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Expanded spectrum of Pelizaeus—Merzbacher-like
disease: literature revision and description of a novel
GJC2 mutation in an unusually severe form

Roberta Biancheri*!, Camillo Rosano?, Laura Denegril, Eleonora Lamantea3, Francesca Pinto!,
Federica Lanza*, Mariasavina Severino® and Mirella Filocamo***

Homozygous or compound heterozygous mutations in the GJC2 gene, encoding the gap junction protein connexind47 (Cx47),
cause the autosomal recessive hypomyelinating Pelizaeus—Merzbacher-like disease (PMLD1, MIM# 608804). Although clinical
and neuroradiological findings resemble those of the classic Pelizaeus—Merzbacher disease, PMLD patients usually show a
greater level of cognitive and motor functions. Unpredictably a homozygous missense GJC2 mutation (p.Glu260Lys) was found
in a patient presenting with a very severe clinical picture characterised by congenital nystagmus and severe neurological
impairment. Also magnetic resonance imaging was unusually severe, showing an abnormal supra- and infratentorial white
matter involvement extending to the spinal cord. The novel p.Glu260Lys (c.778G > A) mutation, occurring in a highly conserved
motif (SRPTEK) of the Cx47 extracellular loop-2 domain, was predicted, by modelling analysis, to break a ‘salt bridge network’,
crucial for a proper connexin—connexin interaction to form a connexon, thus hampering the correct formation of the connexon
pore. The same structural analysis, extended to the previously reported missense mutations, predicted that most changes were
expected to have less severe impact on protein functions, correlating with the mild PMLD1 form of the patients. Our study
expands the spectrum of PMLD1 and provides evidence that the extremely severe clinical and neuroradiological PMLD1 form
of our patient likely correlates with the predicted impairment of gap junction channel assembly resulting from the detrimental

effect of the new p.Glu260Lys mutant allele on Cx47 protein.
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INTRODUCTION

Pelizacus—Merzbacher-like disease (PMLD) indicates a disorder
virtually identical to Pelizaeus—Merzbacher disease (PMD) (MIM#
312080) but without a mutation in the PLPI gene.! Both disorders are
characterised by nystagmus, developmental delay, progressive
spasticity, ataxia and hypomyelination on brain magnetic resonance
imaging (MRI).

Pelizaeus—Merzbacher-like disease-1, PMLD1 (MIM# 608804), also
known as leukodystrophy hypomyelinating type 2 (HLD2), is an
autosomal recessive disorder caused by mutations in the GJC2 gene,
previously named as GJA12, (MIM# 608803), mapping on chromo-
some 1 (1q42.13).2 The GJC2 sequence encodes the 436-amino-acid
gap junction connexin protein, Cx47 (GenBank NP_065168.2), which
is highly expressed in oligodendrocytes.® To date, 25 different GJC2
mutant alleles, harbouring 9 missense, 10 frameshift, 3 nonsense,
1 microinsertion and 1 regulatory mutations have been reported in 54
PMLDI patients belonging to 32 families.*> In addition, another
GJC2 missense mutation causing a milder phenotype, the spastic
paraplegia autosomal recessive type 44 (SPG44) (MIM# 613206), has
been reported in three members of a single family.!* These findings

suggest that this gene may give rise to a spectrum of disorders with
different severity, in analogy with the PLPI gene. Nevertheless, no
patients with a very severe clinical picture have been reported so far.

We now describe a young patient with an unusually severe clinical
and neuroradiological picture owing to a novel homozygous GJC2
mutation (p.Glu260Lys), predicted to be involved in the gap junction
channel assembly by modelling analysis; in addition, we report results
of the same structural analysis on other nine previously reported
missense mutations. The study, based on a comprehensive compar-
ison of the present clinical, neuroradiological, molecular and compu-
tational findings with those of the literature, expands the severity
spectrum of PMLDI.

MATERIALS AND METHODS

Clinical features

The proband is the second child of consanguineous healthy parents from
Sri Lanka. She underwent clinical examination, laboratory, neurophysiological
and neuroradiological investigations (1.5T MRI scanner, Philips Achieva, Best,
The Netherlands), as needed in patients with neurological disorders.
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Revision of literature. ~Clinical findings of 54 PMLDI patients belonging to 32
families and 3 SPG44 patients belonging to another family previoulsy reported in
the literature were thoroughly reviewed. The clinical severity of PMLDI1 patients
was scored according to the rating scale for clinical classification ranging from 0
to 4 on the basis of the best motor function, used for PMD patients (Table 1).1>

Ethical aspects. Following ethical guidelines, the samples were obtained for
analysis and storage with the patient’s and/or a family member’s written
informed consent. The consent was sought using a form approved by the local
Ethics Committee.

Molecular analysis

Genomic DNA was extracted using standard methods from peripheral blood
leukocytes derived from the patient as well as her parents. GJC2 gene exons
and exon—intron boundaries were PCR amplified using specific primers
designed by reference to the genomic sequence (GenBank accession no.
AF014643.1). Sequence analysis was performed by ABI 377 DNA automated
sequencer with dye terminator cycle sequencing kit (Applied Biosystems,
Foster City, CA, USA). The putative mutation was confirmed by sequencing in
both directions of the duplicate PCR products. The hypothesis of new possible
genetic polymorphisms was also excluded ascertaining that none of the 50
control individuals had this alteration.

Mutation nomenclature. Nucleotide numbers of the mutations are derived
from cDNA GJC2 sequence (GenBank-EMBL Accession No. NM_020435.3)

Table 1  Genotype-phenotype correlation: comparison with existing
data from the literature

Number of
Genotype? patients Phenotype Score®  References
[p.E260K] -+ [p.E260K] 1 PMLD1 0  Present study
[p.Y269D] +[p.R237X] 1 PMLD1 1 2,7
[p.T39511+17] 1 PMLD1 1 7
[p.A95G_V96insT] + [?] 1 PMLD1 2 7
[p.P128Rfs] +[p.P128Rfs] 1 PMLD1 2 7
[p.G146S]+17] 1 PMLD1 2 7
[p.G233R1+-[p.G233R] 1 PMLD1 2 7
[p.G233S] +[p.G233S] 3 (1 fam) PMLD1 2/3 4
[p.P87S]+[p.P327Rfs] 1 PMLD1 3 2,7
[p.H129Pfs] + [p.H129Pfs] 8 (1 fam) PMLD1 3 4
[p.Y229X] + [p.Y229X] 2 PMLD1 3 7
[p.A322Pfs] +-[p.A322Pfs] PMLD1 3 7
[p.M283T] + [p.M283T] 3 (1 fam) PMLD1 3 2,7
[p.L278Afs] +[ p.L278Afs] 1 PMLD1 3 4
[c.-167A>C]+[c.-167A>C] 15 (8 fam)° PMLD1 3/4 10,11,13
[p.L25Rfs] + [p.L25Rfs] 2 (1 fam) PMLD1 3/4 7
[p.P302Rfs] + [p.P302Rfs] 3 (2 fam) PMLD1 3/4 5,6
[p. R122X]1+[p.R122X] 1 PMLD1 4 12
[p.143M] +-[p.143M] 1 PMLD1 4 9
[p.P70Tfs] + [p.P70Tfs] 1 PMLD1 4 9
[p.P128Rfs]+[?] 1 PMLD1 4 7
[p.E204Gfs] + [p.E204Gfs] 1 PMLD1 4 7
[p.T262A]+[p.T262A] 1 PMLD1 4 7
[p.C315Pfs] +-[p.C315Pfs] 2 (1 fam) PMLD1 4 7
[p.T39511+17] 1 PMLD1 4 7
[p.133M] 4 [p.I133M] 3 (1 fam) SPG44 — 13

Abbreviations: fam, family; PMLD1, Pelizaeus—Merzbacher-like disease 1;

SPG44, spastic paraplegia autosomal recessive type 44.

aNomenclature of mutations as suggested recommended by Orthmann-Murphy et al.16
bAccording to Cailloux et a/'® for PLMD1 patients.

To be noted that Combes et a/'! reported the c.-167A>C mutation as compound
heterozygosity in two other patients with a previously reported second deleterious mutation.”
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considering nucleotide + 1 the A of the first ATG translation initiation codon,
as recommended by Orthmann-Murphy et al.'®

Molecular modelling

For modelling of the GJC2 missense mutations, a homology model of the Cx47
protein was used. This three dimensional model was built by homology using
the programme MODELLER!” and, as a template, the crystal structure of the
homologous Cx26, a gap junction channel, whose structure has been
determined at 3.5A resolution.!® The two proteins share 42% of sequence
identity and about 79% of sequence similarity when the cytoplasmatic region
is omitted from calculation, thus the model built can be considered as
trustable. The obtained structure was then submitted to different energy
minimisation cycles using the programme Discover 3 from Insight II suite
(Accelrys, San Diego, CA, USA), and the resulting coordinates were then used
as a reliable model for visual inspection and graphical representations carried
out using the programs Coot'® and Chimera,? respectively.

RESULTS

Clinical features

The proband was born at term after uneventful pregnancy
and normal delivery. Birth weight and head circumference
were normal. Nystagmus was noticed at birth. Developmental delay
was observed since the first months of life. At 7 months of life,
when she was evaluated for the first time, neurological examination
showed nystagmus, normal head circumference, severe axial hypoto-
nia, absent head control, increased muscle tone at lower limbs and
brisk tendon reflexes. Blood routine investigations, plasma and
urinary amino acids and urinary organic acid were negative or
normal. Neurophysiological studies showed: poorly structured back-
ground activity without epileptic discharges at EEG, increased I-V
truncal conduction time at brainstem auditory evoked potentials, and
increased latency at visual evoked potentials, as reported in the
literature.!> Brain MRI demonstrated diffuse hyperintensity on T2-
weighted images of the cerebral and cerebellar white matter, including
the middle cerebellar peduncles and almost the entire brainstem
(Figure 1), with partial sparing of the pyramidal tracts at the posterior
limb of the internal capsules (PLIC). The white matter of the cervical
spinal cord was also abnormal. On T1-weighted images, the cerebral
periventricular and lobar white matter was hypointense with a
posteroanterior gradient of severity. Cerebral white matter bulk was
normal, as well as the basal ganglia and thalami. Interestingly, high
signal on diffusion weighted images with correspondingly low
apparent diffusion coefficients were detected in the corticospinal
tracts through the centra semiovalia and PLIC (Figure 1). Proton MR
spectroscopy, performed with a point-resolved proton spectroscopy
sequence (PRESS, TE=38ms) in a region of interest placed in the
occipital white matter, showed slightly decreased choline/N-acetyl
aspartate (Cho/NAA) ratio compared with that found in age-matched
control subjects (data not shown).

Over the years, she had not acquired any motor milestones. At 5
years, neurological examination showed nystagmus, normal head
circumference, severe axial hypotonia with still absent head control,
increased muscle tone at four limbs, prevailingly at lower limbs, brisk
tendon reflexes, bilateral ankle clonus and bilateral Babinski sign. She
was able to pronounce only few and isolated words. Despite mild
dysphagia for liquids, she was still able to eat semisolid food and
drink autonomously. She never suffered from seizures. Nerve con-
duction velocity studies were normal. Funduscopy showed optic
atrophy. A second brain MRI study was not performed because of the
relatively poor clinical condition of the girl.
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Figure 1 Brain MRI performed at 7 months of age (a-h). (a-d) Axial T2-weighted images show diffuse high signal of almost the entire brainstem, including
the hilum of the inferior olivary nuclei (white thin arrows) and the central tegmental tracts (black thin arrows) with only sparing of the most dorsal tegmental
portion. The cerebellar white matter is involved (asterisks) as well as the middle cerebellar peduncles (black arrowheads) and supratentorial white matter.
Partial myelination of the pyramidal tracts at the PLIC is visible (empty black arrows). (e) Axial T1-weighted image reveals low signal of the lobar white
matter with a posteroanterior gradient. (f, g) Axial diffusion weighted images (DWI) images show restricted diffusion within both corticospinal tracts (black
thick arrows). (h) Sagittal T2-weighted image reveal diffuse signal changes of the cervical spinal cord (white arrowheads).

Figure 2 Structural modelling of the novel missense mutation p.E260K in
the extracellular domain of the Cx47 protein. The newly replaced 260Lys
breaks a ‘salt bridge network’ normally formed by Asp46, Arg257 and
Glu260. This network is important for the correct positioning of the external
loop interacting with other connexins to form a connexon. The new 260Lys
in this position by interfering with Arg257 is supposed to dislocate the
loop, thereby hampering the correct formation of the connexon pore.
The distances between adjacent atoms, involved in hydrogen bonds, are
indicated in A (ie, 10-10m),

Molecular and structural analyses
Molecular analysis of GJC2 gene revealed a novel c.778G>A
mutation resulting in a Glu260-to-Lys (p.E260K) substitution in

European Journal of Human Genetics

homozygosity in the proband and in heterozygosity in her parents.
Consistent with its putative pathological authenticity, the underlying
nucleotide change was not found in a screen of 100 control alleles, nor
listed as polymorphism in dbSNP (http://www.ncbi.nlm.nih.gov/
projects/SNP).

The p.E260K mutation underwent structural analysis by employing
the homology model of Cx47.

As shown in Figure 2 the replacement of Glu260-to-Lys, introdu-
cing a positively charged lysine was predicted to break a salt bridge
network, normally formed by residues Asp46, Arg257 and Glu260.
The computational analysis, extended to other nine GJC2 missense
mutations showing that most of them are conservative or not
causative of severe effects on the protein (Table 2).

DISCUSSION
PMLDI1/HLD2 due to GJA12/GJC2 mutations was firstly identified in
2004.2 Since then, molecular analysis of the gene, also extending the
screening for copy number variation and for mutations in the non-
coding region, has been performed in large PMLD series. The small
percentage of molecularly confirmed patients has indicated that G/C2
mutations are a rare cause of PMLD.”?! The clinical picture of
PMLDI patients, reported in the literature, is quite homogeneous and
is characterised by nystagmus as initial sign, moderate developmental
delay, spasticity and ataxia resembling mild forms of PMD. In
particular, it is generally accepted that PMLDI1 subjects show better
cognitive and motor functions when compared with PMD subjects.’
Our patient showed a severe neurological picture from the first
months of life. Indeed, she was severely mentally retarded and unable
to achieve head control in her childhood (at the age of 5 years), in
absence of any clinical deterioration. Thus, the patient may be
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Table 2 Missense mutation overview for the Connexin47 protein: molecular modelling analysis
Mutatior? Position® Modelling analysis prediction References®
p.lle33Met TMD  Possible interference of the long 33Met side chain with the canonical hydrogen bonding between the adjacent helices. 33Met, being 14
(lle36Met) in short contact with the Trp3 side chain, might cause the displacement of the N-terminal helix of each Cx47 monomer towards the

inner side of the hemichannel thus (partially) blocking the pore.
p.lle43Met TMD  The replaced 43Met might interact with Arg257, thus perturbing the salt bridge formed between Asp46, Arg257 and Glu260, and 9
(lle46Met) possibly misplacing the extracellular loop of the connexon.
p.Pro87Ser TMD  The new Pro87, inducing a 30° kink in a-helix could alter the transport properties. 2
(Pro90Ser)
p.Glyl46Ser ICD 146Ser introduces less flexible residues in place of a glycine adding a polar group within the cytoplasmatic region of the protein. 7
(Gly149Ser)
p.Gly233Ser ECD  233Ser introduces less flexible residues in place of a glycine adding a polar group between the extracellular and the membrane 4
(Gly236Ser) region of the protein.
p.Gly233Arg ECD  233Arg introduces less flexible residues in place of a glycine adding a charged group between the extracellular and the membrane 7
(Gly236Arg) region of the protein. This could mildly interfere with the correct formation of the pore.
p.Glu260Lys ECD  See legend of Figure 2. Present

study

p.Thr262Ala TMD  The new hydrophobic 262Ala residue, replacing a polar threonine, is supposed to prevent a H-bond formation with Glu235. 7
(Thr265Ala)
p.Tyr269Asp TMD  The new 269Asp adds a negative charge in the membrane deleting at the same time, the contribution of the aromatic ring of the 2
(Tyr272Asp) tyrosine.
p.Met283Thr  TMD  283Thr changes the local hydrophobic properties of a transmembrane helix by introducing a polar residue. 2
(Met286Thr)

Abbreviations: ECD, Extracellular domain; ICD, Intracellular domain; TMD, Transmembrane domain.

aAll mutations are described according to Orthmann-Murphy et al.16 Traditional amino-acid residue numbering has nevertheless also been provided in parentheses. Note that p.Thr395lle
(Thr398lle), occurring in a region of the model having low homology (see Material and Methods), was excluded from this analysis.

bPosition is given according to UniProtKB http:/www.uniprot.org/.2”
“Referred to the first report.

classified as form 0 (the most severe), according to the previously
described rating scale for clinical classification ranging from 0 to 4 on
the basis of the best motor function.!> The unexpected severe PMLD1
form led to compare the genotype and the phenotype of our patient
with existing data from the literature. As shown in Table 1, the
majority of PMLDI1 patients (46 out of 54) reported in the literature
have a score ranging between 3 and 4, with only six and two patients
with score 2 and 1, respectively.

The severity of the clinical features of our patient closely resembles
the picture of the most severe form of PMD, that is, the connatal
variant, characterised by an early onset of nystagmus, muscle
hypotonia, pharyngeal weakness and stridor at birth or within the
first few weeks of life, followed by severe mental retardation with
absent language and severe spasticity during the follow-up.

On brain MRI, PMLDI1 patients usually present homogeneous T2
hyperintensities of the cerebral white matter, often in combination
with hypointensity on T1-weighted images. Typical prominent T2
hyperintensity of the pons may be observed with variable myelination
of pyramidal tracts. Partial myelination of the PLIC has also been
reported,* as we observed here. The cerebellar white matter may be
affected, albeit usually to a lesser extent and with preserved cerebellar
volume. The basal ganglia and thalami are normal in most patients.
However, Steenweg et al??> recently described a separate cluster of
PMLD patients showing T2 hyperintensity of the subcortical white
matter contrasting with a lower T2 signal of the remaining cerebral
white matter, associated with hypointensity of the anterolateral part of
the thalamus.

Our patient demonstrated an unusually severe MRI pattern
characterised by extensively abnormal supra- and infratentorial white
matter, including the brainstem with additional spinal cord involve-
ment. Such a severe involvement, possibly related to a marked paucity
of myelin, likely correlates with the severity of clinical picture. The

restricted diffusion within the myelinated pyramidal tracts at the
PLIC, previously unreported in any PMLD or PMD patients, may be
consistent with intramyelinic oedema.

The novel mutation p.E260K (Glu260Lys) harboured by our
patient, occurs in the second extracellular domain and affects a
highly conserved residue. Indeed, the analysis of evolutionary
conservation by comparing the sequences of orthologous GJC2
proteins from human to zebrafish showed that E260 was invariant
at this position as were the flanking residues within the SRPTEK
domain (data not shown). It was suggested that this conserved motif
(SRPTEK) is important for the mechanism by which two hemi-
channels dock end-to-end to form junctional channels.??

To shed further light on the deleterious consequences of the novel
missense p.E260K mutations at the protein level, we employed the
homology model of Cx47 as described in Material and Methods.

As shown in Figure 2 the replacement of Glu260-to-Lys (p.E260K)
is predicted to break the salt bridge network, normally formed by
residues Asp46, Arg257 and Glu260, which is important to maintain
the correct orientation of loop E2 for the connexin—connexin
interaction to form a connexon. Indeed, the novel Glu260-to-Lys
replacement, introducing a positively charged lysine, would interfere
with Arg257 and alter the electrostatic parameters of the stable salt
bridge network. This nonconservative change 260Lys most likely
induces, the dislocation of the external Cx47 loop, thereby hampering
the correct connexon assembly into functional channels.

The computational analysis was then extended to nine missense
mutations previously reported in the literature in patients with a less
severe clinical picture with respect to our patient (Figure 3). The
structural analysis of these mutations showed that most of them are
conservative or not causative of severe effects on the protein (Table 2).
By comparing these findings with the patients’ severity score it was
observed that the predicted effect of the p.Jle43Met (p.I43M),

37

European Journal of Human Genetics



Expanded spectrum of Pelizaeus-Merzbacher-like
R Biancheri et al

38

jTa

/i
Gly 146 )\ j;)

J/ﬂ—\'

Figure 3 Ribbon representation of the three dimensional structure of the
homology model of wild-type Cx47. The three main regions of the protein
are coloured as follows: extracellular in cyan, transmembrane in light green
and cytoplasmatic in pink. The wild-type residues analysed are depicted as
yellow balls.

supposed to potentially perturb a salt bridge, was associated with a
mild phenotype, scored as 4. This apparent miscorrelation could be
explained by the possibility that the replacement of a branched
residue isoleucine-43 with a methionine maintains the hydrophic
character of the region. In addition, the flexible methionine side
chain, within the protein core, might take a conformation, which does
not perturb the correct molecular fold. Another apparent incon-
sistency might be observed in the case of the ‘in silico’ prediction of
p.Tyr269Asp (p.Y269D). This mutation, found in combination with a
nonsense mutation ([p.Y269D] + [p.R237X]) was expected to have an
ameliorative effect on the patient who instead was phenotypically
scored as 1. By a targeted examination, the replacement of a polar but
uncharged tyrosine with a negatively charged aspartic acid (p.Y269D)
occurred in the transmembrane domain. Indeed, the functionally
detrimental impact of the interactions between transmembrane
aromatic amino acids has already been demonstrated.>* In addition,
interactions between the aromatic rings of residues, potentially
involving m-stacking, are known to have an important role in the
self-assembly, by supplying energy, as well as in the correct
orientation, through stacking geometries.?>2¢

Notably, the molecular modelling of p.Ille33Met predicted that the
replaced 33Met, being in short contact with the Trp3 side chain, could

European Journal of Human Genetics

cause the displacement of the N-terminal helix of each Cx47
monomer towards the inner side of the hemichannel resulting in a
potentially partial block of the pore. This ‘in silico’ prediction appears
to be in line with the functional findings reported in 3 SPG44 patients
by Orthmann-Murphy et al'* who observed—in a cell model
system—that the mutant protein (I33M-Cx47) formed gap junction
plaques that were indistinguishable from WT-Cx47, but the resulting
[33M-Cx47/Cx43 channels showed severely altered voltage-dependent
gating. These data further support the reliability of this molecular
modelling.

Our studies provide evidence that the extremely severe clinical and
neuroradiological PMLDI1 form of our patient likely correlates with
the impaired formation of the connexon pore resulting from the
detrimental effect of the new p.E260K mutant allele on Cx47 protein
and that the spectrum of PMLD1 should be widened to include severe
forms.
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