Please cite this article in press as: Saitsu et al., Mutations in POLR3A and POLR3B Encoding RNA Polymerase III Subunits Cause an Auto-
somal-Recessive Hypomyelinating Leukoencephalopathy, The American Journal of Human Genetics (2011), doi:10.1016/ j-ajhg.2011.10.003

Table 1. Clinical Features of the Individuals
Clinical Features Individual 1 Individual 2 Individual 3 Individual 4
Genes POLR3B POLR3B POLR3B POLR3A

Mutations, DNA ¢.1857-2A>C, ¢.2303G>A

¢.1857-2A>C, c.2303G>A

¢.1648C>T, ¢.2778C>G €.2690T>A, ¢.3013C>T

Mutations, protein p-Asn620_Lys652del, p-Asn620_Lys652del, p-Arg550X, p.Jle897Asn,
p.Arg768His p-Arg768His p-Asp926Glu p.Arg100SCys
Gender M F F M
Current age (years) 27 30 16 17
Intellectual disability mild mild moderate mild
Cognitive regression - - - -
Seizures - - - -
Initial motor development normal normal normal normal
Age of onset (years) 3 3 2 4
Motor deterioration - - - +
Wheelchair use - - - +
Optic atrophy - - - -
Myopia + + - +
Nystagmus + + - -
Abnormal pursuit + + + -
Vertical gaze limitation + + + -
Dysphagia - - + -
Hypersalivation - - - _
Cerebellar signs + + +
Tremor - +
Babinski refex - - - -
Spasticity - - mild _
Peripheral nerve involvement - - - -
Nerve biopsy NA NA NA NA
Hypodontia - - - -
Hypogonadism + + - -

NA is an abbreviation for not available.

detected with NextGENe. Called SNVs were annotated
with SeattleSeq Annotation.

We adopted a prioritization scheme to identify the
pathogenic mutation in each individual, similar to the
approach taken by recent studies (Table $2).5-1° First, we
excluded the variants registered in the dbSNP131 or 1000
Genome Project from all the detected variants. Then,
SNVs commonly detected by MAQ and NextGENe
analyses were selected as highly confident variants; 364
to 374 SNVs of nonsynonymous (NS) or canonical splice-
site (SP) changes, along with 113 to 124 small insertions
or deletions (indels), were identified per individual. We
also excluded variants found in our 55 in-house exomes,
which are derived from 12 healthy individuals and 43
individuals with unrelated diseases, reducing the number

of candidate variants to ~250 per individual. Assuming
that HCAHC is an autosomal-recessive disorder based on
two affected individuals in one pedigree (individuals 1
and 2), we focused on rare heterozygous variants that are
not registered in the dbSNP or in our in-house 55 exomes.

We surveyed all genes in each individual for two or more
NS, SP, or indel variants. We found three to eight candidate
genes per individual (Table S2). Among them, only
POLR3B encoding RPC2, the second largest subunit of
RNA Polymerase III (Pol III), was common in two individ-
uals (individuals 1 and 3). The inheritance of the variants
in POLR3B (transcript variant 1, NM_018082.5) was exam-
ined by Sanger sequencing. In individual 1, we confirmed
that a canonical splice-site mutation (c.1857-2A>C
[p-Asn620_Lys652del]), 2 bp upstream of exon 18, was
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inherited from his father, and that a missense mutation
(c.2303G>A [p.Arg768His]) in exon 21 were inherited
from his mother (Figure 1A). The two mutations were
also present in an affected elder sister (individual 2) but
not present in a healthy elder brother. In individual 3,
we confirmed that a nonsense mutation (c.1648C>T
[p.Arg550X]) in exon 16 was inherited from her father
and that a missense mutation (c.2778C>G [p.Asp926Glu])
in exon 24 was inherited from her mother (Figure 1A). The
two mutations were not present in a healthy younger
brother. To examine the mutational effects of ¢.1857-
2A>C and c.1648C>T, reverse transcription PCR and
sequencing with total RNA extracted from lymphoblastoid
cells derived from the individuals was performed as
previously described.'? We demonstrated that the ¢.1857-
2A>C mutation caused deletion of exon 18 from the
POLR3B mRNA (Figures 2A-2C), resulting in an in-frame
33 amino acid deletion (p.Asn620_Lys652del) from RPC2
(Figure 1B). In addition, the mutated transcript harboring
the nonsense mutation (c.1648C>T) was found to be
expressed at a much lower level compared with the wild-
type transcript (Figure 2D). The expression level of the
mutated transcript was increased after treatment with
30 uM cycloheximide (CHX),'! which inhibits nonsense-
mediated mRNA decay (NMD), indicating that the mutant
transcript underwent NMD (Figure 2D). The two missense
mutations (p.Arg768His and p.Asp926Glu) found in the
three individuals occurred at evolutionary conserved
amino acids (Figure 1B). Among the other candidate genes
in individuals 1 and 3, MSLN (MIM 601051), encoding
mesothelin isoform 1 preproprotein that is cleaved into
megakaryocyte potentiating factor and mesothelin, is
a potential candidate in the family of individual 1 as its
homozygous variant segregated with the phenotype;
however, it is expressed in epithelial mesotheliomas,
and the mutation affects less conserved amino acid
(Table S3). The other candidate genes’ variants did not
cosegregate with the phenotype. Thus, mutations in
POLR3B are most likely to cause HCAHC in two families.

In individual 4, in whom no POLR3B mutations were
found, there were six candidate genes for an autosomal-
recessive model. Among them, POLR3A (MIM 614258,
GenBank accession number NM_007055.3), harboring
two missense mutations, appeared to be a primary candi-
date because it encodes the largest subunit of Pol III
(RPC1) (Figure 1A and Table S2). By Sanger sequencing,
we confirmed that a missense mutation (c.2690T>A
[p.1le897Asn]) in exon 20 was inherited from his father
and that another missense mutation (c.3013C>T
[p-Arg1005Cys)) in exon 23 was inherited from his mother
(Figure 1A). The two mutations were not present in
a healthy younger sister. The two missense mutations
(p-Ile897Asn and p.Argl005Cys) occurred at relatively
conserved amino acids (Figure 1B). In total, we found
four mutations in POLR3B and two mutations in POLR3A.
Evaluation of the missense mutations by PolyPhen-2
program showed that three mutations (p.Arg768His,
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Figure 2.
POLR3B
(A) Schematic representation of the genomic structure of POLR3B
from exon 16 to 19. Exons, introns, and primers are shown by
boxes, dashed lines, and arrows, respectively. The mutation in
intron 17 is depicted as a red dot.

(B) RT-PCR analysis of individuals 1 and 2 with ¢.1857-2A>C and
a normal control. Two PCR products were detected from the indi-
vidual’s cDNA: the upper band is the wild-type (WT) transcript,
and the lower band is the mutant. Only a single wild-type ampli-
con was detected in the control.

(C) Sequence of WT and mutant amplicons clearly showed exon
18 skipping in the mutant allele.

(D) Analysis of the ¢.1648C>T mutation. Sequence of PCR prod-
ucts amplified with genomic (upper), cDNA from untreated cells
(middle), and cDNA from CHX treated cells (lower) as a template.
Although untreated cells show extremely low levels of ¢.1648C>T
mutant allele expression, cells treated to inhibit NMD show signif-
icantly increased levels of mutant allele expression.

Effects of Splice-Site and Nonsense Mutations in

p-Asp926Glu, and p.I1e897Asn) were probably damaging
and that p.Arg1005Cys is tolerable. The ¢.2303G>A muta-
tion (POLR3B) was found in one allele out of 540 Japanese
control chromosomes. The remaining five mutations were
not detected in 540 Japanese control chromosomes, indi-
cating that the mutations are very rare in the Japanese
population. Among the other candidate genes in individ-
uals 4, IGSF10, a member of immunoglobulin superfamily,
is a potential candidate because its variants segregated with
the phenotype (Table S3); however, considering a close
relationship between POLR3A and POLR3B, and the fact
that POLR3A mutations have been recently reported in
hypomyelinating leukodystrophy (see below),'? POLR3A
abnormality is the most plausible culprit for HCAHC in
individual 4.

The structure of Pol III**!* and Pol I1*'¢ is highly
homologous, especially in the largest subunits. Thus, we
extrapolated the mutations of RPC1 or RPC2 onto the
structure of yeast Pol II (Protein Data Bank [PDB] accession
number 3GTP)'” (Figure 1C). RPB1 and RPB2 subunits of
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yeast Pol II are homologous to RPC1 and RPC2 of Pol III,
respectively. Asn620_Lys652 in RPC2 corresponds to
Tyr679_Lys712 in RPB2. The deletion of Asn620_Lys652
(Tyr679_Lys712) would destroy a structural core of RPB2,
leading to loss of RPB2 function. In addition, Arg768
(Arg852 in RPB2) interacts with the main-chain carbonyl
group of Arg70 of the RPB12 subunit, and Asp926
(Asp1009 in RPB2) interacts with the side chain of Arg48
of the RPB10 subunit of Pol II (Figure 1D). Arg768His
(Arg852His) and Asp926Glu (Asp1009Glu) substitutions
are considered to disturb these subunit interactions,
leading to dysfunction of the polymerase. Therefore, struc-
tural prediction suggests that the mutations in POLR3B
(RPC2) could affect Pol III function. On the other hand,
11e897 and Argl00S in RPC1 correspond to Val863 and
Arg1036 in RPB1, respectively. 1e897 (Val863) has hydro-
phobic interactions with Leul70 and Prol76 of the RPBS
subunit and with Phe900 (Phe866) of the RPB1 subunit
of Pol II (Figure 1E). 11e897Asn (Val863Asn) substitution
is likely to disturb this interaction. Argl005 (Argl036)
stabilizes interaction between RPB1 and RPB8 subunits
(Figure 1F). The Argl005Cys (Arg1036Cys) substitution
appears to make this interaction unstable. Thus mutations
in POLR3A are also predicted to affect Pol III function.
Clinical features of individuals with POLR3A or POLR3B
mutations are presented in Table 1. MRI revealed high-
intensity areas in the white matter in T2-weighted images,
cerebellar atrophy, and a hypoplastic corpus callosum in all
four individuals (Figure 3). Individuals 1 and 2 showed an
extremely similar clinical course. They developed normally
during their early infancy, i.e., walking unaided at 15 and
14 months, and uttering a few words at 12 and 13 months,
respectively. After the age of 3, individual 1 presented with
unstable walking and frequent stumbling and falling
down, and individual 2 became poor at exercise. They
both had severe myopia (corrected visual acuity of 0.7
and 0.5 at most, respectively). They graduated from
elementary, junior high, and high schools with poor
records, and the intelligence quotient (IQ) of individual 2
was 52 (WAIS-III). In individual 1, unstable walking was
prominent at around 18 years, and he could not ride
a bicycle because of ataxia; however, he could drive an
automobile. Amenorrhea was noted in individual 2, and
was successfully treated by hormone therapy. Individual
1 showed several signs of hypogonadism, including
absence of underarm and mustache hair, thin pubic hair
(Tanner II), and serum levels of testosterone, follicle stimu-
lating hormone, and luteinizing hormone that were below
normal for age 27. Neurological examination of both
individuals revealed mild horizontal nystagmus, slowing
of smooth-pursuit eye movement, and gaze limitation,
especially in vertical gazing, hypotonia, mildly exagger-
ated deep-tendon reflex (patellar and Achilles tendon
reflex) with negative Babinski reflex, and cerebellar signs
and symptoms, including ataxic speech, wide-based ataxic
gait, dysdiadochokinesis, and dysmetria. Clinical informa-
tion for individual 3 has been reported previously.® Addi-

individual 3 (15 yr) individual 2 (30 yr) individual 1 (26 yr)

individual 4 (15 yr)

Brain MRI of Individuals with POLR3B and POLR3A

Figure 3.
Mutations
(A, C, E, and G) T2-weighted axial images through the basal
ganglia. High-intensity areas in the white matter were observed
in all individuals.

(B, D, F and H) Tl-weighted midline sagittal images. All the
individuals showed hypoplastic corpus callosum (arrowheads)
and atrophy of cerebellum (arrows).

tional findings are as follows: slowing of smooth-pursuit
eye movement, gaze limitation in vertical gazing, normal
auditory brain responses (ABR), cerebral symptoms with
mild spasticity, and intellectual disability (an IQ of 43
according to the WISC-III test), and no myopia but hyper-
metropic astigmatism. She showed no deterioration
besides a mild dysphagia and walks herself to a school for
the disabled. Individual 4 developed normally during his
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early infancy, had normal head control at 3 months, was
speaking a few words at 12 months, and was walking un-
aided at 14 months. His parents noted mild tremors
around 4 years. He had normal stature, weight, and head
circumference. Although he had severe myopia, his eye
movement was smooth with no limitation or nystagmus.
He had sensory neuronal deafness on the left side. He
showed normal muscle tone and had no spasticity or
rigidity. His tendon reflexes were slightly elevated with
a negative Babinski reflex. Cerebellar signs were noted;
expressive ataxic explosive speech, intension tremor,
poor finger to nose test, dysdiadochokinesis, dysmetria,
and wide-based ataxic gait. His intelligence quotient was
57 (according to the WISC-III test). His peripheral nerve
conduction velocity was within the normal range and his
ABR showed normal responses on the right side. He
suffered motor deterioration around age 14 and became
wheelchair bound.

In this study, we successfully identified compound
heterozygous mutations in POLR3A and POLR3B in indi-
viduals with HCAHC. Very recently, Bernard et al.'? re-
ported that POLR3A mutations cause three overlapping
leukodystrophies, including 4H syndrome, suggesting
that HCAHC is, at least in part, within a wide clinical spec-
trum caused by POLR3A mutations. The p.Argl005Cys
mutation was shared between individual 9 in their report
and our individual 4. All 19 individuals with POLR3A
mutations showed progressive upper motor neuron
dysfunction and cognitive regression. In addition, indi-
vidual 9 showed abnormal eye movement, hypodontia,
and hypogonadism. None of these features were recog-
nized in our individual 4; these differences further support
phenotypic variability of POLR3A mutations.'? Given the
phenotypic similarities among 4H syndrome, HCAHC,
and H-ABC, there is a possibility that H-ABC is also allelic
and caused by recessive mutations in either POLR3A or
POLR3B.

Pol III consists of 17 subunits and is involved in the
transcription of small noncoding RNAs, such as 5S ribo-
somal RNA (rRNA), U6 small nuclear RNA (snRNA), 7SL
RNA, RNase P, RNase MRP, short interspersed nuclear
elements (SINEs), and all transfer RNAs (tRNAs). Pol III-
transcribed genes are classified into three types based on
promoter elements and transcription factors. 5S tRNA is
a solo type I gene. Type II genes include tRNA, 7SL
RNA, and SINEs. Type III genes include U6 snRNA, RNase
P, and RNase MRP.*3-2° The Pol III system is important for
cell growth in yeast, and its transcription is tightly regu-
lated during the cell cycle.?® In zebrafish, polr3b mutant
larvae that have a deletion of 41 conserved amino acids
(A239-279) from the Rpc2 protein showed a proliferation
deficit in multiple tissues, including intestine, endocrine
pancreas, liver, retina and terminal branchial arches.”!
In the mutants, the expression levels of tRNA were signif-
icantly reduced, whereas the level of 5§ tRNA expression
was not changed, suggesting that this polr3b mutation
can differentially affect Pol III target promoters.”’ RPC2

contributes to the catalytic activity of the polymerase
and forms the active center of the polymerase together
with the largest subunit, RPC1.?? Thus, it is reasonable
to consider that mutations in POLR3A and POLR3B cause
overlapping phenotypes. Indeed, three individuals with
POLR3B mutations showed diffuse cerebral hypomyelina-
tion, atrophy of the cerebellum and corpus callosum, and
abnormal eye movements that overlap with POLR3A
abnormalities.'? Furthermore, two out of three individ-
uals showed hypogonadism, suggesting a common patho-
logical mechanism between POLR3A and POLR3B muta-
tions. In the zebrafish polr3b mutants there were no
defects of the central nervous system other than a reduced
size of the retina, probably reflecting species differences;
however, the reduced level of tRNA in the polr3b mutants
raises the possibility that defects of tRNA transcription by
Pol III could be a common pathological mechanism
underlying POLR3A and POLR3B mutations. Supporting
this idea, mutations in two genes involved in aminoacyla-
tion activity of tRNA synthetase cause defects of myelina-
tion in central nervous system: DARSZ2 (MIM 610956) and
AIMP (MIM 603605).232¢ In addition, mutations in four
genes encoding aminoacyl-tRNA synthetase cause Char-
cot-Marie-Tooth disease (MIM 613641, 613287, 601472,
and 608323), resulting from demyelination of peripheral
nerve axons: KARS (MIM 601421), GARS (MIM 600287),
YARS (MIM 603623), and AARS (MIM 601065).25-28
Thus, it is very likely that regulation of tRNA expression
is essential for development and maintenance of myelina-
tion in both central and peripheral nervous systems.

An interesting clinical feature of POLR3B mutations is
the absence of motor deterioration. All three individuals
with POLR3B mutations could walk without support at
ages 16, 27, and 30, whereas individual 3 with POLR3A
mutations had motor deterioration around age 14. Bernard
et al.'? also reported progressive upper motor neuron
dysfunction and cognitive regression in individuals with
POLR3A mutations. Thus, there is a possibility that pheno-
types caused by POLR3A mutations could be more severe
and progressive than POLR3B mutant phenotypes. Identi-
fication of a greater number of cases with POLR3B muta-
tions is required to confirm this hypothesis.

In conclusion, our data, together with that of a previous
report,'? demonstrate that mutations in Pol III subunits
cause overlapping autosomal-recessive hypomyelinating
disorders. Establishment of an animal model will facilitate
our understanding of the pathophysiology of the multiple
defects caused by Pol Il mutations.

Supplemental Data

Supplemental Data include three tables and can be found with this
article online at http://www.cell.com/AJHG/.
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PROTEOLIPID PROTEIN 1 (PLP1) is a major myelin
protein of the mammalian central nervous system
(CNS) with proposed functions in myelin membrane
stability and maintenance. Mutations in the human
PLP1 gene lead to a broad clinical spectrum of hypo-
myelinating disorders ranging from the connatal
(severe) and classic (mild) forms of Pelizaeus-Merz-
bacher disease (PMD) to spastic paraplegia type 2
(1,2). Reflecting hypomyelination, magnetic resonance
imaging (MRI} of the brain in patients with PMD
shows diffuse T; and T, prolongation to variable
degrees, resembling the appearance in newborns (3).
Despite the progress in understanding the molecular
basis and neuroimaging characteristics of PMD, the
neurochemical basis associated with hypomyelination
remains unknown. Proton magnetic resonance spec-
troscopy (*H-MRS) allows a noninvasive exploration of
tissue metabolism in vivo. The N-acetylaspartate (NAA)
peak is useful for analysis of the brain by 'H-MRS
because N-acetyl protons are plentiful in the brain,
and have a long T, relaxation time. As NAA is synthe-
sized in neuronal mitochondria and is transported to
axons, NAA is detected on 'H-MRS both in the gray
and white matter (with almost the same concentra-
tion). NAA is generally considered an important
marker of viable, functioning neurons and axons (4,5).
Many neurodegenerative disorders, therefore, exhibit a
decrease of total NAA (tNAA; NAA at 2.01 ppm and
N-acetylaspartylglutamate [NAAG] at 2.04 ppm, which
are difficult to distinguish on clinical 'H-MRS with a
1.5 or 3.0 T magnet) in the gray and white matter,
including demyelinating leukodystrophies and neuro-
nal degenerative disorders (6,7). An increase of tNAA,
however, has been reported in patients with classic
PMD, caused by PLPI duplications (8,9), and a female
patient with undiagnosed hypomyelination disorder
with normal PLP1 gene (10). Thus far, it is not clear
whether changes in the level of NAA or NAAG, or both,
result in the increased tNAA. To evaluate this we per-
formed *H-MRS on brains of myelin synthesis-deficient
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(msd) mice, a model of connatal PMD (11), and one of
the most severely affected murine mutants of the plp
gene, with a 7.0 T magnet and separately measured
NAA and NAAG of the brains of these animals by high-
performance liquid chromatography (HPLC).

MATERIALS AND METHODS
Animals

The experimental animals included postnatal day 21
(P21) msd mice with a spontaneous mutation (A242V)
in the plpl gene (maintained in B6C3 background)
and wildtype littermate mice. Msd mice are a model of
connatal PMD, and develop progressive tremors and
dystonia, which cause premature death around 1
month of age. The animals had free access to food
and water and were kept under standard laboratory
conditions of 22-23°C room temperature, around 50%
humidity, and a 12:12 hour light/dark cycle. The
study protocols were approved by the Animal Welfare
Committee of the National Institute of Radiological
Sciences and that of the National Center of Neurology
and Psychiatry.

MRI Measurements

MRI and 'H-MRS were performed for msd mice (n =
9, weight = 6.7 = 1.4 g) and wildtype mice (n = 10,
weight = 11.3 = 1.2 g). Immediately prior to and dur-
ing the MRI scanning, all mice were anesthetized with
2% isoflurane (Mylan Japan, Japan). The rectal tem-
perature was continuously monitored and maintained
at 36.5 = 0.5°C using a heating pad throughout all
experiments. During MRI scanning the mice lay in the
supine position on an MRI-compatible cradle and
were held in place by a handmade ear bar and anes-
thetized through a facemask with 2% isoflurane. All
MRI experiments were performed on a 7.0 T MRI
scanner (Magnet: Kobelco and JASTEC Japan; Con-
sole: Bruker Biospin, Germany) with a volume coil for
transmission (Bruker) and a 2-ch phased array coil
for reception (Rapid Biomedical, Germany). Coronal,
sagittal, and axial multislice T;-weighted imaging
(TyWI: multislice spin echo [SE]; repetition time [TR] /
echo time [TE] = 400/9.57 msec; slice thickness =
1.0 mm; matrix = 256 x 256; field of view = 25.6 x
25.6 mm; number of repetitions = 2) was performed.
Coronal Ty-mapping was performed using a multislice
SE sequence (slice thickness = 1 mm; field of view =
25.6 x 25.6 mm; matrix = 128 x 128; number of rep-
etitions = 1; TR = 3000 msec) with TE ranging from
20 to 100 msec in steps of 10 msec. Ty values were
calculated in the cortex, white matter, caudate-puta-
men, and thalamus with image analysis software,
MRVision (Winchester, MA). The two-tailed Student’s
t-test was used to compare the Ty values of the msd
and wildtype mice.

1H MRS

For single-voxel *H-MRS, a region of interest (ROI)
was chosen predominantly in the thalamus with a vol-
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Figure 1. Coronal (a) and axial (b) T;-weighted images show
the thalamic ROI used for 'H-MRS, with volume of 27 mm?®.

ume of interest of 3.0 x 3.0 x 3.0 mm, as determined
on T;WI (Fig. 1a,b). First- and second-order localized
shimming was performed using the fast automatic
shimming technique by mapping along projections
(FASTMAP), resulting in a water line-width (full-width
half-maximum line-width of the water signal) of below
14 Hz. The water signal was suppressed by variable
power radiofrequency pulses with optimized relaxation
delays. Outer volume suppression combined with a
point-resolved spectroscopy sequence was used for sig-
nal acquisition (number of repetitions = 256; TR = 2500
msec; TE = 20 msec; spectral bandwidth = 4 kHz; num-
ber of data points = 2048; scan time = 10 min 42 sec).
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'H-MRS was quantitatively analyzed using the water
scaling method of LCModel, which uses the unsup-
pressed water signal obtained from the same ROI as
an internal reference for quantification (default water
proton density [PD] of 35.9M and exp(TE/T,) = 0.7)
(12,13). The concentration was corrected by the Ty
value of the ROI, as multiplied by R = exp (-20/
T2 _ROI}/0.7); however, we used the default PD
because we did not measure PD of the ROI. The con-
centrations of the metabolites were considered as hav-
ing acceptable reliability when the LCModel showed
percent of standard deviation (%SD, sometimes
referred to as the Cramér-Rao lower bounds and
expressed in percent of the estimated concentrations)
less than 20; smaller %SD is associated with more
reliable data (13,14). The mean concentration of each
msd and wildtype mouse metabolite was compared
using the two-tailed Student’s t-test. Significance was
set at P < 0.0056 (=0.05/9, 9 being the number of
analyzed metabolite) after Bonferroni correction.

Measurement of NAA and NAAG by HPLC

Msd (n = 8) and wildtype (n = 7) mice at P21 were
anesthetized with diethylether and perfused through
the heart with ice-cold phosphate-buffered saline
(PBS). These were different mice than those for the
MRI and 'H-MRS experiments, but were genetically
the same. The brains were immediately removed and
sliced into 1-mm-thick coronal sections, dissecting
the thalamus and midbrain from four contiguous sec-
tions equivalent to bregma —0.94 to —4.96 mm on ice.
These correspond to the areas examined by the MRI
studies. Tissue samples were immediately frozen and
stored at —80°C until required. The tissue preparation
and the measurement of NAA and NAAG by HPLC
were performed as described (15). In short, we applied
the harvested samples (equivalent to 15 mg tissue) to
pretreated SAX anion exchange columns (Bond Elut-
SAX, Varian, Palo Alto, CA) followed by elution with 1
mL 5.88 mL/L phosphate acid (85%). The samples
were injected onto a reversed-phase octadecyl column
(C18) (4.6 pm x 250 mm; MCM, Japan) at 30°C.
Standards for NAA and NAAG, prepared in the range
of 0-100 pM, were used to determine their retention
times for the peaks and to generate their linear stand-
ard curves. We measured NAA and NAAG simultane-
ously using the CoulArray System (ESA, Chelmsford,
MA) with UV detector (ELITE LaChrom L-2400, Hita-
chi, Japan). We used the two-tailed Student’s t-test
for statistical analysis.

Immunohistochemical Analysis

Msd (n= 3) and wildtype (n = 3) mice at P21, that were
different from those for MRI, 'H-MRS, and HPLC analy-
sis, were subjected to immunohistochemical analysis.
They had the same genetic background and the immu-
nochemical analysis was expected to represent those
with MRI, *H-MRS, and HPLC analysis. We perfused
the mice transcardially with 4% paraformaldehyde
(PFA) in PBS and dissected and postfixed the brains
overnight at 4°C. The brain samples were cryoprotected
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in 30% sucrose and mounted in OTC compound (Tis-
sue-Tek, Sakura Fine Tek, Torrance, CA) and frozen.
Coronal sections at 10 pm thickness were prepared for
immunostaining. The following primary antibodies
were used: mouse anti-Mbp antibody (1:1000; Cova-
nce, Denver, PA), mouse anti-Gfap antibody (1:500;
Chemicon, Temecula, CA), rabbit anti-Ng2 antibody
(1:200; Chemicon), and mouse anti-NeuN antibody
(1:1000; Millipore, Bedford, MA; MAB377). For visual-
ization, we utilized biotin-conjugated goat secondary
antibody against each of host animal primary antibod-
ies (1:200; Molecular Probes, Eugene, OR), avidin-
biotin-horseradish peroxidase complex (Vectostain Elite
ABC kit, Vector Laboratories, Burlingame, CA) and dia-
minobenzine (DAB detection kit, Vector). NG2- and
NeuN-positive cells were counted at the dorsal parts of
thalamus equivalent to bregma —1.22 to —2.46 mm.

RESULTS
MRI Findings and T, Value Measurement

Coronal ToWI (TE = 80 msec of T, mapping} of msd
mice typically demonstrated a three layered structure,
ie, a high signal layer of white matter between the cor-
tex and caudate putamen (Fig. 2a), which was difficult
to distinguish in wildtype mice (Fig. 2b). The Ty values
of the cerebral cortex, white matter, caudate-puta-
men, and thalamus of msd and wildtype mice are
shown in Table 1. The T, values of msd mice were sig-
nificantly longer than those of wildtype mice in all
examined regions. In msd mice the T, values of the
white matter, caudate-putamen, and thalamus were
longer than that of the cortex.

Brain Metabolites Measured by 'H-MRS

The concentrations and %SD of each metabolite in msd
and wildtype mice are shown in Table 2. The %SD of
tNAA (NAA+NAAG), creatine (Cr), choline (Cho), myo-
Inositol (mins), glutamate (Glu), and taurine (Tau) in all
msd and wildtype mice were less than 10, and the mean
%SD of these metabolites were less than 6. The %SD of
other metabolites, such as glutamine (Gln), guanine
(Gua), and gamma-aminobutyric acid (GABA), were
less than 20 in all msd and wildtype mice. In the msd
mice, tNAA, Cr, Glu, and GIn were elevated and Cho
was decreased (Fig. 3a), compared with wildtype mice
(Fig. 3b). There were no differences in mins, Tau, Gua,
and GABA between the two groups.

Although NAAG in the msd mice (0.68 * 0.29 mM)
was elevated compared with those in wildtype mice
(0.23 = 0.23 mM), these results were not considered
reliable because only two of the msd mice and none of
the wildtype mice showed NAAG concentrations with
%SD of less than 20 (%SD being 37.9 = 29.6 in msd
mice, 414 *= 467 in wildtype mice).

Measurement of NAA and NAAG by HPLC

The NAA and NAAG levels in msd and wildtype mice
in the thalamus are shown in Table 3. Both NAA and
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Figure 2. Ts-weighted image of a msd mouse (a) shows a
high intensity band of unmyelinated white matter (arrows)
between the cortex and caudate putamen. Ty-weighted image
of the wildtype mouse (b) shows a slightly low signal inten-
sity band of myelinated white matter in the same location.

NAAG levels in msd mice were higher than those in
wildtype mice.
Immunchistochemical Analysis

Immunostaining of Mbp, a marker for mature myelin
sheath in msd mice, showed sparse and weak staining

421

in the white matter, thalamus, and cortex in compari-
son with the wildtype (Fig. 4a,b). Gfap immunostain-
ing, a marker for astrocytes, of the msd brain showed
dense and strong staining and an increase of positive
cells compared with the wildtype (Fig. 4c,d). These
indicated hypomyelination and astrogliosis in the msd
brain at P21. Ng2 immunostaining, a marker for oli-
godendrocyte progenitor cells (OPC), of the msd brain
revealed increased immunoreactivity in the white mat-
ter, but no obvious difference in the thalamus, com-
pared with the wildtype (Fig. 4e-J). The number of
the Ng2 positive cells in the thalamus was almost
same in both mice (123 = 17 cells/mm? in Msd brain
vs. 125 = 7 cells/mm? in the wildtype brain). The
number of the NeuN immunostaining (a marker for
neuronal cells) positive cells in the thalamus was
almost equal in both mice (874 = 109 cells/mm? in
Msd brain vs. 876 *= 53 cells/mm? in the wildtype
brain).

DISCUSSION

The most important findings in this study were that
the tNAA was increased in msd mice (a model of con-
natal PMD) on 'H-MRS and that this increase of tNAA
resulted from increase of both NAA and NAAG. The
number of neurons in the thalamus (ROI of 'H-MRS)
was almost the same in both msd and wildtype mice,
which suggests that increased NAA (rich in neuron) in
msd mice brain do not result from the increased neu-
rons per se, but reflect some other factors. An
increase of both NAA and NAAG are compatible with
the reports of increased tNAA in patients with PMD
(8,9), and with those of increased NAAG in the cere-
brospinal fluid (CSF) in patients with hypomyelinating
disorders, including PMD (16), Pelizacus-Merzbacher-
like disease (17), free sialic acid storage disease (18),
and an undiagnosed hypomyelinating disorder (10).
Why does the msd brain have an increase of both
NAA and NAAG? NAA is one of the most highly abun-
dant free amino acids in the CNS (around 10 mM in
man). It is synthesized in neuronal mitochondria from
acetyl CoA and aspartate, catalyzed by L-aspartate N-
acetyltransferase (Asp-NAT). NAA is either released
from the neuron or transported to oligodendrocytes,
where it is catabolized by aspartoacylase (ASPA) into
acetate and aspartate; these are used for fatty acid
and steroid synthesis and for energy production. NAA
is also the precursor for the synthesis of NAAG in
neurons (5,6). The biosynthesis or regulatory mecha-
nisms of NAAG is poorly understood; however, it mod-
ulates glutamatergic synaptic transmission; it is
released from neuronal synapses along with other
neurotransmitters. Extracellular NAAG is hydrolyzed

Table 1
T2 Value of Each Region of msd and Wildtype Mice
Cortex (msec) WM (msec) CPu (msec) Th (msec)
Msd (n = 9) 51.4 = 0.9 55.4 = 1.0 54.7 + 1.1 55.9 = 0.9
Wild (n = 10) 49.7 = 1.1 495 + 1.1 51412 52.5 0.9
P-value <0.01 <0.001 <0.001 <0.001

WM, white matter; CPu, caudate-putamen; Th, thalamus.
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Table 2
Concentration of Metabolites on "H-MRS
INAA Cr Cho mins
Msd Concentration (mM) 7.10 + 0.31 6.16 = 0.31 1.11 = 0.06 4.13 = 0.42
=9 %SD 3.5+ 07 23+ 05 3.6 + 0.5 5.9+ 09
Wild Concentration (mM) 5.32 = 0.50 5.61 = 0.15 1.42 = 0.10 419 = 0.50
n=10 %SD 3.6 + 0.9 24 0.7 300 55 * 0.9
p value <0.001 <0.001 <0.001 NS
Gin Glu Tau Gua GABA
4.23 + 047 7.43 £ 0.41 7.25 *+ 0.88 1.55 + 0.51 2.67 = 0.62
82+ 1.0 40 05 35+ 07 129 = 3.0 13.5+3.0
3.81 = 0.54 6.31+0.31 6.30+0.48 1.42+0.37 244 = 0.31
108 = 2.3 55+ 0.8 55 +0.8 142 = 3.2 134 = 1.9
<0.005 <0.001 NS NS NS

tNAA, N-acetylaspartate and N-acetylaspartylglutamate; Cr, creatine; Cho, choline; mins, myo-Inositol; Gin, glutamine; Glu, glutamate;

Tau, taurine; Gua, guanine; GABA, y-aminobutyric acid.

P-value was analyzed in each metabolite between msd and wild mouse.

into NAA and Glu by glutamate carboxypeptidase II
(GCPII) on the membrane surface of astrocytes; the
breakdown products are then taken in by the astro-
cytes (5). Accordingly, NAA and NAAG have been pur-
ported to have axon-oligodendrocyte and axon-astro-
cyte signaling functions, respectively.

In msd, mutant plpl proteins are abnormally folded
and they accumulate in the endoplasmic reticulum,
resulting in the activation of an unfolded protein
response that finally leads to oligodendrocyte apopto-
tic cell death before normal myelination occurs (19).
The absence or dysfunction of mature myelinating oli-
godendrocytes, where NAA is catabolized by ASPA
(20), may either disable the neuron-to-oligodendrocyte
NAA transport or affect NAA catabolism in oligoden-
drocytes. Either way, NAA would be accumulated
in neurons, probably resulting in increased tNAA
on 'H-MRS. Because eclevated NAA concentration
increases NAAG biosynthesis (5), NAAG may be sec-
ondarily increased. In agreement with this hypothesis,
CFS of patients with Canavan disease, which is
caused by mutations in the ASPA gene, showed
increased NAA and NAAG (16).

Two alternative mechanisms can be considered
based on previous studies. First, some studies show-
ing increased NAAG in the CSF of patients with vari-
ous hypomyelinating disorders suggested an impaired
function of GCPII on astrocyte membranes, which
normally hydrolyzes NAAG into NAA and Glu
(10,16,18). This mechanism, however, would not
explain the increase of NAA observed in our study,
because GCPII inhibition actually increases the level
of NAAG and decreases the level of Glu (21), and pre-
sumably decrease its enzymatic by-product, NAA.

Second, a potentially increased number of OPC may
enhance NAA and NAAG levels. In Msd and also in
another PMD mouse model, jimpy, massive apoptosis
of differentiating oligodendrocytes appears to induce
the proliferation of OPC in the white matter (22,23).
Primary cultures of rat OPC exhibited the NAA con-
centration higher than neurons (24,25). If the number
of OPC is increased within the msd brains, NAA and
NAAG can be increased. Ng2 immunostaining on msd
mice at P21, however, revealed no change in number
of OPC in the thalamus (Fig. 4), where 'H-MRS was

mainly obtained. Therefore, the number of OPC in
ROI seems unlikely to be the major factor underlying
increased tNAA in msd mice, at least in our study,
although we cannot exclude the possibility that 'H-
MRS may contain signals from white matter, where
strong Ng2 immunoreactivity was observed in msd, as
a partial volume effect.

Altogether, we hypothesized the most probable
mechanism for the increase of both NAA and NAAG in
msd mice is that an absence or dysfunction of oligo-
dendrocytes may result in a primary increase of NAA,
which would then lead to secondary increase of
NAAG. Currently, the cellular mechanisms to cause
disruption of either catabolism or neuroglial transport
of NAA remain undetermined. Elucidation of this
pathological process is required for the validation of
our hypothesis.

Other detectable metabolites in the msd mice also
showed changes similar to those often observed in
patients with PMD: a reduction of Cho and an eleva-
tion of Cr (8,9). The Cho peaks likely contain various
cell membrane precursor or breakdown products
such as phosphocholine, glycerophosphocholine, and
phosphatidylcholine. The reduction of Cho may be
explained by the severe retardation of myelination
and the diminished number of oligodendrocytes in
msd mice brain (Fig. 4a,b) (22,23,26).

The Cr peak is composed of both phosphocreatine
and free Cr, which are present in both neuronal and
glial cells. In rats, astrocytes and oligodendrocytes
have Cr concentrations twice and four times as high,
respectively, as those observed in neurons (24). As
reactive astrogliosis with decreased oligodendrocytes
is observed in msd mice brain (Fig. 4c,d), the elevated
Cr observed on 'H-MRS may result from the increased
number of astrocytes, which compensates for
decreased number of oligodendrocytes.

Finally, some discussion is necessary for the
'H-MRS in this study. Regarding the ROI placement,
we were unable to locate the ROI in the white matter
because the white matter of mice is too thin to allow
placement of a 3 x 3 x 3 mm voxel. Because the nor-
mal thalamus is composed of a mixture of myelinated
axons and cellular components, eg, neurons, 'H-MRS
in msd mice may reflect metabolic derangements of
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Figure 3. 'H-MRS of a msd mouse (a)
shows markedly reduced Cho com-
pared with in a wildtype mouse (b).
[Color figure can be viewed in the
online issue, which is available at
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both components. Mbp immunostaining indicated
hypomyelination in the msd brain, not only in the
white matter, but also in the thalamus (Fig. 4a-d), as
observed in patients with PMD (26). Reflecting the

Table 3
NAA and NAAG Analyzed by HPLC
NAA NAAG
Msd (n=8) 3.52*0.37 066 *0.06 pmol/g tissue
Wild (n=7) 290 =043 0.57 =0.07 pmol/g tissue
P-value <0.01 <0.05

NAA, N-acetylaspartate; NAAG, N-acetylaspartylglutamate.

pathology, msd mice exhibited longer T, values than
wildtype mice in the all regions examined by MRI,
including the thalamus (Table 1). These suggest that
'H-MRS in the thalamus reasonably reflect metabolic
derangements associated with hypomyelination. On
the other hand, the number of neurons in the thala-
mus was almost same in both msd and wildtype mice.
The thalamus, therefore, was expected to show similar
metabolic derangement associated with hypomyelina-
tion to that found in the white matter.

The concentrations of metabolites were corrected
by the LCModel by entering the Ty value of the ROI,
but could not correct by the proton density (PD).
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Figure 4. Immunostaining of coronal sections from wildtype (WT; a,c,e.g,]) and msd (b, d, f, h, j) mouse brains. a,b: Mbp im-
munostaining. Msd brain (b} shows sparse and weak staining in the white matter, cortex, and the thalamus in comparison
with in the wildtype (a), indicating diminished myelination. ¢,d: Gfap immunostaining. Area in the boxes in c,d are magnified
to insets in c,d. Msd brain (d) shows dense and strong staining in the white matter and thalamus, compared with in the wild-
type (), indicating reactive astrogliosis. e-j: Ng2 immunostaining. g—j: High magnification of black box (white matter [WM]
and cortex [Cx]) and red box (thalamus [Th]) in e.f, respectively. Note that Msd shows increased immunoreactivity in
the white matter (h}, but not in the thalamus (j}, compared with WT mouse (g,i). Scale bars = 1 mm in a~f; 100 wm in gh;

200 pm in ij.

Because the PD is expected to be higher in msd mice
than in wildtype mice, an additional correction with
PD (multiplied by R = PD_RO0I/35.9) (13) would
make the concentrations in msd mice larger relative
to those in wildtype mice. We were able to approxi-
mate the ratio of PDs in msd and wildtype mice from
the signal intensity on Te-mapping (minimum TE of
20 msec) and the Ty value of the thalamus, which
suggested that PD of msd mice in the thalamus
might be 5.8% higher than wildtype mice. Therefore,
we suggest that the additional PD correction, if it
had been possible, may not have affected the results
of this 'H-MRS study. We could not reliably measure
NAAG with 'H-MRS and, therefore, performed addi-
tional analysis with HPLC. Further studies at a
higher magnetic field, such as 11 T, or using more
sensitive coils should enable us to measure NAAG
using only 'H-MRS.

In conclusion, this study revealed an increase of
both NAA and NAAG in msd mice, a model of connatal
PMD, possibly resulting from a primary increase of
NAA with resultant secondary increase of NAAG.
Increased tNAA with decreased Cho may be an impor-
tant marker for PMD, allowing distinction from most
common neurological disorders in which tNAA is gen-
erally decreased.
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Chromosomal deletion including 5q31 is rare and only a few
patients have been reported to date. We report here on the first
two patients with a submicroscopic deletion of 5q31.3 identified
by microarray-based comparative genomic hybridization. The
common clinical features of both patients were marked hypo-
tonia, feeding difficulty in infancy, severe developmental
delay, and epileptic/nonepileptic encephalopathy associated
with delayed myelination. Both patients also shared characteris-
tic facial features, including narrow forehead, low-set and
abnormal auricles, bilateral ptosis, anteverted nares, long phil-
trum, tented upper vermilion, edematous cheeks, and high
palate. The deleted region contains clustered PCDHs, including
and PCDHG, which are highly expressed in the brain where they
function to guide neurons during brain development, neuronal
differentiation, and synaptogenesis. The common deletion also
contains neuregulin 2 (NRG2), a major gene for neurodevelop-
ment. We suggest that 5q31.3 deletion is responsible for severe
brain developmental delay and distinctive facial features, and
that the common findings in these two patients representing a
new microdeletion syndrome. We need further investigations
to determine which genes are responsible for the patients’
characteristic features. © 2011 Wiley-Liss, Inc.

Key words: microdeletion; 5q31.3; array-based comparative ge-
nomic hybridization (aCGH); developmental delay; protocadherin
(PCDH); neuregulin 2 (NRG2)

INTRODUCTION

Interstitial deletions of the long arm of chromosome 5 are rare,
exceptin the 5¢35.2q35.2 region that includes the 2-Mb NSD1locus
which is associated with Sotos syndrome [Visser and Matsumoto,
2003]. Although patients with proximal deletions that encompass
the 5q15 to q22 region experience mild developmental delays, those
with distal deletions that encompass the 5q22 to q31 region are
more severely handicapped, fail to thrive, and present with signifi-
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cant craniofacial dysmorphism and joint dislocations or contrac-
tures [Garcia-Minaur et al., 2005]. Furthermore, there are only a
few reports of patients with deletions encompassing the 5q31.3
region [Felding and Kristoffersson, 1980; Kramer et al., 1999; Arens
et al., 2004].

Recently, we encountered 2 patients with severe developmental
delay and distinctive facial features. Microarray-based comparative
genomic hybridization (aCGH) analyses identified a common
microdeletion of 5931 in both patients. Radiological examination
yielded characteristic finding with delayed myelination in both
patients. The details of these cases are discussed in this report. Data
on the patients were deposited in the DECIPHER database
(Database of Chromosomal Imbalances and Phenotype in Humans
using Ensembl Resources, https://decipher.sanger.ac.uk), and the
corresponding DECIPHER number is given.
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CLINICAL REPORTS
Patient 1 (DECIPHER #TWM253734)

A Japanese boy was born at 40 weeks 5 days gestation by caesarean
when labor had failed to begin. He is the first child of a 30-year-old
father and a 26-year-old mother at the time of his birth. His birth
weight was 2,925 g (—0.3 SD), length 50 cm (+0.5SD), and head
circumference 35 cm (1.3 SD). Postaxial polydactyly of the right
hand was noted. Patent ductus arteriosus (PDA) and a small
ventricular septal defect (VSD) were revealed by echocardiography;
PDA was surgically treated when he was 52 days old, and the small
VSD was observed but not treated. He showed failure to thrive due

‘to severe hypotonia and feeding difficulty, and aspiration was
suspected because of recurrent pneumonia. Tube feeding was
initiated at 6 months of age. Although he had no epileptic episodes,
his electroencephalography showed spike waves on the right side of
the posterior and occipital regions during natural sleep. Auditory
brainstem response revealed obscure Il waves in both sides, and the
threshold was 40 dB. His median nerve conductive velocity (NCV)
showed a delay with 32.5m/s (—2.1SD) on the left and 30.5m/s
(—2.5 SD) on theright. His posterior tibial NCV was also revealed to
be delayed with 27.6 m/s (—3.2SD) on both sides. These findings
indicated peripheral neuropathy.

At 18 months of age, he showed delayed growth and microceph-
aly with height 76.4 cm (—1.6 SD), weight 8.7 kg (—1.7SD), and
head circumference 42.8cm (—3.0SD). He showed distinctive
features including narrow forehead, low-set and abnormal auricles,
bilateral ptosis, epicanthic folds, depressed nasal bridge, anteverted
nares, long philtrum, tented upper vermilion, edematous cheeks,
and high palate (Fig. 1A). His developmental milestones were
markedly delayed with no contact eye movements, no smile re-
sponse, and no head control. Brain magnetic resonance imaging
(MRI) revealed reduced volume of the cerebrum and severely
delayed myelination (brain appearance was that of an 8-month-
old child) in T2-weighted imaging (Fig. 2A). Chromosomal
G-banding showed a normal male karyotype.

Patient 2 (DECIPHER #4681)

An 8-year-old French girl had no family history and no consan-
guinity in her parents. There was no complication during pregnan-
cy. She was born with a birth weight 0£3,700 g (+0.5 SD), alength of
52 cm (+1.0SD), and a head circumference of 36 cm (+1.0SD).
Since early infancy, she showed feeding difficulties due to severe
hypotonia. She had severe developmental delay with sitting at
11 months. Since the age of 12 months, she suffered epileptic
seizures which were drug-resistant (hydrocortisone, clonazepam,
topiramate, lamotrigine). Her epileptic status was diagnosed as
Lennox—Gastaut syndrome.

She was of relatively small stature at a height of 121cm
(—1.5SD), had a weight of 16.7 kg (—2.5 SD), and head circumfer-
ence of 50 cm (—1.5SD). She was not able to walk unassisted and
was apraxic for speech. Her features were distinctive with narrow
forehead, low-set ears, bilateral ptosis, downslanting palpebral
fissures, anteverted nares, long philtrum, tented upper vermilion,
edematous cheeks, and high palate (Fig. 1B). Strabismus was also
noted. Brain MRI examination showed ventriculomegaly with
reduced volume of the cerebrum, particularly in the frontoparietal
regions, and marked hypomyelination (Fig. 2B). Conventional
chromosome analysis showed a normal female karyotype.

MATERIALS AND METHODS

For further evaluation, microarray-based comparative genomic
hybridization (aCGH) analyses, using Human Genome CGH Mi-
croarray 105A for Patient 1 and 44A for Patient 2 (Agilent Tech-
nologies, Santa Clara, CA), were performed according to the
manufacturer’s protocol, with genomic DNAs extracted from
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peripheral blood samples. The identified aberrations were con-
firmed by fluorescence in situ hybridization (FISH) analyses, and
both patients were also analyzed by FISH. Parental origin of the
deletion in Patient 1 was determined using the microsatellite
marker D551979 according to methods described elsewhere
[Komoike et al., 2010]. Information regarding the primers used
for the marker was obtained from the in-silico library (http://
genome.ucsc.edu/).

RESULTS

Losses of genomic copies of 5q31.3 were identified in both patients.
Patient 1 showed a 5.0-Mb deletion with molecular karyotyping as
arr chr5q31.2q31.3(137,538,788-142,574,719)(hgl18)x1 and Pa-
tient 2 showed a 2.6-Mb deletion with molecular karyotyping as
arr chr5931.3q31.3(139,117,448~141,682,547)(hg18)x1 (Fig. 3).
FISH analyses with only one signal for the targeted probe confirmed
the deletion (Fig. 4), and subsequent parental FISH analyses using
the same probe showed no abnormality in their parents (data
not shown), indicating de novo occurrence. Patient 1 shared
the D551979 allele with his mother but not with his father
(Fig. 4). This indicated that the deletion was paternally derived,
and the final karyotype wasish del(5)(q31.2q31.3)(RP11-678N8x1)
dn pat.

DISCUSSION

Both the patients in the present study showed an overlapping
deletion of the region that included 5q31.3. The clinical features
that were common for both patients were marked hypotonia,
feeding difficulties in infancy, severe developmental delay, and
epileptic/nonepileptic encephalopathy. Both patients also showed
similar characteristic facial features, including a narrow forehead,
low-set and abnormal auricles, bilateral ptosis, anteverted nares,
long philtrum, tented vermilion of the upper lip, edematous
cheeks, and high palate. Another characteristic finding was delayed
myelination of the white matter, as identified by MRI examination.
Thus, these findings are consistent, recognizable, and clinical
features of 5q31.3 deletion.

To the best of our knowledge, five reports on patients with
chromosome 5q31 deletions are available in the literature (Fig. 5).
The first patient reported by Felding and Kristoffersson had man-
ifestations similar to those of our patients [Felding and Kristof-
fersson, 1980]. Kramer et al. [1999] reported on a patient with
5331933 deletion whose condition was severely impaired; this
patient showed congenital anomalies and died in the neonatal
period. Arens et al. [2004] reported a patient with 5q22.1q31.3
deletion whose clinical findings included growth retardation,
moderate psychomotor retardation, and mild facial dysmorphisms
were similar to those of our patients. However, the severity of
the developmental delay was milder than that of our patients,
because she could walk without support and could speak a few
words. These three patients were suspected to carry deletions of
5931.3, but the deletion regions were ambiguous in conventional
G-banding examination, and no neuroimaging test was available.
We were thus unable to compare these patients with ours.
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Tzschach et al. [2006] reported on a patient with failure to thrive,
psychomotor retardation, and mild facial dysmorphic features who
carried a de novo deletion of 5q23.3q31.2, which did not overlap
with those of our patients [ Tzschach etal., 2006]. Mosca et al. [2007]
reported a girl presenting with an abnormal cry, upslanting palpe-
bral fissures, hypertelorism, anteverted nostrils, microretrognathia,
growth retardation, and an adenoid cyst at the base of the tongue
[Mosca et al., 2007]; the chromosomal deletion in this girl partially
overlapped with that in Patient 1 of the present study, but the
deletion did not involve the 5g31.3 band (Fig. 5).

In the present study, the common 2.6-Mb deletion region within
the chromosomal band 5q31.3 is gene rich, containing 40 genes
(UCSC Human genome browser, March 2006; http://genome.
ucsc.edu/). The most intriguing finding is that the deleted region
contained 5 genes classified as the protocadherin (PCDH) family
which can be further divided into two main categories including
clustered and non-clustered [Morishita and Yagi, 2007]. The
clustered PCDHs including PCDHA, PCDHB, and PCDHG, which
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are sequentially organized on the 5931.3 region (Fig. 3) [Yagi,
2008]. The other non-clustered PCDHs, PCDHI and PCDH]I2,
were also included in this region. PCDHs are highly expressed
in the brain where they play roles in directing neurons during brain
development, neuronal differentiation, and synaptogenesis [Akins

Felding et al, 1980
Kramer ot al, 1999

Arens et al, 2004
Tzschach ot al, 2006
) Mosca et al, 2007
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and Biederer, 2006]. Although clustered PCDHs are suspected to
have more important roles than non-clustered PCDHs in neuronal
development, human diseases that are associated with clustered
PCDHs have not yet been reported. The genomic organization of
PCDHA and PCDHG includes multiple variable exons and a set of
constant exons, similar to the gene encoding immunoglobulins and
T-cell receptors [Morishita and Yagi, 2007; Takeichi, 2007]. These
exons are combined by cis-splicing of the mRNA, leading to the
production of alarge number of isoforms and generating more than
50 transcripts from each gene, with various extracellular domain
sequences [Morishita and Yagi, 2007; Takeichi, 2007]. Because of
these characteristics, PCDHA and PCDHGare classified as clustered
PCDHs. The expression mechanism of clustered PCDHs is also
unique; different mouse neurons were found to express different
sets of Pcdhaand Pcdhg, indicating monoallelic gene expression that
is unique to the clustered PCDHs [Esumi et al., 2005; Hirayama and
Yagi, 2006].

Although mutations of human PCDHA, PCDHB, and PCDHG
have not been reported, hypomorphic Pcdha mutant mice
exhibit enhanced contextual fear conditioning and abnormal
spatial learning [Fukuda et al., 2008]. Morpholino-based reduction
in levels of full-length Pcdhla protein results in a dramatic increase
in the extent of neuronal programmed cell death [Emond
and Jontes, 2008]. These observations are similar to those in
Pcdhg—/— mice that exhibit a loss of spinal interneurons [Wang
et al., 2002]. Heterozygous mice of both Pcdha and Pcdhg have not
been reported to show any neurological pathologies [Wang et al.,
2002; Fukuda et al., 2008]; however, functional relevance of both
PCDHA and PCDHG to human disorders cannot be denied,
because mice heterozygous for the knockout alleles such as
Nsdl and Foxcl show no manifestations [Rayasam et al., 2003;
Aldinger et al., 2009]. Hemi-allelic deletions of the human
homogues, NSDI and FOXCI, are associated with human
disorders, i.e., Sotos syndrome and Dandy—Walker malformation,
respectively. These findings suggest the biological difference
between mice and human.

Another study showed that myelination functions as a trigger
for the decline in Pcdha expression [Morishita et al., 2004].
Delayed myelination was another characteristic of our patients
and may be associated with the deletions of PCDHA. Furthermore,
PCDHA and PCDHG exhibit monoallelic expression [Esumi et al.,
2005]. Thus, partial monosomy of 5q31.3 may affect the function of
PCDHA and/or PCDHG.

By use of the UCSC genome browser, 6 genes other than PCDHA
and PCDHG were found to be highly expressed in the brain
among the 40 genes included in the common deletion region
(Supplemental Table SI online). Neuregulin 2 gene (NRG2) was
one of the 6 genes. NRG2 is a member of the neuregulin family of
signaling proteins that mediate cell—cell interactions in the nervous
system and other organs [Rimer, 2007]. Recent genetic, transgenic,
and postmortem brain studies support a potential contribution of
NRGI1-erbB4 signaling in schizophrenia [Banerjee et al., 2010].
Furthermore, NRG2 is predominantly expressed by neurons in the
central nervous system and exerts its effects on the perisynaptic
Schwann cells at the neuromuscular junction [Longart et al., 2004;
Rimer, 2007], suggesting a possible association of NRG2 with
neurological diseases. The findings of histological examinations of
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the brain of Nrg2 transgenic mice did not differ from those of the
wild-type or heterozygous mice; however, homozygous knockout
mice showed severe growth retardation, increased morbidity,
and reduced reproductive capacity [Britto et al., 2004]. Thus, the
peripheral neuropathy in Patient 1 may be attributable to NRG2
deletion.

In this study, we reported the first two patients with deletions of
the 5¢31.3 region. We suggest that the deletion of 5¢31.3, including
clustered PCDHs and NRG2, lead to severe developmental delays,
distinctive facial features, and delayed myelination. These charac-
teristic manifestations comprise a new recognizable microdeletion
syndrome. Although many genes in this region are highly expressed
in the brain, the genes that specifically contributed to the unique
characteristics of our patients could not be determined, because the
crucial functions of the genes involved in the deletion region remain
to be elucidated. Further studies need to be conducted to identify
the genes that were associated with the characteristic features
of our patients. Microcephaly was observed in Patient 1, but the
head circumference of Patient 2 was within normal limit. Therefore,
the gene associated with microcephaly in Patient 1 might be
excluded from the deletion region that was common to both
patients.
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Abstract We report an autopsy case of rare adult-onset
spastic paraplegia type 2 (SPG2) with a novel missense
mutation in exon 7 of the proteolipid protein 1 gene
(PLPI). The patient was a 67-year-old man whose elder
brother had died of a similar disease with onset in his 40s.
Thirty-three years before death at the age of 35, he noticed
difficulty in walking. He gradually became abasic over a
period of 6 years. He also developed progressive dementia
and eventually became bed-ridden by 28 years after onset.
At autopsy, gross inspection revealed diffuse, moderate
atrophy of the cerebrum with a dilated ventricular system
and softening of the white matter throughout the central
nervous system (CNS). Histopathologically, the CNS
showed widespread myelin pallor in the white matter. By
contrast, the gray matter and peripheral nerves were well
preserved. Some white matter tracts, including the corti-
cospinal tracts, were preferentially affected, and severe
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axonal degeneration was observed in these tracts. Genetic
analysis revealed a novel mutation, p.Tyr263Cys, in exon
7 of PLPI. This case represents an adult-onset SPG2
patient with one of the oldest ages of onset reported to
date. The late onset and long clinical course suggest that
this novel mutation does not affect the maturation of
oligodendrocytes, but is related to insufficient mainte-
nance of myelin.

Keywords Proteolipid protein 1 - Gene mutation -
Hereditary spastic paraplegia - SPG2 - Adult onset

Introduction

Spastic paraplegia type 2 (SPG2; MIM#312920) is an
X-linked hereditary spastic paraplegia caused by a
proteolipid protein 1 gene (PLPI) alteration that is allelic
to Pelizacus—Merzbacher disease (PMD; MIM#312080)
[3, 20, 25]. Various types of PLPI alteration, including
entire gene duplications, deletions and point mutations,
have been reported, and there is a wide spectrum of
clinical manifestations and severities ranging from pure
spastic paraplegia to a severe connatal form of PMD with
certain genotype—phenotype correlations [1, 14, 20, 25].
SPG2 patients usually develop symptoms in the first
decade of life, and adult onset of the disease is very rarely
encountered [22]. We herein report an autopsy case of
adult-onset SPG2 with a novel Tyr263Cys mutation in
PLP1. This case represents an adult-onset SPG2 patient
with one of the oldest ages of onset reported to date. The
late onset and long clinical course suggest that this novel
mutation does not affect the maturation of oligodendro-
cytes, but is related to the insufficient maintenance of
myelin.
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