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Abstract

We report on the clinical, neuropathological, and genetic findings of a Japanese case with myocerebrohepatopathy spectrum
(MCHS) disorder due to polymerase gamma (POLG) mutations. A girl manifested poor sucking and failure to thrive since 4 months
of age and had frequent vomiting and developmental regression at 5 months of age. She showed significant hypotonia and hepato-
megaly. Laboratory tests showed hepatocellular dysfunction and elevated protein and lactate levels in the cerebrospinal fluid. Her
liver function and neurologic condition exacerbated, and she died at 8 months of age. At autopsy, fatty degeneration and fibrosis
were observed in the liver. Neuropathological examination revealed white matter-predominant spongy changes with Alzheimer type
IT glia and loss of myelin. Enzyme activities of the respiratory chain complex I, III, and IV relative to citrate synthase in the muscle
were normal in the biopsied muscle tissue, but they were reduced in the liver to 0%, 10%, and 14% of normal values, respectively. In
the liver, the copy number of mitochondrial DNA compared to nuclear DNA was reduced to 3.3% of normal values as evaluated by
quantitative polymerase chain reaction. Genetic analysis revealed compound heterozygous mutations for POLG (11185T/A957V).
This case represents the differential involvement of multiple organs and phenotype-specific distribution of brain lesions in mitochon-
drial DNA depletion disorders.
© 2014 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Mitochondrial DNA (mtDNA) depletion syndrome
(MDDS), first described in 1991, is defined as a reduc-
tion in the mtDNA copy number in different tissues,
leading to insufficient synthesis of respiratory chain
complexes (RCC) [1]. Clinical manifestations of MDDS
involve many organ systems including the central and
peripheral nervous system, liver, muscle, and gastroin-
testinal tract [2]. Human polymerase gamma (POLG)
is the common causative gene involved in MDDS,
whose mutations result in a diverse group of pheno-
types, such as Alpers syndrome and myocerebrohepat-
opathy spectrum (MCHS) disorders, which typically
show disease onset during early childhood. Further,
several POLG-related phenotypes manifesting during
adolescence and adulthood are recognized, including
progressive external ophthalmoplegia, ataxia-neuropathy
spectrum disorders, myoclonus epilepsy myopathy
sensory ataxia, and sensory ataxic neuropathy with
dysarthria/dysphagia and ophthalmoplegia. Some overlaps
in the symptoms between these adult phenotypes exist,
and can be additionally accompanied by tremor, parkin-
sonism, hearing loss, stroke-like episodes, and gastroin-
testinal symptoms, which are reminiscent of symptoms
of mitochondrial diseases with pathomechanisms other
than MDDS [3,4].

MCHS, the most severe phenotype of POLG disor-
ders, was recently identified and is defined by the clinical
triad of (1) myopathy or hypotonia, (2) developmental
delay or dementia, and (3) liver dysfunction [3,5].
Severe, intractable epilepsy is included in the diagnostic
hallmarks of Alpers syndrome, but is not characteristic
of MCHS. As the number of patients with MCHS
disorders is small and detailed -clinicopathological
findings are unavailable, we herein report the case of a
girl with MCHS disorders due to POLG mutations. As
far as we know, this is the first Japanese case of MCHS
disorders with POLG mutation.

2. Case report

A girl was born at 40 weeks of gestation to healthy
non-consanguineous parents without any abnormalities.
The birth weight, height, and head circumference were
normative. Early development and growth were unre-
markable. At 4 months of age, she developed poor
weight gain, emesis, hypotonia, developmental delay,
and lethargy. She was admitted to our hospital because
of recurrent vomiting at 6 months of age.

On admission, body length was 60.9 cm [—2.2 stan-
dard deviation (SD)], body weight was 5600 g (—2.3
SD), and head circumference was 42 cm (+0.2 SD).
Hepatomegaly of a hard consistency was observed
approximately 3 cm under the costal margin with no
associated splenomegaly. She was alert and could

establish good eye contact and smile. She showed severe
hypotonia and proximal dominant muscular weakness.
She could hold neither her head nor limbs up. All deep
tendon reflexes were weak.

Although complete blood count and urinalysis were
unremarkable, hepatocellular dysfunction was obvious
at the time of hospitalization, with the following labora-
tory test values: aspartate aminotransferase, 390 U/L;
alanine aminotransferase, 218 U/L; total bilirubin,
1.6 mg/dL; total bile acids, 172 pmol/L; y-glutamyl
transpeptidase, 179 IU/L; leucine aminopeptidase,
268 TU/L; and cholinesterase, 73 IU/L. Levels of serum
creatine kinase and blood glucose were normal.
Cerebrospinal fluid (CSF) examination showed elevated
protein levels of 304 mg/dL and normal cell count and
glucose levels. Lactic acid was elevated in both plasma
and CSF, at 15.9 mg/dL and 30.3 mg/dL, respectively.
Pyruvic acid was normal in both plasma and CSF.
Metabolic screening tests, including urine organic acids,
plasma, and urine amino acids, were unremarkable.
Initial brain computed tomography (CT) and magnetic
resonance imaging performed at 6 months of age were
unremarkable. The electroencephalogram showed gen-
eralized slow wave activity. Only wave I was identifiable
on auditory evoked potentials. Motor nerve and sensory
conduction were mildly delayed.

Muscle biopsy findings at 6 months of age showed a
variation in fiber type; ragged-red fiber was not
observed. Lipid and glycogen storage were not
observed. Cytochrome c¢ oxidase staining showed
normal findings. Analysis of the RCC enzyme activity
revealed no abnormality. No mtDNA mutations were
identified.

Soon after admission, difficulty in feeding and vomit-
ing aggravated, and tube feeding along with parenteral
nutrition was required. She experienced bouts of
diarrhea. Consciousness level decreased progressively,
and myoclonic jerks of the right and left arms were
infrequently observed. Follow-up CT revealed mild
cerebral atrophy at 7 months of age. Hepatocellular
dysfunction exacerbated progressively, and she died of
multiple organ failure caused by hepatic failure at
8 months of age, despite supplementation of multiple
vitamins and coenzyme Q 10, and was autopsied. Two
years later, another girl was born to the parents. She
had the same clinical course and laboratory findings
observed in the present patient and died at 7 months
of age. Valproic acid was not used in either patient.

2.1. Postmortem examinations

Body weight was 6.0 kg (mean &+ SD, 8.0 + 0.88 kg).
The weight of the atrophic liver was 200 g, and the sur-
face was yellowish, irregular, and hard. The lungs were
congested and adrenal glands were atrophic. The other
visceral organs were unremarkable on macroscopic
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examination. The brain weighed 760 g and showed
massive edema and caudal necrosis. Microscopically,
hepatocytes and adrenal cortical cells were swollen,
and renal tubular cells contained phospholipids and
diffuse foam cells. Similar foam cells were also seen in
the lungs and cardiac muscle fibers. In the liver, hepatic
fibrosis, microvesicular steatosis, and fatty degeneration
were observed (Fig. 1). In the central nervous system, a
spongy change was noted predominantly in the cerebral
white matter, and neuronal loss in the cerebral and
cerebellar cortex was mild. Alzheimer type II glia was
observed in massive numbers in the cerebral and cerebel-
lar white matter, with a smaller amount in the cerebral
cortex and deep gray matter. Neuronal loss, capillary
proliferation, and sponginess were prominent in the
substantia nigra (Fig. 2). Recent linear necrosis was
present in the bilateral caudate nucleus.

2.2. Assay of respiratory chain complex enzyme activity in
the liver

The liver samples were immediately frozen at autopsy
and stored at —70 °C. Activities of RCC I, II, Il and IV
were assayed as described previously {6,7]. The percent-
ages of RCC I, 11, III and IV activities relative to that of
citrate synthase (CS) as a mitochondrial enzyme marker

were calculated. Relative enzyme activities of RCC 1,
III, and IV to CS in the liver were reduced to 0%,
10%, and 14% of normal values, respectively, while that
of RCC 1I was reduced to 29%.

2.3. Analysis of quantitative polymerase chain reaction of
mtDNA and DNA sequence of POLG gene

Written informed consent was obtained from the
patient’s parents in order to perform gene analysis.
The quantitative estimation of mtDNA was performed
by real-time amplification of fragments of NDI in the
mtDNA genome, as previously described [7,8]. To deter-
mine the overall abundance of mtDNA, we compared
the real-time amplification of NDI with a single-copy
nuclear reference gene (exon 24 of the CFTR gene)
[7.91 The ratio of NDI to CFTR in the liver was reduced
to 3.3% (SD, 1.2%) as compared to the control.

Mutation analysis was performed on the genomic
DNA using primers designed to amplify the coding
exons and the exon-intron boundaries of POLG
(NM_002693.2). Fragments were analyzed by direct
sequencing using ABI 3130XL (Applied Biosystems,
Tokyo, Japan). The genetic analysis revealed compound
heterozygous mutations in POLG (¢.2870C>T, p.A957V
and ¢.3554T>C, p.I1185T). The two DNA mutations

Fig. 1. Pathological findings of the postmortem liver (A-C: hematoxylin & eosin staining, D: Masson trichrome staining). (A) Moderate
inflammatory cell infiltration (inset) with destroyed limiting plates and a rather progressive fibrosis with bridging formation in the portal tracts were
observed (original magnification, x40). (B) Swollen hepatocytes containing lipid droplets of various sizes were found. Bile plugs (white arrows in B
and C) were noted in the cytoplasm of hepatocytes and dilated canaliculi (x100). (C) Swollen hepatocytes containing lipid droplets of various sizes
were found. Bile plugs were noted in the cytoplasm of hepatocytes (x400). (D) A rather progressive fibrosis with bridging formation (arrows) in the

portal tracts was found (x40).
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Fig. 2. Pathological findings of the postmortem brain (A, C, E, and G: hematoxylin & eosin staining; B, D, and F: immunohistochemical staining
against glial fibrillary acidic protein; original magnification, x400). Marked spongy changes (A) with Alzheimer type IT astrocytosis (B) was observed
in the cerebral white matter, and less prominently in the cerebral cortex (C and D) and striatum (E and F). Neuronal loss, sponginess, and capillary
proliferation, which were reminiscent of the findings of Leigh syndrome, were noted in the substantia nigra (G).

were not registered in neither of the 1000 Genomes
Project Database  (http://www.1000genomes.org/),
ESP6500 database (http://evs.gs.washington.edu/EVS/)
or HGVD (http://www.genome.med.kyoto-wac.jp/
SnpDB/index.html). The amino acid sequences of these
two sites (p.A957V and p.I1185T) are well conserved
across species, suggesting their importance (¥ig. 3). In

silico analyses were performed using the prediction
algorithms SIFT (hitp://sift.jeviorg) and PolyPhen2
(http://genetics. bwh harvard.edu/pph2/). These muta-
tions are predicted to be deleterious by SIFT (0 and 0,
respectively) and PolyPhen2 (0.985 and 0.991,
respectively) programs. The results of mutation analysis
have been reported previously (patient 6 in Ref. [9]).
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NM 002693:c.2870C>T, p.A957V

v
Human 524 RESRGTIDLESKIATIVGISREHIKIFNYGRIYGAGQPTRE 963
Chimpanzee 621 REKSRETDLHSKTATTVEISREHAKIFNYERIVEGAGQPELE 960
Cow 912 RKERGTDLHSKTRATVGEISREHAKIINIGRIVEAGQREME 951
Dog 8926 RKSRGTDLHSKTAATVGISREHAKIFNYGRIYSAGSQPEAE 965
Mouse 902 RKSRGTDLHSKTAAIVGISREHAKIFNYGRIYGAGQSFRE 941
Rat 901 REKSRETDLHSKTAATVEISREHARKVENYGRIYRAGQSYEE 940
Chicken 618 FRKSDOTDLHSKTAATVEISREHMRKVINYGRIYVSAGOPELE 657
Zebrafish 885 RKSQGIDLHSRTHDAVGISREHAKVENYGRIYGAGQPFRE 924
Drosophila 842 SKSNGSDMHSITAKIVGISRDEAKVINYSRIVGAGQLEAE 881
S.cerevisiae 726 TRNEGTDLHTKTEQILCCSRNEAKIFNUGRIYGAGAKERS 765
NM _002693:¢.3554T>C, p.I1185T
T

Human 1158 LLTRCMFAYRLGLNDLPQSVAFFSAVDIDRCLREEVIMOC 1197
Chimpanzee 1155 LLIRCMFAYKLGLNDLPQSVAYFSAVDIDRCLRKEVIMDC 1194
Cow 1146 LLTRCMFAHKLGLNDLPQSVAFFSTIDIDQCLRKEVIMDC 1185
Dog 1160 LLTRCMEAYRLGLNDLPQSVAFFSTVDIDQCLREKEVIMDC 1199
Mouse 1136 LLTRCMFAYRLOINDLPQSVAFESAVDIDQCULRREVTIMDC 1175
Rat 1135 LLTRCMFLIRLEILNDLPQSVAFFSAVRIDQUIRKEVTIMDC 1174
Chicken 853 LLTRCMFAYKLGLODLPQSVAFFSAVDIDRCLRKEVIMNC 892
Zebrafish 1122 LLTRCMPAFELGMMDLPQSVAFFSAVDIDKCLREEVIMDC 1161
Drosophila 1062 IMIRSFOVERIGLQDLPMSVAFFESVEVDIVLRRECTMDC 1101
S.cerevisiae 915 IWTRAIMFCQOMGINELPQNCAFFSQVDIDSVIRKEVNMDC 954

Fig. 3. Conservation analysis of mutation sites in POLG. The sites of compound heterozygous amino acid mutations (p.957A and p.1185I) are well

conserved across species.

3. Discussion

The hetero compound mutations in POLG were not
found in either of the 1000 Genomes Project Database,
ESP6500 database nor HGVD, suggesting that these are
pathogenic mutations. The amino acid sequences of
these two sites (p.A957V and p.I1185T) are well
conserved across species including Saccharomyces
cerevisiae, indicating their importance (Fig. 3). In silico
analyses also predicted that these two amino acid
mutations are deleterious. Furthermore A957V has been
reported by Tang et al. [10]. They reported A957V allele
was shared in three unrelated patients and concluded
this mutation is pathogenic. The pathogenic mutations
in the flanking region of p.1185I; p.1184D [11,12] and
p-1186D [13] have been reported, suggesting this region
is also important. Thus, we conclude the compound
heterozygous mutations of this patient cause the disease.

Alpers syndrome is defined as the clinical triad of (1)
refractory, mixed-type seizures that often include a focal
component, (2) psychomotor regression, often triggered
by intercurrent infection, and (3) hepatopathy with or
without acute liver failure. There is an overlap between
the phenotypes of MCHS and Alpers syndrome;
however, the former usually shows an earlier onset age
and more rapid disease progression, while the latter is
characterized by intractable epilepsy. Using the “myo-"
prefix in MCHS may be confusing since the pathological
findings of muscles in this disorder often shows no
evidence of mitochondrial myopathy; instead, the hypo-
tonia observed in the triad can be regarded as a symptom
of brain dysfunction. Thus, the clinical features of the
patient discussed herein were typical of MCHS.

Although Wong et al. [3]“. . .excluded classical Alpers
hepatopathy by liver biopsy” in MHCS, exact pathologi-
cal findings were not provided by the authors.
Differences in the hepatopathy observed in these two
phenotypes have not been established; pathological
characteristics of the liver in Alpers syndrome include
fibrosis, regenerative nodules, hepatocyte dropout, bile
duct proliferation, fatty changes, and bile stasis [14].
The findings of the present patient were compatible with
those of Alpers syndrome, similar to the case of
POLG-related MDDS previously observed [15]. As for
the neuropathological findings, Alpers syndrome usually
shows a preferential involvement of gray matter, charac-
terized by gliosis, nerve cell loss, spongy degeneration,
and accumulation of neural lipids in the cerebral cortex
[16]. Alzheimer type II glia, representing hepatic
encephalopathy, was also distributed predominantly in
the gray matter [171

A patient exhibiting a clinical evolution from MCHS
to Alpers phenotype showed gray matter involvement
and microscopic findings similar to those in Leigh syn-
drome [5], and brain biopsy in another Alpers patient
with prominent white matter signal change revealed
pathological characteristics typical of Alpers disease
with intractable seizures [18] On the other hand,
marked gliosis and sponginess of the white matter
without pathological changes in the cerebral cortex
was observed in a patient with probable MCHS [17].
Apart from these, we could not find any MCHS cases
with a neuropathological description in the literature.
The white matter-predominant spongy degeneration
with Alzheimer type II astrocytosis in the present patient
may therefore be characteristic of MCHS.
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POLG disorders often show elevated levels of lactate
both in the serum and CSF as well as elevated levels of
hepatic enzymes. However, these findings are not spe-
cific for POLG disorders; rather, they are hallmarks of
mitochondrial disorders. Analysis of the RCC enzyme
activity is the most valuable test for diagnosis of
MDDS. However, RCC enzyme activity varies among
muscle, liver, kidney, and brain tissues in the same
patient {1,19], presumably due to the differential degree
of DNA depletion among individual organs. The con-
stituents of complex II are coded by genes in the nuclear,
not mitochondrial DNA. In the present patient, the
decreased complex II enzyme activity in the biopsied
liver may either result from augmented activity of
control CS enzyme due to an increase of mitochondria
in number, or may be secondary to the damage of
hepatocytes with necrotic and fibrotic changes [19]. It
is very important to keep in mind that morphological
findings and RCC enzyme activities in the muscle are
sometimes unremarkable in MCHS patients, even
though they show hypotonia or muscular weakness, as
in the present case [5,15,20]. Therefore, analysis of
RCC enzyme activities in the liver should be considered
when Alpers syndrome or MCHS disorders are sus-
pected, even when the morphological findings of muscle
or enzyme assay results are unremarkable.
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. Lysosome-associated membrane protein-2 (LAMP-2) is the gene responsible for Danon disease,
,Addxess cm:respnndence to Aka.o <

which is characterized by cardiomyopathy, autophagic vacuolar myopathy, and variable mental

Furuta, MD,, Ph.D., Department retardation. To elucidate the function of LAMP-2 in the central nervous system, we investigated the
of Cellular and Molecular neuropathological changes in Lamp-2—deficient mice. Immunohistochemical observations revealed
’Nc‘ujopath‘jlogy, Juntendo Um» that Lamp-1 and cathepsin D—positive lysosomal structures increased in the large neurons of the
versity Graduate School of Med- mouse brain. Ubiquitin-immunoreactive aggregates and concanavalin A—positive materials were

detected in these neurons. By means of ultrastructural studies, we found various-shaped accumu-
lations, including lipofuscin, glycolipid-like materials, and membranous structures, in the neurons
and glial cells of Lamp-2—deficient brains. In deficient mice, glycogen granules accumulated in
hepatocyte lysosomes but were not observed in neurons. These pathological features indicate
lysosomal storage disease; however, the findings are unlikely a consequence of deficiency of a single
lysosomal enzyme. Although previous study results have shown a large amount of autophagic
vacuoles in parenchymal cells of the visceral organs, these findings were rarely detected in the brain
tissue except for some axons in the substantia nigra, in which abundant activated microglial cells
with increased lipid peroxidation were observed. Thus, LAMP-2 in the central nervous system has a
possible role in the degradation of the various macromolecules in lysosomes and an additional
function concerning protection from oxidative stress, especially in the substantia nigra.
(Am J Pathol 2015, 185: 1713—1723; htip://dx.doi.org/10.1016/]. ajpath.2015.02.015)

icine, Hongo 2-1-1, Bunkyo-ku,
Tokyo 113-8421, Japan. .
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X-linked vacuolar cardiomyopathy and myopathy (Danon
disease) are caused by the primary deficiency of lysosome-
associated membrane protein-2 (LAMP-2).! Danon disease
was first described as lysosomal glycogen storage disease
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with normal acid maltase because the cases closely resem-
bled features of the infantile form of acid maltase deficiency
(Pompe disease; glycogen storage disease type II), except
that acid maltase activity was normal in the muscle.” The
muscle malfunction of Danon disease has been well inves-
tigated with biopsied specimens characterized by autophaglc
vacuolar myopathy with sarcolemmal features.™* Despite
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the presence of cognitive impairment in these patients,
the neuropathological findings have not been investigated.
Recently, we reported an autopsy case of genetically confirmed
Danon disease and found distinct neuropathological changes,
including features of lysosomal accumulation and senescence,”
although the role of LAMP-2 in the central nervous system
(CNS) is still under investigation.

The lysosomal membrane glycoproteins, LAMP-1 and
LAMP-2, are type 1 membrane proteins that consist of a
short cytoplasmic tail, one transmembrane domain, and a
heavily glycosylated luminal domain.® Human LAMP-1 and
LAMP-2 share 36.7% sequence identity and many structural
and biochemical similarities.” The human LAMP2 gene has
three splice variants: LAMP-2A, LAMP-2B, and LAMP-2C.°
LAMP-2A serves as a receptor for chaperone-mediated
autophagy (CMA)," and CMA malfunction may be related
to aging and lysosomal storage diseases, as well as neuro-
degenerative disorders such as Parkinson disease, Alzheimer
disease, and polyglutamine disorders.” Fujiwara et al'®"
discovered a novel function of LAMP-2C that mediates
selective autophagy for nucleic acids. Despite the advance-
ment of this field, results from relatively few studies confirm
these functions of LAMP-2 in vivo.

Here, we examined the CNS of Lamp-2—deficient mice.
All genes for Lamp2 subtypes of the mice were deleted.'”
The neuropathological features were consistent with those
of human Danon disease,” suggesting that Lamp-
2—deficient mice are an appropriate in vivo model for human
Danon disease and are, therefore, available to elucidate the
mechanism and therapeutic intervention of the disease.
Characteristic features, ie, accumulation of glycogen in ly-
sosomes and enhancement of macroautophagy, are not
noted in the brain. Different responses between neural cells
of the CNS and parenchymal cells of visceral organs are
discussed.

Materials and Methods

Experimental Animals

Littermates of male Lamp2-deficient mice and wild-type mice
were used in this experiment. All of the animals were
offspring from pairs of wild-type C57BL/6J male mice and
hemizygote Lamp2*'~ female mice because the Lamp2 gene
is located at X chromosome Xq24."* Lamp-2—deficient mice
were provided by Dr. Paul Safti g¢'? and were backcrossed with
C57BL/6J mice >20 generations in our laboratory. The mice
were maintained at Juntendo University and at the National
Institute of Neuroscience, National Center of Neurology and
Psychiatry (Tokyo, Japan). The experiments were approved
by the institute’s Animal Investigation Committee.

Antibodies

The following primary antibodies were used for Western
blot analysis and immunohistochemical analysis: Lamp-2
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(M3/84, rat monoclonal, 1:100, Abcam, Cambridge, UK),
Lamp-1 (1D4B, rat monoclonal, 1:1000, Stressgen Bio-
reagents, Victoria, BC, Canada), cathepsin D (rabbit poly-
clonal, 1:1000, Dr. Yasuo Uchiyama), light chain 3 (LC3)
(rabbit polyclonal, 1:1000, Abcam), a-synuclein (rabbit poly-
clonal, 1:1000 for Western blot analysis, 1:500 for immuno-
histochemical analysis, EMD Millipore, Billerica, MA), B-actin
{mouse monoclonal, 1:10,000, Sigma-Aldrich, St. Louis, MO),
ubiquitin (rabbit polyclonal, 1:200, Dako, Glostrup, Denmark),
glial fibrillary acidic protein (rabbit polyclonal, 1:1000,
Neomarkers, Fremont, CA), Mac-2 (rat monoclonal, 1:500,
Cedarlane, Burlington, ON, Canada), GM130 (mouse
monoclonal, 1:100, BD, Franklin Lakes, NJ), Rab7 (rabbit
polyclonal, 1:100, Santa Cruz Biotechnology, Dallas, TX),
microtubule-associated protein 2 (HM2, mouse mono-
clonal, 1:500, Sigma-Aldrich), ionized calcium-binding
adapter molecule 1 (rabbit polyclonal, 1:200, Wako Pure
Chemical Industries, Osaka, Japan), 2',3'-cyclic-nucleotide 3'-
phosphodiesterase (mouse monoclonal, 1:200, Covance,
Princeton, NJ), SMI31 (mouse monoclonal, 1:1000, Covance),
synaptophysin (mouse monoclonal, EMD Millipore), and 4
hydroxynonenal (mouse monoclonal, 1:200, Nikken Seil, Shi-
zuoka, Japan).

Western Blot Analysis

Mice of both genotypes at the age of 12 weeks were
deeply anesthetized with diethyl ether and decapitated,
and then each tissue was dissected and lysed in radio-
immunoprecipitation assay buffer [50 mmol/L Tris-HCIL,
pH 7.6; 150 mmol/LL NaCl; 1% Triton X-100 (Nacalai
Tesque, Kyoto, Japan); 0.5% sodium deoxycholate; 0.1%
SDS] containing protease inhibitor cocktail (Nacalai Tes-
que) by means of a homogenizer (Polytron PT3100, Kin-
ematica, Littau-Lucerne, Switzerland). After centrifuging
at 10,500 x g for 10 minutes at 4°C, the protein concen-
tration of the supernatants was determined by means of a
microplate reader SpectraMax M2 (Molecular Devices
Japan, Tokyo, Japan) by using bovine serum albumin
as a standard. Proteins were separated on 10% or 15%
SDS-polyacrylamide gels, transferred to polyvinylidene
difluoride membranes (EMD Millipore), and incubated
with 5% skim milk in phosphate-buffered saline (PBS)
with Tween 20 [135 mmol/L PBS containing 0.05% Tween
20 (Nacalai Tesque)] for 1 hour at room temperature. The
membranes were incubated overnight with each primary
antibody, washed in PBS with Tween 20, and further
incubated with anti-mouse or rabbit IgG horseradish
peroxidase conjugate (1:1000, Dako). After washing in
PBS with Tween 20, the membranes were developed with
chemiluminescent horseradish peroxidase substrate
(Immobilon Western, EMD Millipore) and analyzed using
the L.AS-4000 luminescent image analyzer (Fujifilm,
Tokyo, Japan). B-Actin was used as a loading control.
Statistical analyses (n = 3) were performed using a Stu-
dent’s r-test in Excel (Microsoft, Redmond, WA).
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Immunohistochemical Analysis

For immunohistochemical studies, male mice of both ge-
notypes at 12 and 32 weeks of age (total 12 mice) were
deeply anesthetized with diethyl ether and perfused with 4%
paraformaldehyde. The brain, heart, and liver were removed
and postfixed overnight and then embedded in paraffin and
sectioned. Sections (5 um thick) were deparaffinized and
treated with 1% hydrogen peroxide for 30 minutes, auto-
claved at '105°C for 10 minutes, and then incubated with 5%
normal serum in PBS (pH 7.4) for 1 hour at room temper-
ature followed by incubation overnight at 4°C with each
primary antibody. The sections were washed in PBS then
incubated with biotinylated secondary antibodies diluted
1:500 in PBS containing 5% normal serum. The sections were
treated with the VECTASTAIN Elite ABC kit (Vector Lab-
oratories, Burlingame, CA) according to the manufacturer’s
protocol. Some sections were incubated with EnVision +
System horseradish peroxidase—labeled polymer anti-rabbit
or anti-mouse (Dako) as secondary antibodies. Sections were
developed with 0.02% 3,3’-diaminobenzidine tetrahydro-
chloride solution containing 0.003% hydrogen peroxide. After
visualization, sections were counterstained with hematoxylin.

For single or double immunofluorescent studies, sections
were incubated with primary antibodies overnight, followed
by secondary antibodies conjugated to Alexa Fluor 488 and/or
594 (1:200, Molecular Probes, Thermo Fisher Scientific,
Eugene, OR) for 1 hour, then DAPI (250 nmol/L) for 5 mi-
nutes. Confocal microscopy was performed using the Fluo-
View FV1000 confocal microscope system (Olympus, Tokyo,
Japan). The percentage of intracellular particles that were
immunoreactive for Lamp-2, Lamp-1, or Rab7 was counted in
100 particles of hippocampal large neurons for three candi-
dates from each wild-type and Lamp-2—deficient mice groups.

Fluorescein Isothiocyanate Lectin Staining for
Glycoanalysis :

To identify the profiling of glycans for intracytoplasmic ag-
gregates, we stained fluorescein isothiocyanate—conjugated
lectins. Paraffin-embedded 4% paraformaldehyde-fixed sec-
tions were deparaffinized and incubated with 3% bovine
serum albumin in PBSfor 1 hour at room temperature fol-
lowed by incubation overnight at 4°C with each fluorescein
isothiocyanate—conjugated lectin for concanavalin A, suc-
cinyl concanavalin A, wheat germ agglutinin, Lens culinaris
agglutinin, Psathyrella velutina lectin, Phaseolus vulgaris
erythrolectin, Vicia villosa lectin, Galanthus nivalis lectin, or
Bauhinia purpurea lectin (Sigma-Aldrich) diluted 1:500 in
3% bovine serum albumin in PBS. The sections were
observed with a confocal laser scanning microscope (Fluo-
View FV1000, Olympus).

Electron Microscopic Analysis

Both genotypes of male mice at the age of 8 and 34 weeks
(total eight mice) were deeply anesthetized with dimethyl
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ether and perfused with 2% paraformaldehyde and 2%
glutaraldehyde in 0.1 mol/L. phosphate buffer (pH 7.4). The
brain and liver were removed, postfixed with the same fixa-
tive, and left overnight at 4°C. The specimens were trimmed
and washed with PBS, incubated in phosphate-buffered 1%
osmium tetroxide for 1 hour, dehydrated in ethanol, and
embedded in resin (Epon 812, TAAB Laboratories Equip-
ment, Berkshire, UK). Ultrathin sections were mounted on
copper grids and stained with uranyl acetate and lead citrate.
The sections were observed using an H-7000 electron mi-
croscope (Hitachi, Tokyo, Japan) or Tecnai transmission
electron microscope (FEI, Hillsboro, OR).

Results
General Appearance of Lamp-2—Deficient Mice

The body weights of Lamp-2—deficient mice were signifi-
cantly reduced when compared with those of wild-type mice
at 16 weeks of age (Supplemental Figure S1). Lamp-2—
deficient mice are reported to have increased mortality be-
tween 20 and 40 days of age.'? In our observation, life spans
of the mice that survived >40 days were also shortened
(Supplemental Figure 52).

Localization of Lamp-2 in the CNS

Lamp-2 protein is abundant in the liver, and to a lesser
extent, in the heart and brain of wild-type mice at the age of
12 weeks (Figure 1A). Expression of Lamp-2 was lacking in
the Lamp-2—deficient mice (Figure 1, A—E). Double
immunohistochemical analysis revealed that immunoreac-
tivity for Lamp-2 largely colocalized in granules with
immunoreactivity for Lamp-1 (89.3%), and some granules
immunopositive for Lamp-2 colocalized with those for a late
endosome marker, Rab7 (10.7%) (Figure 1, F and G). In the
CNS, Lamp-2 was expressed ubiquitously in the neurons
(microtubule-associated protein 2) (Figure 1, H—J), astro-
cytes (glial fibrillary acidic protein) (Figure 1, K—M),
microglia (ionized calcium-binding adapter molecule 1)
(Figure 1, N—P), and oligodendrocytes (2',3'-cyclic-nucle-
otide 3’-phosphodiesterase) (Figure 1, Q—S), showing
relatively prominent staining in large neurons (Figure iD).

Morphological and Functional Changes in Lysosomes in
Lamp-2—Deficient Mice

To study the structural and immunohistochemical changes
in lysosomes, expression of another lysosomal membrane
protein, Lamp-1 and a lysosomal aspartic proteinase, we
examined cathepsin D. Western blot analysis showed that
expression of Lamp-1 and cathepsin D was significantly
increased in the brain of Lamp-2—deficient mice (Figure 2,
A and B). Both Lamp-1 and cathepsin D—immunoreactive
lysosomes were enlarged, especially in the large neurons of
Lamp-2—deficient mice (Figure 2, C—H).
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Figure 1  Lysosome-associated — membrane
protein-2 (Lamp-2) is expressed mainly in the lyso-
somes and enriched in the large neurons of the brain.
A: Western blot analysis of Lamp-2 with lysates from
the brain (30 ug per lane), heart (10 pg per lane), and
liver (10 pg per lane) in wild-type and Lamp-2—
deficient mice. The immunoreactive band for Lamp-2
is undetectable in Laomp-2—deficient mice. B—E:
Immunoreactivity for Lamp-2 is observed in the liver
(B) and neocortex (D) of the wild-type mice, whereas
little immunoreactivity is seen in the liver (€) and
neocortex (E) of the Lamp-2—deficient mice. F and G:
Double immunohistochemical analysis reveals that
Lamp-2 colocalizes with Lamp-1 (F; 89.3%) and with
Rab7 (G; 10.7%). H—S: Lamp-2 partially colocalizes
with microtubule-associated protein 2 (MAP2; H—J),
glial fibrillary acidic protein (GFAP; K—M), ionized
calcium-binding adapter molecule 1 (Tbal; N—P),
and 2,3"-cyclic-nucleotide 3'-phosphodiesterase
(CNPase; G—S). Scale bars: 10 pum.
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Figure 2

Expression of lysosome-associated membrane protein-2 (Lamp-1) and cathepsin D increases in the brain of Lamp-2—deficient mice. A and B:

Western blot analysis reveals that expression of both Lamp-1 (A) and cathepsin D (B) significantly increases in the brain of Lamp-2—deficient mice (y™)
compared with in wild-type mice (y*). Each value represents the means + SEM. C—H: Double immunohistochemical analysis shows Lamp-1 and cathepsin
D—immunoreactive lysosomes are enlarged in the CA3 of Lamp-2—deficient mice (12 weeks F—H). *P < 0.05. Scale bar = 10 pm.

Electron microscopic observations showed primary lyso-
somes in wild-type mice (Figure 3, A and D) and accumula-
tion of glycogen granules and membranous materials in
lysosomes of the liver in Lamp-2—deficient mice at the age of
8 weeks (Figure 3, B and C). Although morphological
changes in lysosomes were also observed in the hippocampal
neurons of Lamp-2—deficient mice, glycogen granules did not
accumulate in lysosomes (Figure 3, E and F). Lipofuscin in
the large neurons was sometimes seen in the 34-week-old
wild-type mice (Figure 3G). In addition to lipofuscin, vesicle-
containing structures were seen in the cytoplasm of hippo-
campal neurons in Lamp-2—deficient mice (Figure 3H).
Various materials accumulated not only in neurons but also in
other cell types in the CNS of Lamp-2-deficient mice. Ag-
gregates of membrane structures were detected in astrocytes
(Figure 3I), whereas electron-dense materials packed in large
granules that contained small electron-dense and -lucent
vesicles were present in pericytes (Figure 3J).

To identify the properties of lysosomal accumulation, we
performed immunohistochemical analysis for ubiquitin
(Figure 4, A—D) and lectin staining (Figure 4, E and F).
Ubiquitin-immunoreactive aggregates were found in the
neuronal perikarya of the neocortex and hippocampal CA3
region (Figure 4, B and D). At confocal laser scanning
microscopy, autofluorescence was detected in granular
structures, some of which colocalized with positive staining
for concanavalin A that interacts with D-mannose and
D-glucose; these appeared more abundantly in the hippo-
campal CA3 neurons of Lamp-2—deficient mice than in
those of wild-type mice (Figure 4, E and F).

The American Journal of Pathology m ajp.amjpathol.org

Alterations of the Golgi Apparatus in Large Neurons

Besides morphological and functional changes in lyso-
somes, the structure of the Golgi apparatus was altered in
the Lamp-2—deficient mice (Figure 5). Immunoreactivity
for GM130, a Golgi matrix protein, increased in large
neurons of Lamp-2—deficient mice at the age of 12 weeks
(Figure 5, A and B). Ultrastructurally, the cisternae of the
Golgi lamellae were dilated at the age of 8 weeks, and some
cisternae took a circular form at the age of 32 weeks
(Figure 5, C—F).

Cell-Type Specific Changes in Expression for LC3 in
Lamp-2—Deficient Mice

Because skeletal muscle biopsy results for Danon disease
exhibit autophagic vacuolar myopathy,>* expression of
LC3, a macroautophagy marker protein, was examined.
Expression levels of LC3-II, a membrane-bound type, were
significantly increased in the liver of the Lamp-2—deficient
mice compared with that in control mice, as evidenced by
Western blot analysis (Figure 6A) (P < 0.05), whereas
expression levels of LC3-II were similar in the brain of both
phenotypes (Figure 6B). Immunoreactivity for LC3 was
detected in large granules in the cardiac myocytes and he-
patocytes of Lamp-2—deficient mice (Figure 6, C—F).
Electron micrographs showed a large amount of autophagic
vacuoles and dense bodies in the liver of Lamp-2—deficient
mice (Figure 6G). In the brain, expression of LC3 in Lamp-
2—deficient mice was similar to that in wild-type mice
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(Figure 6, H and I) except for in the substantia nigra pars
reticulata, where some LC3-immunoreactive large granular
structures (Figure 6, J and K) and autophagic vacuole—
containing axons were observed (Figure 6L). Although
Western blot analysis for 1.C3-1I with use of whole brain
lysates did not show any difference between wild-type and
Lamp-2—deficient mice (Figure 6B), analysis with midbrain
lysates revealed increased expression of LC3-II in Lamp-
2—deficient mice (Supplemental Figure S3A). Irrespective
of such findings in the substantia nigra, neuronal loss
of dopaminergic neurons was not observed with tyrosine
hydroxylase staining (data not shown).

Midbrain Pathology with Extensive Glial Reactions

To further investigate the midbrain pathology, we performed
immunohistochemical analysis for a-synuclein, one of the
most important CMA substrates, and relevant proteins
(Figure 7). First, we confirmed that the antibody for «-syn-
uclein would not cross-react with 8- or y-synuclein (data not
shown). Although expression of a-synuclein (Figure 7M)
and a key regulator for CMA, Hsc70 (Supplemental
Figure S3B), in the brain of Lamp-2—deficient mice was

1718

Figure 3  Ultrastructure of lysosomes and accu-
mulation of various materials in the liver at 8 weeks
(w) (A—C) and brain at 8 weeks (D—F) and 34 weeks
(6—3) in wild-type mice (y*; A, D, and G) and
Lamp-2—deficient mice (y~; B, C, E, F, and H-1J).
A—C: Lysosomes (ly) appear as electron-dense or-
ganelles in the liver of wild-type mice. Accumulations
of glycogen (arrowheads, B) and membranous ma-
terials (arrowheads, €) in lysosomes are observed in
the liver of Lamp-2—deficient mice. D—F: In contrast
to lysosomes in neuronal cytoplasm of 8-week-old
wild-type mice, lysosomal changes with membranous
accumulations are found in the neurons of Lamp-2—
deficient mice (arrowheads, E and F). 6—J3: In the
brain at the age of 34 weeks, lipofuscin is observed in
hippocampal CA3 neurons of both wild-type and
Lamp-2—deficient mice (asterisk, G and H). In
addition, vesicle-containing materials (arrowheads,
H) are seen in the cytoplasm of neurons in Lamp-2—
deficient mice. Membranous materials in astrocytes
(asterisks, I) and electron-dense materials with small
vesicles in pericytes (arrows, J) are also accumulated.
bm, basement membrane; gf, glial filaments; lu,
lumen; m, mitochondria; nu, nucleus. Scale bars:
250 nm (A—H); 500 nm (I and J).

similar to that of wild-type mice, immunohistochemical
studies revealed that large dotted structures positive for o-
synuclein were found in the substantia nigra pars reticulata
(Figure 7, A—D). Expression of «-synuclein in the dotted
structures was not seen after proteinase K treatment
(Supplemental Figure 54). Phosphorylated a-synuclein was
not detected in the Lamp-2—deficient brain (data not shown).
The structures were colocalized in part with SMI31, syn-
aptophysin, Mac-2, and 4 hydroxynonenal (Figure 7, N—Q),
suggesting that axons and activated microglia are associated
with lipid peroxidation. In the substantia nigra, extensive
reactive astrocytosis (Figure 7, E—H) and activated micro-
glial infiltration (Figure 7, I-L) were observed.

Discussion

Expression of Lamps in the CNS

LAMPs are major components of lysosome membranes. In
our observation, Lamp-2 was ubiquitously distributed to
different cell types and enriched in the large neurons in the
CNS. The majority of Lamp-2—immunoreactive vesicles
colocalized with Lamp-1 in these large neurons. Although
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Figure 4  Expression of ubiquitin and concanavalin A increases in the
large neurons of Lamp-2—deficient mice at the age of 32 weeks. A—D:
Immunohistochemical images for ubiquitin in the neocortex (A and B) and
hippocampal CA3 (C and D) in wild-type (y*; A and C) and Lamp-
2—deficient (y~; B and D) mice reveals that large neurons in Lamp-
2—deficient mice contain ubiquitin-immunoreactive aggregates (arrows, B
and D). E and F: Concanavalin A staining (green; arrows, F) and auto-
fluorescence (red; arrowhead, F) positive deposits in the hippocampal CA3
are abundant in Lamp-2—deficient mice (F) compared with those in wild-
type mice (E). Scale bar = 20 um.

Lamp-1—deficient mice exhibited mild gliosis and altered
cathepsin D immunoreactivity in the brain with normal
lysosomal morphology,'* double deficiency of both Lamp-1
and Lamp-2 is embryonic lethal.'”” Because expression of
Lamp-1 was elevated in the brains of Lamp-2—deficient
mice, it is likely that these two proteins are interdependent
in CNS neurons. Therefore, phenotypes of Lamp-2—
deficient mice may indicate a specific function for Lamp-2.

Lamp-2—Deficient Mice as a Model of Lysosomal
Storage Disease

Two-thirds of lysosomal storage diseases involve the CNS;
however, their exact contribution to mental retardation re-
mains unknown.'® LAMP-2—deficient human Danon dis-
ease was first diagnosed as a glycogen storage disease
because glycogen granules accumulated in the muscle.” We
observed accumulations of electron-dense materials and
ubiquitin-immunoreactive aggregates in the neuronal cyto-
plasm of the Lamp-2—deficient brain. Because various
shaped materials accumulated in the different cell types of

The American Journal of Pathology ® ajp.amjpathol.org

Lamp-2—deficient mice, these findings are likely not the
consequence of deficiency of a single lysosomal enzyme but
a disorder of enzyme trafficking or targeting or defective
function of nonenzymatic lysosomal proteins. Results from
functional studies have revealed that LAMP-2 deficiency
leads to impaired recycling of 46-kDa mannose 6-phosphate
receptors and partial mistargeting of lysosomal enzyme.'’
LAMP-2 also plays a critical role in endosomal choles-
terol transport.”® Our morphological studies are consistent
with those in these reports.

Lectin staining revealed that intracellular aggregates were
positive for concanavalin A, which binds D-mannose and

Figure 5 Structure of Golgi apparatus is altered in the neurons of
Lamp-2—deficient mice. A and B: Immunoreactivity for GM130 is more
abundant in the hippocampal pyramidal neurons of Lamp-2—deficient
mice (y7) than that in wild-type mice (y*). C—F: Electron micrographs
show that the Golgi apparatus appears as thin lamellar structures in the
CA3 neurons of wild-type mice (8 weeks, C; 32 weeks, E; indicated by
arrowheads). In the neurons of Lamp-2—deficient mice, dilatation of
cisternae (8 weeks, D; indicated by arrowheads) and circular structures
(32 weeks, F; indicated by arrowheads) are observed. Scale bars: 10 um
(A and B); 250 nm (C—F).
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Figure 6

Macroautophagy is less affected in the brain of Lamp-2—deficient mice at the age of 12 weeks. A and B: Western blot analysis reveals that

expression of membrane-bound type light chain 3 (LC3)-II significantly increases in the liver of Lamp-2—deficient mice (A); however, there is no signifi-
cant change of LC3 expression in the central nervous system (CNS) (B). B-Actin was used as a loading control. C—F and H—K: Immunohistochemical analysis
for LC3 in the cardiac muscle (C and D), liver (E and F), cerebral neocortex (H and I), and substantia nigra (3 and K) of wild-type mice (y*) and Lamp-
2—deficient mice (y7). In the Lamp-2—deficient mice, LC3-immunoreactive deposits are found in cardiac muscle (B) and hepatocytes (F); however, such
immunoreactivity is not found in the CNS (I and K), except for LC3-positive large granular structures in the substantia nigra pars reticulata (arrow, K). G and L:
Electron micrographs show accumulations of autophagic vacuoles and dense bodies in the hepatocytes (G) and axons of the substantia nigra (L) in Lamp-

2—deficient mice. Each value represents the means + SEM. *P < 0.05. Scale bars: 20 um (C—F, H—K); 500 nm (G); 1 um (L).

D-glucose. Virtanen et al'® examined storage material in
cultured fibroblasts by specific lectin binding in several
lysosomal storage diseases and found that concanavalin A
was positive for the materials in I-cell disease, which is a
deficiency of phosphotransferase in the Golgi apparatus. In
addition to the lysosomal changes, dysfunction of intracel-
lular organelles, including the mitochondria, endoplasmic
reticulum, and Golgi apparatus, has been described in lyso-
somal storage diseases.'® Large neurons of Lamp-2—deficient
mice showed increased immunoreactivity for GM130 and
morphological changes in the cisternae of Golgi lamellae.
Accumulation of GM130 leads to alterations of Golgi ribbon
architecture.”® Collectively, these findings in the CNS, in
addition to growth retardation and low survival rate beyond
postnatal day 40 (Supplemental Figures S1 and S2), are
consistent with those of lysosomal storage disease. The main
neuropathological feature—accumulation of lysosomes—is
similar to that in human Danon disease.”

Region-Specific Differences in Macroautophagy

A large amount of autophagic vacuoles were found in the
parenchymal cells of the various visceral organs both in

1720

Danon disease and Lamp-2—deficient mice. 112 Moreover, in
the present study, we confirmed the elevation of autophagic
activity in the heart and liver of Lamp-2—deficient mice.
Multiple functions of LAMPs have been suggested so far:
cholesterol traffic,'” fusion of lysosomes with phagosomes,”'
and major histocompatibility complex class II antigen pre-
sentation.”” Expression of LAMP-2 is also related to patho-
logical processes such as neoplasms and inflammation, ™
although few experimental data on LAMP-2 have been
shown in neuronal cells.

In the CNS, autophagic vacuoles were not observed in
neurons except for some axons in the substantia nigra. Such
cell-type specific alterations in the Lamp-2—deficient mice
suggest that Lamp-2 may have distinct functions in each
tissue or cell type. Constitutive autophagy is important in
the CNS because lack of autophagy-related protein 7 or
autophagy-related protein 5 in CNS tissue causes neuronal
changes with ubiquitin-positive inclusion bodies.***’ It is
uncertain why neurons do not show many autophagic vac-
uoles in the Lamp-2—deficient brains. Neurons may have
protective mechanisms against excessive autophagic pro-
cesses. Another possible mechanism may be that Lamp-2
has no effects on autophagosomes in neurons.

ajp.amjpathol.org @ The American Journal of Pathology
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hippocampus

a-synuclein/-actin

Figure 7

substantia nigra

a-Synuclein—immunoreactive structures with extensive glial changes and oxidative stress are seen in the substantia nigra at the age of 12 weeks.

A—L: Immunohistochemical analysis for a-synuclein (A—D), glial fibrillary acidic protein (GFAP; E—H), and Mac-2 (I-L) in the hippocampus (A, B, E, F, I, and
J) and substantia nigra (C, D, G, H, K, and L). a-Synuclein—immunoreactive structures are found in the substantia nigra (D; inset, D). Extensive infiltration of
GFAP-positive reactive astrocytes (F and H) and Mac-2-positive activated microglia (3 and L) are seen in the substantia nigra and to a lesser extent in the
hippocampus of Lamp-2—deficient mice. M: Western blot analysis for «-synuclein in the brain shows no significant changes between wild-type and Lamp-2—
deficient mice. B-Actin is used as a loading control. N—Q: Double immunofluorescence for a-synuclein (a-syn; green) and SMI31 (N, red), synaptophysin
(synapt; 0, red), Mac-2 (P, red), and 4 hydroxynonenal (4HNE; Q, red) reveals colocalization of a-synuclein and each protein (N—Q, arrows). Scale bars: 20 pm

(A—L); 10 um (inset, D, and N—Q).

Evidence of Midbrain Pathology Associated with
Excessive Glial Reactions and Lipid Peroxidation

We found intense astrocytic and microglial reactions in the
substantia nigra and hippocampus of Lamp-2—deficient
mice. Glial cells are also involved primarily in lysosomal
storage diseases.”® Accumulation of membranous materials
was found in the astrocytes of Lamp-2—deficient mice
(Figure 3I). Relationships between lysosomal disease and
Parkinson disease, as well as oxidative stress, have been
suggested.z‘) #% Lysosomal dysfunction owing to LAMP-2

The American Journal of Pathology ® ajp.amipathol.org

deficiency may cause lipid peroxidation, which enhances
midbrain pathology; however, in Lamp-2—deficient mice,
proteinase K—resistant o-synuclein did not accumulate, and
a loss of dopaminergic neurons was not obvious.

Selective Degradation in the Lysosomes via Lamp-2
Subtypes

a-Synuclein is one of the most important substrates for
CMA, and impaired degradation has been implicated in
Parkinson disease.”! Although some axonal swelling and
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activated microglial cells were immunoreactive for «-synu-
clein, Western blot analysis for a-synuclein with whole brain
or midbrain homogenates did not show any difference between
wild-type and Lamp-2—deficient mice. Moreover, phosphor-
ylated a-synuclein was not expressed in Lamp-2—deficient
brains. Glyceraldehyde-3-phosphate dehydrogenase, another
CMA substrate, also did not increase in Lamp-2—deficient
mice.'” CMA is activated during oxidative stress,32 and protein
degradation in vivo has an alternative pathway; eg, a-synuclein
is also degraded by macroautophagy, the ubiquitin-proteasome
system,g/3 and other proteases such as calpains, neurosin, and
meta]loproteinases.3"1 Although glyceraldehyde-3-phosphate
dehydrogenase is known as a CMA substrate, 4 hydrox-
ynonenal—modified glyceraldehyde-3-phosphate dehydroge-
nase could also be degraded by cathepsin G.”” Therefore, a
decrease in CMA activity owing to Lamp-2 deficiency could be
compensated for by constitutive autophagy or the ubiquitin-
proteasome system in the CNS of Lamp-2—deficient mice.
Another possible explanation may be that unknown receptors
are involved in CMA. LAMP-2C is mainly expressed in neu-
rons in the CNS and mediates RNautophagy and DNautoph-
agy. %! Degradation of nucleic acids, in particular RNA, may
be important in maintaining the neuronal environment. Another
subtype, LAMP-2B is enriched in the liver and skeletal muscle.
Because a patient with a frameshift of exon 9b shows full
symptoms of Danon disease, including mental retardation, the
function of LAMP-2B is crucial for Danon disease,’ although
the role of LAMP-2B in the CNS is unknown. Further inves-
tigation is required for understanding the specific function of
each LAMP-2 subtype in vivo.
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De novo KCNTI mutations in early-onset epileptic
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SumMMARY

KCNTI mutations have been found in epilepsy of infancy with migrating focal seizures
(EIMFS; also known as migrating partial seizures in infancy), autosomal dominant noc-
turnal frontal lobe epilepsy, and other types of early onset epileptic encephalopathies
(EOEESs). We performed KCNTI-targeted next-generation sequencing (207 samples)
and/or whole-exome sequencing (229 samples) in a total of 362 patients with Ohtahara
syndrome, West syndrome, EIMFS, or unclassified EOEEs. We identified nine hetero-
zygous KCNTI mutations in | | patients: nine of 18 EIMFS cases (50%) in whom migrat-
ing foci were observed, one of 180 West syndrome cases (0.56%), and one of 66
unclassified EOEE cases (1.52%). KCNT! mutations occurred de novo in 10 patients,
and one was transmitted from the patient’s mother who carried a somatic mosaic
mutation. The mutations accumulated in transmembrane segment 5 (2/9, 22.2%) and

Chihiro Ohba, a regulators of * conductance domains (7/9, 77.8%). Five of nine mutations were recur-
neurologist, is rent. Onset ages ranged from the neonatal period (<] month) in five patients (5/11,
interested in genetic 45.5%) to 1-4 months in six patients (6/11, 54.5%). A generalized attenuation of back-
factors causing ground activity on electroencephalography was seen in six patients (6/11, 54.5%). Our
neurodevelopmental study demonstrates that the phenotypic spectrum of de nove KCNTI mutations is lar-
disorders. gely restricted to EIMFS.

KEY WORDS: KCNTI, De novo mutation, Epilepsy of infancy with migrating focal sei-
zures, Early onset epileptic encephalopathies.

Early onset epileptic encephalopathies (EOEEs) present (OS), West syndrome, Dravet syndrome, epilepsy of
with developmental impairment and intractable seizures infancy with migrating focal seizures (EIMFS; also known
from early infancy.! EOEEs include Ohtahara syndrome as migrating partial seizures in infancy), and other diseases.”
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Patient number

wutations

contralateral
side

side

Clinical feature | 2 3 4 5 6 7 8 9 10 11
Age 6 y0 mo 3y7 mo 5y4 mo lyl0mo 2y3 mo 6y2 mo 5y3 mo 2y6mo I y2 mo I y4 mo 4y3 mo
Sex Male Female Female Male Male Male Male Femnale Female Male Male
Diagnosis EIMFS (or OS) EIMFS EIMFS EIMFS EIMFS EIMFS EIMFS West EIMFS EIMFS EOEE
Mutation c.1420C>T c.808C>G c.[225C>T c.862G>A . 1421G>A <.2800G>A c.1421G>A c.1421G>A c2771C>T c.1429G>A c.1283G>A
de novo de novo de novo de novo de novo de novo de novo de novo inherited’ de novo de novo
Initial symptom Tremor Seizure Seizure Seizure Poor feeding Seizure Seizure Seizure Seizure Seizure Seizure
Age at onset 0 days 2 days 2 mo 4 mo I mo 4 days I5 days 2 mo 1.5 mo 1-2 weeks I mo
Epileptic seizures Facial flushingwith  Clonic seizure, Focal seizure Eye deviation Bilateral eyelid Clonic seizure TSandheadand  Epilepticspasms  TSand postural Eye deviation Staring and right
TS from 20 days. oral only or twitching and starting from eye deviation, at2 mo, TSat seizure followed by hemiclonic seizure
Clusters of blinking ~ automatism, followedby TS stiffness of various lesions autoratic 6 mo postictal
with eye deviation eye deviation bilateral upper seizure automatisms
and TSfrom | mo limbs
Initial EEG Normalat 2 days Multifocal Focal spikes Diffuse high- Multifocal Multifocal Focal spikes with  Irregular Diffuse high- Normal Focal sharp wave at C3
polyspikes or amplitude slow  polyspikes, sp- polyspikes, sp-w  de- polyspikes, sp-w,  voltage slow
sp-w with focus wave, multifocal  w, Hyps with synchronization Hyps with de- wave, multifocal
migration, brief sp-w or sharp de- synchronization  sp-w
period of and slow wave synchronization
suppression
Follow-up EEG MFS, sp-w and Multifocal Continuous Focal sharp Diffuse slow Diffuse slow Low voltage Prominentslow  Abnormal MFS, Brief period of
polyspikeat | mo. polyspikes polymorphous-  waves, waves waves background with  waves without background, suppression
Mutltifocal (O dominant) amplitude slow  continuous single spike at synchronicity MFS, spike and
polyspikes with wave with no slow waves/ frontal to central  and MFS or spike  waves
periodic slow wave paroxysmal sharp and slow area and slow wave
similar to Hyps discharges at waves, SB complexes
during awake and 14 mo pattern during similar to Hyps
SB pattern during sleep
sleep
lctal EEG Polyspikes followed Focal rhythmic  Migrating Migrating Migrating Migrating focal Frequent spikes Rhythmic 8 wave
by diffuse rhythmic waves. Burstof  rhythmicsharp  rhythmicsharp  rhythmicsharp®  polyspikes originating from  activity at bilateral
waves spike and 0 or o activity 6 or o activity, or o.activity, left or right side occipital area
waves followed by burst of spike burst of spike separately
irregular sp-w and waves and waves
Migrating foci F3-F4 to P3-P4 F3,F7,Fpl toT5, C4,T4toT5, 02t T5,P3 Left or right T5,T3t0 C3,F3 Leftor right F-C None F4,C4,F8, T6to T3toT4orT4to None
Ol, T3 (o] hemisphere to to Ol to contralateral P3,C3,F3,T3 T3,P3

Continued
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