the localization, protein
expression, and GJ permeability of each GJB1-mutant pro-
tein. In addition, the clinical and molecular features of these
GJB1 mutants were evaluated, and the correlations of their
biophysical characteristics with the corresponding clinical
features of patients with GJBI mutations were examined.

Materials and Methods

Patients

Patients were diagnosed with CMTX1 based on identifica-
tion of a GJBI mutation, the presence of characteristic
clinical features, and the results of electrophysiological
analyses. The clinical manifestations of the CMTXI1
patients were evaluated using the Charcot—-Marie-Tooth
disease neuropathy score version 2 (CMTNS).'* The nerve
conduction analyses were performed using standard tech-
niques. Written informed consent was obtained from the
participants. This study was approved by the Institutional
Review Board of Taipei Veterans General Hospital.

GJB1 mutation analyses

Genomic DNA was extracted from peripheral blood using
standard protocols. Mutation analyses were performed
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using Sanger sequencing and the Big Dye 3.1 dideoxy ter-
minator method (Applied Biosystems, Foster City, CA)
on an ABI Prism 3730XI Genetic Analyzer (Applied
Biosystems). Amplicon sequences were compared with the
reference GJBI coding sequence (GRCh3s,
NM_00109764). The standard sequence of the human
GJB1 protein (NP_001091111) was used to detect amino
acid changes. Putative pathogenic variants were further
distinguished according to their absences in both Exome
Aggregation  Consortium  database  (ExAC;  http://
exac.broadinstitute.org) and 1000 control chromosomes
from individuals of Han Chinese origin.

Expression plasmids

The full-length coding region of human GJBI was cloned
into pcDNA3.1/myc-His (Invitrogen, Grand Island, NY)
to generate wild-type (WT) GJB1l expression plasmids.
The GJBI mutations identified in this study were sepa-
rately introduced into the WT expression plasmids using
a QuikChange Site-Directed Mutagenesis Kit according to
the manufacturer’s recommendations (Agilent, Santa
Clara, CA). The transfection marker pDsRedl1-NI, the
endoplasmic reticulum marker pDsRed-ER, and the Golgi
marker pDsRed-Monomer-Golgi were all purchased from
Clontech (Mountain View, CA).

Cell culture and transfection

HeLa and HEK293T cells were maintained in DMEM med-
ium supplemented with 10% fetal bovine serum in a humidi-
fied incubator at 37°C under 5% CO,. Transient transfection
was performed using Lipofectamine 2000 (Invitrogen).

Immunofluorescence studies

HeLa cells were transfected to express WT or mutant
GJB1 proteins alone or together with pDsRed-ER or
pDsRed-Monomer-Golgi. At 48 h after transfection, the
cells were fixed in 4% paraformaldehyde, permeabilized
with 0.2% Tween-20, blocked with 1% BSA, and incu-
bated with anti-GJB1 antibody overnight at 4°C. The pri-
mary and secondary antibodies used are listed in
Table S1. Images were captured using an Olympus Fluo-
View FV10i confocal laser scanning fluorescence micro-
scopy system with a 60 x oil immersion objective
(Olympus, Tokyo, Japan).

Analysis of GJB1 protein expression by
western blotting

HeLa cells transfected with WT or mutant GJBI con-
structs were lysed with RIPA buffer supplemented with a
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protease inhibitor cocktail (Millipore, Darmstadt, Ger-
many) at 48 h after transfection. The total protein con-
centrations in the lysates were quantified using a
Bradford-based assay kit (Bio-Rad, Hercules, CA), and
50 ug of proteins from each cell lysate were used for
western blotting (Table S1). Detection was performed
using a standard enhanced chemiluminescence method.
Densitometric analyses of the protein bands were per-
formed using NIH Image] software.

lonic permeability of GJB1 GJ channels

Ca®" imaging analyses were performed to assess the abili-
ties of these mutated GJB1 GJ channels to mediate the
intercellular propagation of Ca®' signaling as previously
described.'>'* HEK293T cells were cotransfected with
GJBI1 expression plasmids and the transfection marker
pDsRed1-N1. Then, the cells were washed with Hanks’
buffered salt solution (HBSS) at 48 h after transfection
and loaded with the Ca®" indicator fura-2/AM by incuba-
tion in HBSS supplemented with 5 umol/L fura-2/AM
and Pluronic F-227 detergent (0.02%) at 37°C for
40 min. Next, the cells were washed and saturated with
20 umol/L ATP in HBSS for 20 min to block the intercel-
lular Ca®" signaling mediated by purinergic receptors;
thus, GJs were the only available pathway for Ca** wave
propagation. One transfected cell was stimulated mechan-
ically by temporarily distorting the plasma membrane
with a glass micropipette (tip diameter, <1 ym) mounted
on a vertical microinjection system (Narishige MHW-3,
Tokyo, Japan). An Olympus IX71 microscope equipped
with an Olympus UApo/340 40 x /1.35 NA objective, a
Polychrome V monochromator (Till Photonics, FEI,
Hillsboro, Oregon), and a charge-coupled device camera
(Hamamatsu ORCA-AG, Shizuoka Pref, Japan) controlled
by SimplePCI software (Hamamatsu) was used to moni-
tor changes in the intracellular Ca®" concentrations
([Ca*"];) in the stimulated and surrounding cells with
transfection markers. Fura-2 ratio images were acquired
at excitation wavelengths of 340 and 380 nm, and the
340/380 nm ratio was calculated to reflect the [Ca*'];
changes.

Results

Clinical features of CMTX1 patients with
GJB1 mutations

Nineteen GJ/BI mutations were identified in 24 unrelated
patients with CMTX1. These mutations were predicted to
be located throughout all of the functional domains of
the GJB1 protein (Fig. 1). Six were novel mutations,
including p.L6S, p.I20F, p.I101Rfs*8, p.F153L, p.R215P,
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and p.D278V. With the exception of p.I101Rfs*8,
p-L144del, and p.R220X, they were all missense muta-
tions. Table S2 lists the in silico predictions of the func-
tional effects of the five novel missense mutations.

Table 1 of these
patients. The age of onset (AO) ranged from 7 to 45 years.

summarizes the clinical features

Twenty-one (87.5%) of the patients were males. The male
patients had an earlier AO (mean AO, male:
female = 21.3 £ 10.75: 30.7 & 3.05 years). At the age of
examination (AE), the male patients also had a slower med-
ian MNCV (mean median MNCYV, male:
female = 35.3 & 5.68: 39.5 &+ 3.19 m/sec) and higher
CMTNS (mean CMTNS, male: female = 12.8 + 4.43:
9.0 £ 2.00). The above findings were compatible with the
more severe phenotypes of the male patients with an X-
linked disease. The majority of our patients (19/24, 79.2%)
had demyelinating CMT and the rest of them (5/24, 20.8%)
had axonal neuropathy, according to the cut-off median
MNCV of 38 m/sec at the AE."” Twenty of the patients (20/
24, 83.3%) had intermediate MNCVs with their median
MNCYV falling into the range of 30-50 m/sec. Clinically,
most of the patients (22/24, 91.7%) exhibited weakness of
the distal limb muscles at initial presentation, whereas only
two patients complained of distal paresthesia at presenta-
tion. Notably, the female patient with a p.[101Rfs*8 muta-
tion had asymmetric weakness and atrophy of the hand
muscles and was initially diagnosed with hereditary neu-
ropathy with liability to pressure palsy (HNPP). Patchy
demyelination is occasionally observed in CMTX1.'® These
findings indicate that a GJBI mutation should be consid-
ered in patients with asymmetric neuropathy without obvi-
ous acquired etiologies.

Intracellular localization of the GJB1
mutants

HeLa cells-expressing WT-GJB1 exhibited punctate cyto-
plasmic staining and large GJ plaques in the intercellular
contact regions (Fig. 2A). Aberrant intracellular localiza-
tion was a common biophysical dysfunction of the GJB1
mutants, occurring in 16 out of the 19 mutants (84.2%)
in our study. The M1I mutant was expressed in a very
weak, diffuse cytoplasmic pattern (Fig. 2B). Fewer GJ pla-
ques at intercellular boundaries with predominantly cyto-
plasmic GJB1 staining were observed in cells expressing
the following mutants (10/19, 52.6%): L6S, 120F, S26L,
S49Y, VI91M, S138G, F153L, R164Q, R215P, and R220X
(Fig. 2C, D, E, F, G, I, K, M, R, and S). The GJBI
immunoreactivities of the L144del, C173Y, R183C, and
E186K mutants (Fig. 2], N, O, Q) revealed that they were
entirely localized to the cytoplasm and failed to reach the
cell membrane. In vitro double immunofluorescence
staining using a Golgi apparatus marker revealed that
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Figure 1. Schematic representations of the membrane topologies of GJB1 and the mutations identified in this study. GJB1 spans the plasma
membrane four times with cytoplasmic C- and N-termini, a cytoplasmic loop and two extracellular loops. The p.M1l, p.L6S, and p.I20F mutations
are in the N-terminal domain. The p.S26L, p.V91M, p.S138G, and p.L144del mutations are in the transmembrane domains. The p.I101Rfs*8
mutation leads to a premature truncation in the cytoplasmic loop. The p.S49Y mutation is located in the first extracellular loop. Furthermore, the
p.F153L, p.M162L, p.R164Q, p.C173Y, p.R183C, p.R183H, and p.E186K mutations are located in the second extracellular loop, and the p.R215P,

p.R220X, and p.D278V mutations are located in the C-terminal domain.

these four mutants were retained primarily in the Golgi
apparatus (Fig. 3A, B, C, and D). Notably, the
p.I101Rfs*8 mutation led to premature truncation in the
cytoplasmic loop, and this mutant was not labeled with a
loop antibody. Therefore, we constructed a distinct plas-
mid expressing the 1101Rfs*8 mutant GJB1 fused with a
Myc tag at the C-terminus and reprobed the transfectants
using a Myc antibody. This approach revealed very weak,
diffuse, and exclusively intracellular staining similar to
that of the M1I mutant (Fig. 2H). Only cells expressing
the M162L, R183H, and D278V GJBl mutants (Fig. 2L,
P, T) exhibited subcellular localization patterns similar to
WT-GJBL.

Expression levels of the GJB1 mutants

Fourteen mutants (73.7%) were expressed at significantly
lower levels than WT-GJB1 (Fig. 4A and B), including
those with a similar intracellular localization as WT-GJB1
(R183H and D278V), those partially expressed on cell
membrane (L6S, I120F, S49Y, V91M, S138G, and R215P),
and those completely intracellularly trapped (L144del,
C173Y, R183C, and E186K). In particular, the expression
levels of the M1I and I101Rfs*8 mutants were too low to
be precisely detected (Fig. 4A, upper part). Only five
mutants (S26L, F153L, M162L, R164Q, and R220X) had
comparable expression levels to that of WT-GJB1. The
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Table 1. Biophysical characteristics of mutant GJB1 proteins and clinical features of the patients with these GJBT mutations.

GJBT mutations Clinical features of patients Biophysical characteristics of mutated proteins
AA. Nucleotide Pat. Initial AO AE CMAP  MNCV GJB1 GJ Ca** GJB1
change change no. Sex symptoms (yr) (yr) CMTNS (mV) (m/sec) localization permeability dT t  expression

Significantly compromised plasma membrane expression of GJB1 and GJ plaque formation with impaired GJ permeability (Group A)

ATk c3G>T T M LW 16 18 11 03 293 u L - - u
1101Rfs*8" €.302_303delTA 2 F HNPP 28 30 11 2.1 42.9 u L - - u
L144del €.432_434delGTT 3 M LW 21 23 9 3.2 37.0 Cyt L - - |
C173Y c.518G>A 4 M FW 18 27 13 1.3 32.2 Cyt L - - |
R183C c.547C>T 5 M LW 20 33 18 0.5 37.5 Cyt L - - |
E186K c.556G>A 6 M LW 7 24 10 8.9 333 Cyt L - - ¢
L6S' c.177>C 7 M LW 18 22 10 3.1 34.4 Cyt, Mem | NL 1 |
120F" C.58A>T 8 M FW 30 69 18 1.1 30.8  Cyt, Mem | NL 1 ¢
9 M FW 14 19 6 0.6 34.3
S26L c.77C>T 10 M FW 28 34 19 0.4 37.9 Cyt, Mem | NL 1 NL
11 M UW 14 20 13 0.8 389
12 F FwW 30 45 9 4 38.9
S49Y c.146C>A 13 M FW 35 58 16 2.4 36.4 Cyt, Mem | NL 71 l
VI1M c.271G>A 14 M FW 10 40 14 0.4 33.7 Cyt, Mem | NL 71 |
15 M LN 15 42 13 1.3 323
R164Q c.491G>A 16 M LW 13 22 15 9.1 33 Cyt, Mem | Tt NL
R215P! €.644G>C 17 M LW 15 43 15 A A Cyt, Mem | NL 1 |
18 M LW 23 26 15 0.7 29.2
R220X c.658C>T 19 M LW 7 60 18 0.2 40.5 Cyt, Mem | T ONL NL
Mean values for the 17 male patients 19 346 134 2.2 35.1
Predominant plasma membrane expression of GJB1 with formation of abundant GJ plaques, or normal GJ Ca®>* permeability (Group B)
S138G C.412A>G 20 F FW 34 43 7 5 36.6 Cyt, Mem NL NL NL |
F153L" c.457T>C 21 M LW 21 27 9 1.2 31.6 Cyt, Mem NL NL NL NL
M162L C.484A>T 22 M LW 40 61 10 3.9 33.8 Mem | T ONL NL
R183H c.548G>A 23 M FW 37 52 15 0.8 35.1 Mem NL NL NL {
D278V’ C.833A>T 24 M LN 45 50 1 8.8 55.7 Mem | Tt |
Mean values for the four male patients 35.8 475 8.8 3.7 39.1

GJB1 mutations: A.A = amino acid;

"First reported in patients with hereditary peripheral neuropathy.

Clinical features of patients: A = absent evoked response; AO = age of onset; AE = age at examination; CMAP = median nerve compound
motor action potential at AE; CMTNS = Charcot-Marie-Tooth neuropathy score version 2 at AE; F = female; M = male; MNCV = median nerve
motor nerve conduction velocity at AE; Pat. no. = identify number for each patient.

Initial symptoms: FW = distal four limbs weakness; LW = distal lower limbs weakness; LN = distal lower limbs numbness; UW = distal upper
limbs weakness; UN = distal upper limbs numbness; HNPP = hereditary neuropathy with liability to pressure palsy.

Biophysical characteristics of mutated proteins: Cyt = cytoplasmic protein retention; GJ = gap junction; L = loss completely; Mem = protein
expressed in plasma membrane; NL = normal; | = impaired; U = undetectable; dT = delayed onset of Ca®* increase in follower cells; © = time from
onset of Ca®* increase to peak in the follower cells; ¢ = significantly decreased protein expression level; * = significantly prolonged; — not measured.

R220X mutant expressed a truncated protein at the exhibited an inward Ca®" oscillation only but failed to
expected size of 25 kDa. transfer Ca®" to neighboring cells, indicating that the
mutants had failed to form functional GJ channels and
that the cells had lost Ca** permeability (as exemplified

24 _= - -
Ca™ signaling propagation of the mutant GJ by C173Y in Fig. 5B, video S2). For cells with detectable

channels GJ permeability, the Ca>* propagation between two GJ-
Mechanical stimulation of a single WT-GJB1-expressing coupled cells was characterized by two parameters using
cell induced an increase in [Ca®']; in the stimulated cell this approach: (1) the time delay in the onset of the
(cell 1); this increase was rapidly transferred to adjacent increase in the [Ca®']; in follower cells (dT);"* and (2)

GJ-coupled cells (cell 2) through GJ channels (Fig. 5A, the onset-to-peak duration of Ca*t signaling in follower
video S1). In contrast, cells expressing the intracellularly cells (1), as exemplified by WT-GJBI in Fig. 5C. Sum-
trapped mutants (L144del, C173Y, R183C, and E186K) maries of the GJ permeabilities for a total of 13 mutants

858 © 2016 The Authors. Annals of Clinical and Translational Neurology published by Wiley Periodicals, Inc on behalf of American Neurological Association.
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Figure 2. Immunolocalization of wild-type and mutant GJB1 in transfected Hela cells. Confocal fluorescence images of transfected cells labeled
with an Alexa 488-conjugated (Green) anti-GJB1 antibody (in all figures, except H) or an anti-Myc antibody (Figure 2H). Numerous large gap
junction plaques (GJPs) with a small amount of punctate GJB1-immunoreactive cytoplasmic staining were observed in cells expressing wild-type
GJB1T (A) and in those expressing the mutant M162L (L), R183H (P), or D278V (T). In cells expressing the 120F (D), S49Y (F), V91M (G), or R215P
(R) GJB1 mutant, large-sized but smaller amounts of GJPs were observed at intercellular boundaries with increased GJB1-immunoreactive
cytoplasmic staining. Smaller GJPs with larger amounts of GJB1-immunoreactive cytoplasmic staining were observed in cells expressing the L6S
(C), S26L (E), S138G (I), F153L (K), R164Q (M), or R220X (S) mutant. In contrast, the mutants C173Y (N), R183C (0), E186K (Q), and L144del (J)
were retained intracellularly and were incapable of forming detectable GJPs. M11 (B) and I101Rfs*8 (H) appeared to be localized to the cytoplasm,

with very weak and diffuse staining patterns. Cell nuclei were stained with 4’,6-diamidino-2-phenylindole (DAPI; blue). Scale bar, 10 um.

120F, S26L, S49Y, V91M, R164Q, R215P, and D278V.
Only the GJs composed of S138G, F153L, or RI183H
mutants (3/19, 15.8%) had similar permeabilities to those
formed by WT-GJBI.

Correlating the biophysical dysfunctions of
GJB1 mutants with the clinical features of
CMTX1 patients

The above biophysical characteristics of the mutant GJB1

proteins and the clinical features of the affected patients
are summarized in Table 1. To correlate the biophysical
changes caused by the genotypes with the patients’

phenotypes, we classified the GJB1 mutants into two
groups based on their biophysical dysfunctions (Table 1).
The first group (A) encompassed mutants with signifi-
cantly compromised plasma membrane expression of
GJB1 and GJ plaque formation and also impaired GJ per-
meability, including the mutants with complete loss of GJ
permeability due to undetectable GJB1 expression (M1],
I101Rfs*8), those with cytoplasmic retention (L144del,
C173Y, R183C, and E186K), and those with a reduced
plasma membrane expression combined with predomi-
nant cytoplasmic retention of GJB1 (L6S, 120F, S26L,
S49Y, V9IM, R164Q, R215P, and R220X). The mutants
in the second group (B), which included S138G, F153L,

ER marker

L144del ER marker
&
Golgi marker

Golgi marker

ER marker

Golgi marker

Figure 3. Subcellular localization of intracellularly trapped GJB1 mutants. Confocal fluorescence images of Hela cells cotransfected with plasmids
encoding GJB1 (labeled with a GJB1-specific antibody; green) and markers of the ER (DsRed-ER) or the Golgi (DsRed-Monomer-Golgi). Similar
staining patterns were observed in cells expressing L144del (A), C173Y (B), R183C (C), and E186K (D); GJB1 staining was mainly observed in the
perinuclear region and exhibited colocalization with Golgi markers. Cell nuclei were stained with DAPI (blue). Scale bar, 10 um.

Golgi marker
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Figure 4. In vitro expression of GJB1 in Hela cells. (A) Representative images from immunoblotting analyses of GJB1 expression in Hela cells
transfected with plasmids expressing wild-type (WT) or mutant GJB1, as indicated. The GJB1 mutants were categorized into “Absent plasma
membrane expression” and “Preserved plasma membrane expression” according to the findings of the immunofluorescence study. Cells
transfected with WT-GJB1 or the indicated nontruncated mutant showed a major band at 32 kDa, and the truncated mutant R220X produced a
band at the expected size of 25 kDa. Two different antibodies were used: a monoclonal GJB1 antibody, which recognized the cytoplasmic loop,
and a c-Myc antibody, which reacted to the Myc-fused GJB1-WT or I101Rfs*8 mutant. The GAPDH loading controls used are shown below. (B)
Densitometric quantification of the GJB1 protein expression levels in cells transfected with plasmids expressing WT or mutant GJB1, as indicated.
The GJB1 expression levels were normalized to GAPDH expression and were expressed as a fraction of the WT expression, which was set to
100%. The error bars indicate the standard error of the mean (SEM) from four independent experiments. The asterisk indicates a significant
difference (*, P < 0.05; **, P < 0.01).

M162L, R183H, and D278V, were featured by normal GJ patients were included for the comparison because

Ca®* permeability in our study or predominant plasma gender substantially influences the clinical and neuro-
membrane expression of GJB1 with abundant GJ plaque physiological presentations. Among the clinical parame-
formation. ters, only AO and CMTNS were significantly different

Several clinical parameters of the patients with among the two groups. For individuals carrying muta-
CMTX1 are listed in the Table 1, including the AO, AE, tions with preserved plasma membrane locations of
CMTNS, and median nerve compound motor action GJB1 and GJ functions (group B), the AO was near

potential (CMAP) and MNCV at the AE. Only male 17 years later in average than those carrying mutations
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Figure 5. Quantitative measurement of intercellular Ca®* signaling in HEK293T cells expressing wild-type and mutant GJB1 gap junctions. (A)
Representative Ca®* traces (fura-2 ratio, excitation at 340 nm and 380 nm) obtained from fura-2-loaded cells expressing wild-type GJB1 in
response to mechanical stimulation. The intracellular Ca’* concentrations ([Ca®*]) in a stimulated cell (labeled cell 1), gap junction-coupled cell
(labeled cell 2), and uncoupled cell (labeled cell 3) were plotted. (B) Representative Ca®* traces obtained in response to mechanical stimulation of
cells expressing the intracellularly trapped C173Y mutant. The stimulus induced an increase in the [Ca®*]; in the stimulated cell (labeled cell 1),
but this increase failed to transfer to neighboring cells (labeled cells 2 and 3). (C) Parameters describing intercellular [Ca?*]; fluxes across GJB1 gap
junctions. Mechanical stimulation increased the [Ca®*]; in the stimulated cell (cell 1, touched) and subsequently induced the amplitude of Ca®*
transients that spread to the adjacent gap junction-coupled cell (cell 2, follower cell). dT, the time delay in the onset of the [Ca®*]; increase in the
follower cells; and 1, the onset-to-peak duration in the follower cells. (D), (E) Comparisons of the average dT and t between the wild-type GJB1
and mutants. The error bars indicate standard error of the mean (SEM) from six independent experiments. The asterisk indicates a significant
difference (*, P < 0.05; **, P < 0.01).
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with compromised plasma membrane expression of
GJB1 and GJ permeability (group A) (Student’s t-test,
P =0.001). The average CMTNS was significantly lower
in group B than group A (Student’s t-test, P = 0.04),
suggesting a milder phenotype in this group. These
observations suggested that the GJBl mutants with
intense biophysical dysfunctions might be associated with
more severe phenotypes. In contrast, the corresponding
phenotypes in the group B mutants were relatively
milder with a later disease onset.

Discussion

This study delineated the pathological effects of 19 GJBI
mutations by characterizing multiple biophysical dysfunc-
tions of the GJBIl protein, including abnormalities in
intracellular trafficking, protein expression, and GJ func-
tion. These mutations were evenly distributed over all
functional domains of the protein in a cohort of patients
with the classic CMTX1 phenotype. Therefore, the com-
prehensive determination of the biophysical characteristics
and clinical presentations of these patients in this study
deepens our understanding of the pathogenic mechanisms
of CMTXI.

Several studies have reported that alterations in intra-
cellular trafficking, protein expression, and GJ function
are the main abnormalities of mutant GJB1 proteins asso-
ciated with CMTX1.>'»'7!® Qur results support these
notions because all of the GJBI mutations examined in
this study resulted in at least one of these biophysical
changes. These altered functions may interact with each
other and result in complex pathological effects, con-
tributing to the diverse phenotypes and wide variations in
the AO and clinical severity. However, how these cellular
dysfunctions are implicated in the onset and progression
of the disease is not known. In this study, we correlated
the biophysical changes in the protein levels with the clin-
ical parameters of the patients to explore the key factors
affecting the disease progression.

We categorized these GJB1 mutants according to the
severity of the associated biophysical dysfunctions. Analy-
ses of the patients’ clinical features and the mutants’ bio-
physical dysfunctions revealed that the mutants with
severe molecular defects and impaired GJ permeability
(group A) appeared to be associated with an earlier AO
and a severe phenotype. These mutants obviously cause
development of the disease through a severe loss of GJ
function. The observed phenotype—genotype association
emphasizes the important role of abnormal GJ function
in the pathogenesis of CMTXI1, supporting the notion
that GJBI, as a GJ protein, is essential for peripheral
nerve functioning. Among the 19 GJBl mutants in this
study, the majority (16/19, 84.2%) had abnormal GJ

Characterization of 19 GJB1 Mutations

function. Therefore, our results demonstrated that com-
promised GJ permeability may be an important mecha-
nism for many GJBl mutants in the development of
peripheral neuropathy.

We found that the four mutated GJB1 proteins
(p.L144del, p.C173Y, p.R183C, and p.E186K) with com-
pletely cytoplasmic retention were predominantly retained
in the Golgi apparatus (Fig. 3). GJB1 proteins are nor-
mally assembled into connexons (hemichannels) in the
Golgi apparatus,'” but the mutant proteins are retained in
the Golgi and are not assembled properly.”* Therefore,
these proteins do not reach the plasma membrane, and
cell pairs expressing these mutants are not functionally
coupled. The mislocalized proteins are likely to be
degraded through lysosomal proteolysis or the protea-
some pathway, leading to a significant reduction of the
steady-state protein expression levels of all of these
mutants. The four mutations causing completely cytoplas-
mic retention of the protein are localized to the third
transmembrane domain (L144del) or the second extracel-
lular domain (C173Y, R183C, and E186K) of GJB1, sug-
gesting that these two domains play important roles in
GJB1 trafficking.

There are some limitations of this study. First, the
in vitro non-Schwann cell system cannot fully mimic
in vivo myelinating Schwann cells and the in wvivo
pathologies derived from GJBI mutations, such as
demyelinating or axonal degeneration,”’ cannot be evalu-
ated in this study. Since the gap junction permeability is
unlikely the only determinant for clinical presentations of
CMTXI1, it is not surprising that we cannot perfectly cor-
relate the biophysical changes with clinical parameters of
the 19 GJBI mutations. Next, the number of patients was
not sufficiently large. Then, GJ permeability was evaluated
by performing a mechanical stimulation to induce Ca*"
propagation. Although mechanical stimuli have been
widely used to trigger calcium wave propagation as a
method to study gap junctions,”” they still differ from the
physiological stimuli in peripheral nerves. Finally, differ-
ences between the heterotypic and homotypic effects were
not investigated. However, this study clearly demon-
strated the biophysical and clinical features of the 19
GJB1 mutants and suggested the presence of a trend
between different biophysical characteristics of the speci-
fic GJBl mutants and the patients’ clinical phenotypes.
Our results revealed that the GJ/BI mutations resulting in
preserved GJ permeability and those with predominant
cell membrane expression were likely to have a later AO
and a milder phenotype. Promoting GJBl GJ function
may be a potential therapeutic target in the treatment of
CMTXI1. In fact, this rationale for developing CMTX1
therapy has been supported by recent animal studies,
demonstrating that restoration of Schwann cell-specific
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GJB1 expression in Gjbl-null mice by intrathecal lentivi-
ral gene delivery can lead to improvements in motor
performance, nerve conduction velocities, and neu-
ropathology of peripheral nerves.”>** Since different GJBI
mutations may have different molecular consequences,
elucidating the molecular and clinical phenotypes of each
GJBI mutation may help future gene therapy of CMTX1
with an optimal and mutation-tailored regimen.
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Supporting Information

Additional Supporting Information may be found online
in the supporting information tab for this article:

Table S1. Antibodies used for analysis

Table S2. In silico prediction of the functional effects of
the five novel missense G/BI mutations

Video S1. Ca*' signaling propagation of the wild-type

GJB1 gap junction channels. Before mechanical
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stimulation, most cells displayed relatively uniform resting
intracellular Ca?* concentrations ([Ca®'];) (green). For
cells expressing WT-GJB1, mechanical stimulation of a
single cell induced an increase in the [Ca**]; at the point
of contact, and a wave of increased [Ca®']; spread
throughout the cell (dark red trace). After a short delay
(~1.5-2 sec), waves of Ca’" were rapidly transferred to
the adjacent GJ-coupled cells through GJ channels and
spread outward to the more distal neighboring cells.
Video S2. Failure of Ca®" signaling propagation in the
C173Y mutant GJB1 gap junction channels. In contrast,
for cells expressing the intracellularly trapped C173Y
GJB1 mutant, mechanical stimulation of a single cell pro-
voked a [Ca®']; elevation in the stimulated cell, but the
inward Ca®" current did not propagate outward to neigh-
boring cells
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