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animal was placed in the arm facing the center (Arm A) and was
allowed to freely explore for an 8-minute test session without the re-
inforcement of food, water, or electric foot shock. An arm entry was
defined as the entry of all four paws into one arm. The sequence of
arm entries was manually recorded. Alternation behavior (actual al-
ternations) was defined as consecutive entry into the three arms
(i.e., Arm A to B to C). The maximum number of alternations was
calculated by measuring the total number of arm entries minus 2,
and the percentage of alternation behavior was calculated as (actual
alternations/maximum alternations) x 100. Each mouse was tested
four times with the experiment. The total number of arms entered
during the sessions, which reflects locomotor activity, was also
recorded. We took the average of 3-4 experiments or more.

2.9. Pathologically analysis

Tissues (brain, liver, kidney and testis) were dissected and fixed
with a 4% formaldehyde neutral buffer solution (Wako Co., LTD,
Osaka, Japan) and embedded in paraffin. The sliced sections were
then stained with H&E, toluidine blue stain, and immunostaining
against the mouse lysosomal marker, lysosomal-associated mem-
brane protein 2 (Lamp2) [18,19]. Immunostaining was performed
according to a procedure previously described [20]. Briefly, the sliced
sections were made permeable with PBS (—) containing 0.1% Triton
X-100, and the slides were blocked with peroxidase and locked with
3% H,0, in methanol. They were then blocked with PBS containing
10% normal goat serum (Vector Laboratories, CA, USA). The tissues
were incubated with the anti-LAMP2 rabbit polyclonal antibody
(AnaSpec Inc., catalog # 54234, CA, USA,). Biotinylated anti-rabbit
1gG (H+ L) antibody (Vector Laboratories, CA, USA) in PBS was then
applied, and the slides were serially stained with an avidin-biotin
complex using the ABC elite kit (Vector Laboratories, CA, USA) with
3, 3’-diaminobenzidine as a chromogen. Counterstaining for cell nu-
clei was performed with Mayer hematoxylin.

3. Results

3.1. Iduronate-2-sulfate-deficient mice have a coarse face because of
bone deformation

We studied the faces of the MPS Il mice using X-ray computed fo-
mography (CT) (Fig. 1A). The IDS-knockout, MPS 1I model mice
exhibited a phenotype characterized by a coarse face, large round
eyes, and a rounded nose when compared with the wild-type mice.
Furthermore, the X-ray CT analysis showed hyperostosis and nose
dysostosis in the MPS II mouse head. The walking footprint patterns
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of the MPS II mice and the wild-type controls at 21 weeks of age are
illustrated (Fig. 1B). Most wild-type mice walked in a straight line
away from the investigator. By contrast, MPS Il mice walked unstead-
ily and walked with a short-stepped gait that had approximately half
the stride length of the wild-type mice.

3.2. Intraventricular administration of ERT for the MPS Il murine model

The IDS enzyme was injected into the MPS Il mouse (21 week old)
lateral ventricle 4 times. Mouse body weights were measured during
intraventricular ERT or administration of normal saline (Fig. 2A).
Body weights in the intraventricular ERT group were similar to
those in the control animals. Mice brains were divided into three re-
gions (front cerebral, posterior cerebral, and cerebellum) (Fig. 2B).
In the disease-control, MPS II mice, the frontal and posterior regions
of the brain showed almost negligible IDS enzyme activity. In con-
trast, in the intraventricular ERT group, cerebral IDS enzyme activity
increased approximately three-fold compared with the wild-type
group. Additionally, IDS activity in the cerebellum was elevated to
levels comparable to those in the wild-type group (Fig. 2C). The accu-
mulation of total GAGs was measured in the brain. Although the total
GAGs in the disease-control group was elevated, this elevation was
inhibited in the three brain regions after treatment with IDS via intra-
ventricular ERT (Fig. 2D). We analyzed IDS enzyme activity following
IDS administration with intraventricular ERT not only in the brain but
also in other tissues (eye, lung, heart, liver, kidney, spleen, and testis).
A deficiency in IDS enzyme activity was also found in other tissues of
the disease-control, MPS Il mice. In the intraventricular ERT group,
IDS enzyme activity was increased to levels comparable to those in
the wild-type group (Fig. 2E).

3.3. Effects of treatment with multiple administrations of IDS via
intraventricular ERT for young adult MPS II mice

3.3.1. Analysis of alternation behavior and learning with the Y-maze test
in MPS Il mice treated with intraventricular ERT

An IDS was injected into the MPS II mice (16 week old) brain,
which was repeated 6 times. Although alternation behavior in the
disease-control, MPS II mouse group was significantly decreased
compared with wild-type mice, this behavior was recovered in the
IDS-treated MPS 11 mouse group (Table 1). MPS Il mice exhibited an
impairment in spontaneous alternation and behavior in a Y-maze
compared with all other groups (one-way ANOVA *P<0.05). The
arm entries in the MPS Il control group were elevated, while the
arm entries in the intraventricular ERT mice returned to normal
levels.
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Fig. 1. The upper column shows the wild-type mouse, and the lower column shows the MPS Il mouse. (A) Pictures show the left side of the face and an X-ray CT image of the head in
a 21-week-old mouse. The arrow shows nose dysplasia in the MPS II mouse. (B) Walking footprint patterns show the forefoot (red) and hindfoot (black) in a 21-week-old mouse.
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Fig. 2. (A) Average body weight change in MPS 11 mice treated with/without IDS. Error bars denote SEM. (B) Three brain regions of the cerebrum (front and posterior) and cere-
bellum. (C) Measurement of IDS enzyme activity in the brain treated with/without IDS using the MU-atldu-2S enzyme activity assay. All the mice were sacrificed by transcardial
perfusion with PBS, Error bars denote SEM. **: P<0.01 (D) measurement of total GAGs in the brain treated with/without IDS using Alucian blue-binding assay (control wild-
type mice are 100%). The actual measurement value is shown in the figure. Error bars denote SEM. **: P<0.01 (E) measurement of IDS enzyme activity in the tissues treated
with/without IDS using MU-aldu-2S enzyme activity assay. All the mice were sacrificed by transcardial perfusion with PBS. Error bars denote the SEM.

3.3.2. Pathological analysis of the MPS Il mouse treated with IDS
administration via intraventricular ERT

Additional injections of the IDS were performed 2 times in the
previous MPS II mouse (total 8 times). A pathologic analysis of the

mouse brain, liver, and testis was performed (Fig. 3). In the MPS Il
mouse brain, many vacuolations were identified in the cytosol of
the Purkinje cells and the margin cells of the cerebellum. These vacu-
oles were visualized with H&E and toluidine blue staining. Lamp2
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Table 1
Analysis of alternation behavior and number of arm entries for 32-week-old MPS 11

mice using the Y-maze test. IDS intraventricular ERT protocol: IDS 20 pg/3 weeksx 6
times for a 16-week-old mouse. Each mouse was tested four times per experiment.
Data were expressed as M = SEM. One-way ANOVA *: P<0.05. N.S.: not significant.

Effects of multiple IDS intraventricular ERT on Y-maze behavior

Number of arm entries

14.58 £ 1.294

Alternation behavior (%)
69.53% = 3.13

Wild-type mice
(n=29)

N.S.

MPS 11 mice + saline 59.55% = 2.25 20.00 = 1.783 N.S.

(n=7)
62.61% = 6.90

MPS I mice + IDS 13.42 + 0.583

(n=3)

protein overexpression was observed in the cytosol of these cells. The
liver cells also had many vacuoles, and Lamp2 was overexpressed
throughout the entire liver. In the testis, many vacuoles were visual-
ized, and Lamp2 protein was overexpressed in the Leydig cells. Fol-
lowing administration of IDS with intraventricular ERT, the number
of vacuolations and the amount of Lamp2 protein were reduced in
the brain, liver, and testis. The changes in the mouse face were also
determined with/without administration of IDS via intraventricular
ERT. The wild-type mice had a sharp nose, normal eyes, and good-
quality hair, whereas the MPS 1l model mice had a coarse face and
poor-quality hair. The MPS Il mice treated with IDS had also a coarse
face and poor-quality hair. However they were a little better than
non-treated MPS I mice (data not shown).

4. Discussion

We used an iduronate-2-sulfatase-knockout, Hunter syndrome
(mucopolysaccharidosis type II, MPS II) model mouse with a deletion
in the Ids gene from exon 2 to exon 5. As a corollary, MPS II patients
generally exhibit bone and joint disorders. In most cases, the face of
the MPS 11 patient is coarse. X-ray analysis shows the characteristic
features of MPS, such as marked skeletal hyperostosis and nose defor-
mation [21]. The iduronate-2-sulfatase-knockout, MPS 1I model
mouse has been reported to exhibit widespread bone deformities
{14]. Our MPS 1 model mice had large round eyes, hyperostosis in
the head and nose dysplasia (Fig. 1A). Furthermore, they walked
with a short-stepped gait and a funny, waddling walk when com-
pared with the wild-type mice (Fig. 1B). These results suggest that,
similar to humans, their symptoms were caused by bone and joint
dysfunctions. X-ray CT analysis and walking footprint analysis were
appropriate methods for evaluating bone and joint diseases in the
MPS I model mouse. The coarse face of the MPS II mice is similar to
that of human MPS II patients. The cause of the nose dysostosis is
total GAG accumulation in the bones.

The 21-week-old MPS Il mice were injected with IDS into the lat-
eral ventricle, which was performed 4 times over a period of
12 weeks. The body weights of mice treated with intraventricular
ERT were measured (Fig. 2A). There was no significant difference in
the weights in the intraventricular ERT group compared with those
in the control group. We did not find any abnormal infiltration of in-
flammatory cells in the brain, liver, and spleen with pathological anal-
ysis (data not shown). In this experiment, mice that treated IDS had
good coat and were fed normal chow. There was no significant
change in body weight in mice. So we suspected that large stress of
administration and serious immunological response against IDS had
not occurred in the MPS II mouse. The IDS enzyme activity in the ce-
rebrum of the IDS-treated group was significantly elevated compared
with the disease-control mice (Fig. 2C). The enzyme activity in the
front cerebral region was almost equal to that in the posterior cere-
bral region. It indicates that IDS was distributed through the entire
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Fig. 3. H&E stain, toluidine blue stain and Lamp2 immunostaining analysis of 40-week-
old mouse tissues treated with IDS via intraventricular ERT (brain (cerebellum), liver,
and testis). Arrowhead design (A) is a vacuole in the Purkinje cell, or Leydig cell.
Arrow design (1) is a vacuole in the margin cell of the Purkinje cell.

cerebrum via ventricular fluid. Although IDS enzyme activity in the
cerebellum also increased, this level was equal to the level of IDS en-
zyme activity in the wild-type mouse. In the cerebellum, uptake of
the IDS enzyme may be poor compared with uptake in the cerebrum.
There might be some other mechanism about the poor uptake of IDS
in the cerebellum. The contact area of IDS might be the difference be-
tween cerebrum and cerebellum. Or there might be a difference in the
expression level of receptors (i.e. mannose-6-phosphate receptor)
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between cerebrum and cerebellum. We measured the accumulation
of total GAGs in three regions of the brain (Fig. 2D). Total GAGs in
the disease-control MPS 1l group was elevated by 20-30% of the
wild-type group. However, following treatment with IDS via 4 times
intraventricular ERT, this accumulation was decreased by more than
50% of storage growth. In other tissues (eye, lung, heart, liver, kidney,
spleen, and testis), IDS activity was increased to levels comparable to
those in the wild-type mouse (Fig. 2E). The IDS injected into the lat-
eral cerebral ventricle was distributed in the ventricular fluid. The
fluid flows through to the spinal fluid. Thus, neuronal cells could di-
rectly uptake IDS instead of via BBB. We had expected an increase
of IDS enzyme activity in brain-specific manner. However, contrary
to expectations, the enzyme activity was also up in the tissues other
than the brain. There is a report that showed a systemic effect of
GDNF that was administered intracerebroventricular injections of
GDNF [22]. So, there might be possibly some sort of drug transfer
pathway from the brain to the body. The cerebrospinal fluid con-
taining IDS might communicate with the systemic venous system
via the subarachnoid space. So we hypothesize that the enzyme was
carried via the bloodstream to many tissues.

We analyzed spontaneous alternation behavior in the MPS II
mouse treated with multiple administrations of intraventricular ERT
with the Y-maze test (Table 1). In many cases, MPS Il patients have
neurological involvement of their disease [23]. There are many previ-
ously published studies using MPS 1l murine models [24-27]. Until
now, however, the study to analyze the MPS Il mouse behaviors has
not been done. Our study provides novel insight into MPS Il mouse
behavior and the effects of treatment with IDS via intraventricular
ERT in the MPS II murine model. Alternation behavior (i.e., short-
term working memory) was significantly decreased, and the number
of arm entries (i.e., physical exertion or activity) was significantly in-
creased in disease-control mice compared with wild-type mice. These
data indicate that the MPS Il model mouse may have short-term
working memory dysfunction and overactivity. These data showed
that administration of IDS via intraventricular ERT is an efficient
method to improve brain functions in the MPS Il mouse. The results
of intraventricular enzyme administration in MPS 1I mice might be
able to offer treatment methods for other mucopolysaccharidosis
(MPS I) and also for many other LSD (Gaucher disease, Krabbe disease
or metachromatic leukodystrophy) that exhibit neurologic symptoms
[28-31].

The assessment of mice exposed to treatment with IDS via intraven-
tricular ERT demonstrated that the appearance of the coarse face and
hair was improved compared with untreated mice. Intraventricular
ERT could treat neurological findings as well as systemic clinical fea-
tures, such as hepatosplenomegaly, and skin, among others. There
was no weight loss in the IDS-treated mouse, so we suspected that ad-
verse events, such as an IDS-immunoreactive response, were not cau-
sed by IDS administration. Untreated MPS II mice exhibited a coarse
face and looked older than treated mice. The round nose did not im-
prove in the treated mice. After 16-weeks of age mice were less re-
sponsive to ERT for bone involvement. Moreover, we analyzed many
mouse tissues with histological procedures, such as hematoxilin-eosin
staining, toluidine blue staining and Lamp2 immunostaining (Fig. 3).
Although the cerebrum of MPS II mice exhibited changes compared
with wild-type and treated mice, there was a significant pathological
difference in the cerebellum. There were massive vacuolations in the
cell body of Purkinje cells and in the margin cells. Additionally, the
Lamp2 protein, a lysosome marker, was also overexpressed in those
cells. The cerebellum might have more pathological involvement than
the cerebrum. Hepatomegaly is one major symptom in MPS Il patients
[32). There were large and massive vacuoles, and overexpression of the
Lamp?2 protein, in a widespread area of the liver in the disease control
mouse. The liver had a tendency to become heavier when compared
with wild-type and IDS-treated mice (data not shown). Our
iduronate-2-sulfatase-deficient, MPS II model mouse displays an

increased incidence of male infertility. The HOS (Hunter Outcome Sur-
vey) study also indicated that a higher incidence of infertility has been
reported in MPS II patients [33]. The genitourinary complications in
MPS 11 have been noted because the testis also shows pathological in-
volvement. The testis contained massive vacuoles and stained heavily
with Lamp2, especially in the tubular epithelial cells and the Leydig
cells. Although histological findings in the brain, liver and testis cells
were significantly improved by treatment with IDS via intraventricular
ERT. It is intriguing that intraventricular administration of the IDS en-
zyme clearly stimulated enzyme activity in the CNS cells in addition
to the various systemic tissues, such as the liver, spleen, testis and kid-
ney cells. Therefore, intraventricular ERT can treat neurological findings
as well as systemic clinical features, such as hepatosplenomegaly, skin,
and among others.

5. Conclusions

The recombinant human iduronate-2-sulfatase administration via
intraventricular ERT led to stimulation of the enzyme in the brain in ad-
dition to other tissues (liver, spleen, testis, etc.) in the mouse. Further-
more, administration of the IDS via intraventricular ERT improved
brain functions including short-term memory and behavior. These re-
sults demonstrate the possible efficacy of an ERT procedure with intra-
ventricular administration of IDS for the treatment of MPS 11
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ARTICLE INFO ABSTRACT

Pompe disease (glycogen storage disease type Il) is an autosomal recessive neuromuscular disorder arising from
a deficiency of lysosomal acid o-glucosidase (GAA). Accumulation of autophagosomes is a key pathological
change in skeletal muscle fibers and fibroblasts from patients with Pompe disease and is implicated in the
poor response to enzyme replacement therapy (ERT). We previously found that mutant GAA-induced endoplas-
mic reticulum (ER) stress initiated autophagy in patient fibroblasts. However, the mechanism of induction of
autophagy in fibroblasts from Pompe disease patients lacking ER stress remains unclear. In this study, we
show that inactivated Akt induces ER stress-independent autophagy via mTOR suppression in patient fibroblasts,
Glycogen storage disease type II Activated autophagy as evidenced by increased levels of LC3-1I and autophagic vesicles was observed in patient
Autophagy fibroblasts, whereas PERK phosphorylation reflecting the presence of ER stress was not observed in them. These
Akt patient fibroblasts showed decreased levels of not only phosphorylated Akt, but also phosphorylated p70 S6 ki-
Insulin nase. Treatment with insulin, which acts as an activator of the Akt signaling pathway, resulted in increased phos-
phorylation of both Akt and p70 S6 kinase and suppression of autophagy in patient fibroblasts. In addition,
following combination treatment with recombinant human GAA plus insulin, enhanced localization of the en-
zymes with lysosomes was observed in patient fibroblasts. These findings define a critical role of Akt suppression
in the induction of autophagy in fibroblasts from patients with Pompe disease carrying an ER stress
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non-inducible mutation, and they provide evidence that insulin may potentiate the effect of ERT.

© 2012 Elsevier Inc. All rights reserved.

1. Introduction

Pompe disease (glycogen-storage disease type II) is an autosomal
recessive lysosomal storage disorder caused by a deficiency of acid
a-glucosidase (GAA) which leads to progressive intralysosomal accu-
mulation of glycogen [1]. The lack of GAA activity results in cellular
dysfunction in multiple tissues, particularly cardiac and skeletal mus-
cles. Infantile-onset forms of the disease present progressive general-
ized muscle weakness and hypertrophic cardiomyopathy with death
occurring within the first few months of life from cardiorespiratory
failure [2]. Milder late-onset forms are characterized by a slowly
progressing skeletal myopathy without severe cardiac symptoms [3].

Enzyme replacement therapy (ERT) with recombinant human GAA
(rhGAA) is now available for treating Pompe disease. ERT has been
shown to alleviate the cardiac symptoms and prolong the lifespan of pa-
tients with the infantile form of the disease [4], but its effect on skeletal

* Corresponding author at: Department of Gene Therapy, Institute of DNA Medicine,
The Jikei University School of Medicine, 3-25-8 Nishi-Shinbashi, Minato-ku, Tokyo
105-8461, Japan. Fax: +81 3 3433 1230.

E-mail address: shimada_y@jikei.acjp (Y. Shimada).
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muscle pathology is very limited. This lack of efficacy is, in part, due to
the accumulation of autophagic vesicles, which has been observed in
skeletal muscle fibers from patients and mouse models of Pompe dis-
ease in the same manner as glycogen-filled lysosomes [5,6]. In GAA
knock-out mice, accumulated autophagic vacuoles have been shown
to trap endocytosed rhGAA and interfere with trafficking of the recom-
binant enzyme to lysosomes in type Ul skeletal muscle fibers {5].

Macroautophagy (referred to hereafter as autophagy) is a consti-
tutive lysosomal degradation process that is required to supply nutri-
ents under starvation conditions and to maintain cellular homeostasis
through the elimination of abnormal proteins and damaged organ-
elles [7]. During autophagy, cellular components are enguifed by the
double-membrane autophagosome, which fuses with lysosomes to
degrade the internal contents. We and others have previously
reported that autophagosomes accumulate in fibroblasts from pa-
tients with Pompe disease [8,9]. We also demonstrated that mutant
GAA-induced endoplasmic reticulum (ER) stress is involved in the in-
duction of autophagy in fibroblasts from patients [8]. However,
autophagic buildup is observed in GAA knock-out mice despite the
complete lack of GAA protein [10], indicating another trigger, aside
from ER stress, for autophagy induction in GAA deficiency.
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In the present study, we show that protein kinase B (Akt) is
inactivated and regulates autophagy through the mTOR pathway in fi-
broblasts lacking ER stress. In addition, we demonstrate that treatment
with insulin enhances delivery of thGAA to lysosomes in fibroblasts
from patients with Pompe disease.

2. Materials and methods
2.1. Chemicals and antibodies

Protease inhibitor cocktail (PIC) was purchased from Roche Diag-
nostics (Indianapolis, IN). Tunicamycin and Akt inhibitor VIII were
obtained from Calbiochem (La Jolla, CA). Anti-GAA antibody and
rhGAA were gifts from Genzyme Corporation (Cambridge, MA).
Anti-phosphorylated PERK antibody and anti-LAMPZ2 antibody were
obtained from Santa Cruz Biotechnology (Santa Cruz, CA). Anti-LC3
antibody was obtained from Novus Biologicals (Litteleton, CO).
Anti-phosphorylated Akt antibody and anti-phosphorylated p70 S6 ki-
nase antibody were purchased from Cell Signaling Technology (Beverly,
MA). Anti-actin antibody, insulin and all other chemicals were obtained
from Sigma (St. Louis, MO).

A Normal
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2.2. Fibroblast cultures

Skin fibroblasts from patients with infantile-onset Pompe disease
(GMO00248: P1 fibroblasts; GM20090: P2 fibroblasts; Coriell Institute
for Medical Research, Camden, NJ) and a healthy individual (NB1RGB;
Riken Bioresource Center, Ibaraki, Japan) were maintained at sub-
confluent densities in Dulbecco's modified Eagle’s medium (DMEM)
supplemented with 25 mM glucose and 10% fetal bovine serum at
37 °C {with 5% CO,). For a low glucose treatment, the fibroblasts were
cultured in DMEM supplemented with 5.5 mM glucose and 10% fetal bo-
vine serum at 37 °C (with 5% CO,).

2.3. Preparation of cell extracts for Western blot analysis

Protein samples for Western blot analysis were prepared as previ-
ously described [11}]. Briefly, fibroblasts were washed three times with
ice-cold phosphate-buffered saline (PBS) and lyzed with lysis buffer
(50 mM Tris~HCl, pH 7.5 containing 2% SDS and PIC). Samples were
centrifuged for 1 h at 18,000 xg at 4 °C. The supernatants were used
as whole-cell lysates. Protein concentrations were estimated by using
the DC protein assay (Bio-Rad, Hercules, CA) standardized with bovine
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Fig. 1. Autophagy in patient fibroblasts carrying an ER stress-non inducible mutation. (A) Western blot analysis of GAA, phosphorylated PERK, and LC3 in patient fibroblasts. Normal fibro-
blasts were cultured for 24 h in the presence (+) or absence (—) of 2 pg/m! tunicamydn, an ER stress inducer (Normal+- tuni). Patient fibroblasts (P1 and P2) and normal fibroblasts were
solubilized with lysis buffer. The samples were resolved by SDS-PAGE, blotted, and probed with antibodies against GAA, phosphorylated PERK (P-PERK), LC3, and actin. The level of actin was
analyzed as the internal control. The band intensities of LC3-1l were quantified by densitometry and normalized to LC3-1. Densitometric values in the histograms are expressed as fold-change
relative to the normal, which was assigned a value of 1. (B) Electron micrographs of patient fibroblasts (P1 and P2). Autophagic vesicles were seen in the cytoplasm of patient fibroblasts. Scale

bar, 2 pm.
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serum albumin. Equal amounts of proteins were resolved by SDS-PAGE
on 4-20% acrylamide gradient gels and transferred onto a nitrocellulose
membrane. The membranes were blocked with a blocking buffer
(50 mM Tris—-HCl, pH 7.5 containing 150 mM Na(l, 0.1% gelatin, 0.1%
casein, and 0.05% Tween 20) and then incubated with each primary an-
tibody. After a brief washing, the membranes were incubated with
peroxidase-labeled secondary antibody (Nichirei Corp., Tokyo, Japan)
and visualized by using Immunostar LD (Wako Pure Chemicals, Tokyo,

Japan).

2.4. Immunocytochemistry

Fluorescence immunostaining against both thGAA and LAMP2 was
performed according to a previously described procedure [11]. Briefly,
normal and patient fibroblasts grown on coverslips were fixed with
4% paraformaldehyde, and permeabilized by using PBS containing
0.1% Triton X-100, and blocked with PBS containing 10% normal goat
serum (Vector Laboratories, Burlingame, CA). These cells were incubat-
ed with the primary antibody and visualized by incubation with Alexa
488- or 594-conjugated secondary antibodies (Invitrogen, Carlsbad,
CA). These fibroblasts were counterstained with DAPI (Vector Laborato-
ries), mounted, and observed with an inverted Olympus IX-70 micro-
scope equipped with epifluorescence.

2.5. Electron microscopy

Electron microscopy analysis was performed as previously de-
scribed [8]. Briefly, normal and patient fibroblasts were double-fixed
with 2% glutaraldehyde/0.1 M phosphate buffer (PB) and 1% osmium
tetroxide/0.1 M PB. These fibroblasts were dehydrated with an etha-
nol gradient, and embedded in epoxy resin. Ultrathin sections were
stained with uranyl acetate and lead citrate, and observed with a
Hitachi H7500 electron microscope (Hitachi, Tokyo, Japan).

3. Results

3.1. ER stress-independent autophagy in fibroblasts from patients with
Pompe disease

To determine whether autophagy is induced in fibroblasts from
patients with Pompe disease, whole-cell lysates prepared from nor-
mal and patient fibroblasts (P1 and P2) were analyzed by Western
blotting with anti-LC3 antibody. The levels of LC3-1I, 2 major constit-
uent of autophagosomes, were higher in both patient fibroblasts (P1
and P2) than in normal fibroblasts (Fig. 1A). Moreover, to morpholog-
ically evaluate autophagy in patient fibroblasts, we analyzed both
patient and normal fibroblasts by using electron microscopy. Ultra-
structural analysis revealed the accumulation of autophagic vesicles
containing multilamellar structures in patient fibroblasts (Fig. 1B), in-
dicating that autophagy is increased in both P1 and P2 fibroblasts.

Because we have previously demonstrated that mutant GAA-induced
ER stress is involved in the induction of autophagy in fibroblasts from pa-
tients with late-onset Pompe disease [8], we next analyzed the levels of
GAA and phosphorylated PERK in P1 and P2 fibroblasts by using Western
blotting. Almost no GAA bands were detected in P1 fibroblasts, but bands
corresponding to 70 kDa minor mature, 76 kDa major mature, and
95 kDa intermediate forms were observed in P2 fibroblasts (Fig. 1A). In
addition, whereas phosphorylation of PERK (ER stress sensor) was ob-
served in the normal fibroblasts exposed to tunicarnycin (an ER stress in-
ducer), it was not detected among normal fibroblasts that had not been
exposed to the ER stress inducer or among patient fibroblasts (Fig. 1A).
These results indicate that the induction of autophagy in P1 and P2 fibro-
blasts is triggered in an ER stress-independent manner.

3.2. Inactivation of Akt mediates induction of ER stress-independent
autophagy in fibroblasts from patients with Pompe disease

The Akt signaling pathway is known to negatively regulate
autophagy through phosphorylation of mTOR in addition to positively
regulating glycogen synthesis [12,13]. To explore the contribution of
the Akt/mTOR pathway to autophagy in P1 and P2 fibroblasts, we
analyzed levels of phosphorylated Akt and phosphorylated p70 S6 ki-
nase in patient fibroblasts. Phosphorylated Akt was almost absent in
patient fibroblasts, in contrast to the normal fibroblasts in which
Akt phosphorylation was clearly detected (lane LG — in Fig. 2). Addi-
tionally, decreased levels of phosphorylated p70 S6 kinase, which re-
flects mTOR activity [14], were observed in patient fibroblasts (lane
LG — in Fig. 2), suggesting that suppression of the Akt/mTOR pathway
contributes to the induction of autophagy in patient fibroblasts.

Next, to confirm the role of Akt in autophagy induction in patient
fibroblasts, we examined the effect of modulation of Akt activity.
Because phosphorylated Akt in cultured cells is known to be
decreased by low glucose levels [15,16], we cultivated normal and
patient fibroblasts in media containing low glucose and analyzed
the levels of phosphorylated Akt, phosphorylated p70 S6 kinase, and
LC3. Although low glucose decreased the levels of both phosphorylat-
ed Akt and phosphorylated p70 S6 kinase while increasing the levels
of LC3-11 in normal fibroblasts, no significant changes were observed
in patient fibroblasts (Fig. 2). -

In contrast, when patient fibroblasts were treated with insulin,
which is an activator of the Akt pathway, increased phosphorylation
of both Akt and p70 S6 kinase and attenuated conversion of LC3-I to
LC3-11 were observed in patient fibroblasts (Fig. 3A). The inhibitory
effect of insulin on autophagy in patient fibroblasts was also con-
firmed by electron microscopy (Fig. 3B). Moreover, both increased
levels of phosphorylated p70 S6 kinase and decreased conversion of
LC3 in insulin-treated patient fibroblasts were abolished by treatment
with Akt inhibitor VIII (Fig. 3C). These results suggest that inactivated
Akt induces autophagy through suppression of mTOR activity in fibro-
blasts from patients with Pompe disease.
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Fig. 2. Akt/mTOR pathway-related proteins in patient fibroblasts. Normal and patient fi-
broblasts (P1 and P2) were cultured in DMEM supplemented with 25 mM (LG —) or
5.5 mM glucose (LG +). Whole-cell extracts were electrophoresed followed by immuno-
blotting by using antibodies against phosphorylated Akt (P-Akt), phosphorylated p70 56
kinase (P-S6K), LC3, and actin. The band intensities of LC3-l were quantified by densitom-
etry and normalized to LC3-1. Densitometric values in the histograms are expressed as
fold-change relative to the value in normal fibroblasts, which was assigned a value of 1.
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Fig. 3. Insulin inhibits the induction of autophagy through stimulation of Akt in patient fibroblasts. (A) Effects of insulin on levels of phosphorylated Akt, phosphorylated p70 S6
kinase, and LC3 in patient fibroblasts. Patient fibroblasts (P1 and P2) were cultured for 4 h in the presence (+) or absence (—) of 100 nM insulin. Whole-cell lysates from patient
and normal fibroblasts were electrophoresed and blotted with anti-phosphorylated Akt antibody (P-Akt), anti-phosphorylated p70 S6 kinase antibody (P-S6K), anti-LC3 antibody,
and anti-actin antibody. The band intensities of LC3-11 were quantified by densitometry and normalized to LC3-1. Densitometric values in the histograms are expressed as
fold-change relative to the value in normal fibroblasts, which was assigned a value of 1. (B) Electron micrographs of insulin-treated patient fibroblasts (P1 and P2). No accumulation
of autophagic vacuoles is evident in the fibroblast cytoplasm. Scale bar, 2 pm. (C) Effect of Akt inhibitor on levels of phosphorylated Akt, phosphorylated p70 S6 kinase and LC3 in
insulin-treated patient fibroblasts. Patient fibroblasts (P1 and P2) were pretreated with 100 nM insulin (3 h) and further cultured for 1 h in the presence (+) or absence (~) of
1 pM Akt inhibitor VIII (Akti). Whole-cell lysates from patient and normal fibroblasts were electrophoresed and blotted, and probed with antibodies against P-Akt, P-S6K, LC3,
and actin. The band intensities of LC3-II were quantified by densitometry and normalized to LC3-1. Densitometric values in the histograms are expressed as fold-change relative

to the value in normal fibroblasts, which was assigned a value of 1.

3.3. Activation of Akt improves the subcellular localization of thGAA in
fibroblasts from patients with Pompe disease

Accumulation of autophagic vacuoles has been shown to interfere
with localization of thGAA to lysosomes in skeletal muscles from GAA
knock-out mice [5]. To investigate whether the activation of the Akt
pathway positively affects trafficking of thGAA, we incubated P1 fi-
broblasts, which have no endogenous GAA and show greater respon-
siveness to insulin than P2 fibroblasts (Figs. 1A and 3), with rhGAA
after treatment with insulin, and analyzed the levels of recombinant
enzymes in them. In P1 fibroblasts, treatment with a combination of
rhGAA and insulin resulted in an increased ratio of 76 kDa mature
forms to 110 kDa precursor forms, compared to treatment with the
recombinant enzyme alone (Fig. 4A). Additionally, treatment with

insulin increased colocalization of rhGAA with LAMP2 in patient
fibroblasts (Fig. 4B). These findings indicate that activation of Akt
enhances the delivery of rhGAA to lysosomes in fibroblasts from
patients with Pompe disease.

4. Discussion

In this study, we demonstrated the presence of both induction of
autophagy and suppression of Akt in fibroblasts from patients with
Pompe disease, in the absence of activation of ER stress (Figs. 1 and
2). Additionally, we have shown that activated Akt not only suppresses
autophagy, but also improves subcellular trafficking of thGAA in patient
fibroblasts (Figs. 3 and 4). Our findings indicate the contribution of ab-
normal Akt signaling to ER stress-independent autophagy in fibroblasts



Y. Nishiyama et al. / Molecular Genetics and Metabolism 107 (2012) 490-495

494
A 76 kDa GAA/110 KDa GAA
Norma! Normal P1 P1  P1 LY R — —
insulin - - - - + 3 - 2*3
GAA - + -+ + 3 .
825
110KDa . [ ] c
95KDaw emim £ - am £ 2
76 KDa+r @Emn - . © 45 .
70 KDa+ %
T
wims  smms w aClin 05 -
0
S
~ GAA LAMP2 Merge
< o rhGAA-LAMP2 colocalization
3.5 P o oy
Pompe & 3 *
+ g 2.1
rhGAA 225 I
g 2 =
o
e}
215
Loy
Pompe
o+
.5
thGAA 0
+ 0 e
Insulin {(\e
\
N Q\’:@\\

Fig. 4. Insulin enhances the subcellular localization of thGAA with lysosomes in patient fibroblasts. (A) Effect of insulin on levels of GAA maturation in rhGAA-treated patient fibro-
blasts. P1 and normal fibroblasts were incubated with (+) or without (—) 100 nM insulin (4 h) and further treated with (++) or without (—) 10 pg/ml rthGAA (48 h). Whole-cell
lysates were electrophoresed and blotted with anti-GAA antibody, and anti-actin antibody. The band intensities of 76 kDa GAA were quantified by densitometry and normalized
to 110 kDa GAA. Densitometric values in the histograms are expressed as fold-change relative to the value in thGAA-treated P1 fibroblasts, which was assigned a value of 1.
Data are expressed as mean=:SD (n=3) and statistical analysis was performed by use of Student’s t test. * p<0.05. (B) Immunocytochemical analysis of rhGAA and LAMP2 in
insulin-treated patient fibroblasts. P1 fibroblasts (Pompe) were incubated with (+) or without (—) 100 nM insulin (4 h) and further treated with 10 pg/ml rhGAA (48 h). The
cells were fixed and stained with anti-GAA antibody and anti-LAMP2 antibody. The nuclei were counterstained with DAPI. The rate of rhGAA colocalizing with LAMP2 was evalu-
ated. Fluorometric values in the histograms are expressed as fold-change relative to the value in rhGAA-treated P1 fibroblasts, which was assigned a value of 1. Data are expressed as
mean +SD (n==5) and statistical analysis was performed by use of Student’s t test. * p<0.05.

from patients with Pompe disease. Induction of autophagy is also ob-
served in GAA-deficient mice which completely lack GAA mRNA and
protein [10]. In addition, it has been reported that GSK-3B, which is
inhibited by phosphorylated Akt, is activated in skeletal muscles from
GAA knock-out mice [17]. It appears, therefore, that dysregulation of
Akt signaling is a common trigger of autophagy in cells from Pompe dis-
ease patients and GAA-deficient mice. Akt is a widely expressed serine/
threonine protein kinase that plays a central role in the regulation of cell
survival, proliferation, and cellular metabolism [12]. In particular, this
kinase is known to positively regulate glycogen synthase through phos-
phorylation of GSK3 [18]. In addition to its role in glycogen metabolism,
Akt has been shown to be involved in the regulation of autophagy [13]
and to inhibit autophagy through mTOR-dependent and -independent
mechanisms in many cell types [19-21].

Because GAA catalyzes the lysosomal breakdown of glycogen to glu-
cose, a deficiency of this enzyme is expected to reduce the amount of
available intracellular glucose. Moreover, it has been suggested that glu-
cose starvation is involved in the induction of autophagic buildup in the
skeletal muscle from the GAA knock-out mice [10]. Indeed, we have
demonstrated that normal fibroblasts cultured in low glucose condi-
tions can mimic the suppression of Akt/mTOR signaling in patient fibro-
blasts (Fig. 2). However, whereas inactivation of Akt was observed in
patient fibroblasts cultured with normal glucose-containing medium
(Fig. 2), no significant difference in intracellular glucose content be-
tween patient and normal fibroblasts was observed (data not shown),
suggesting that glucose starvation is not a primary causative factor for
Akt suppression in patient fibroblasts. It seems, therefore, that the

induction of autophagy in patient fibroblasts may not purpose to
accommodate an energy shortage.

Accumulation of autophagic vacuoles is a critical factor in the re-
sistance of the skeletal muscle to ERT with rhGAA. In the mouse
models of Pompe disease, autophagic buildup is known to cause
mistargeting of the recombinant enzyme to autophagosomes [5].
Moreover, the successful reversal of lysosomal pathology by ERT has
been observed in autophagy-deficient GAA knock-out mice [17]. Sup-
pression of autophagy therefore promises to enhance the therapeutic
efficacy of ERT. In this study, we demonstrated that treatment with
insulin not only inhibits the accelerated conversion of LC3-I to
LC3-1 in patient fibroblasts, but also enhances the localization of
rhGAA with lysosomes in them (Figs. 3 and 4), suggesting that insulin
is an effective drug for suppressing autophagy in patient tissues.
Hence, a combination treatment with ERT plus insulin might be a po-
tential therapeutic approach for patients with Pompe disease.

In summary, our results indicate that suppression of Akt mediates
the accelerated autophagy observed in fibroblasts from patients with
Pompe disease, which is not accompanied by ER stress. The findings
also highlight the potential benefit of insulin treatment for improving
ERT efficiency.

Conflict of interest disclosures

Y.E., HI, and T.O. have received grant support from Genzyme Cor-
poration. This activity has been fully disclosed and is managed under



Y. Nishiyama et al. / Molecular Genetics and Metabolism 107 (2012) 490-495 495

a Memorandum of Understanding with the Conflict of Interest Reso-
lution Board of the Jikei University School of Medicine.

Aclnowledgments

We are grateful to Genzyme Corporation for the supply of
anti-GAA antibody and rhGAA. We also thank our colleagues in the
Department of Gene Therapy for their excellent technical assistance.
This work was supported by a Grant for Research on Measures for In-
tractable Diseases from the Japanese Ministry of Health, Welfare, and
Labor.

References

[1] H.G. Hers, alpha-Glucosidase deficiency in generalized glycogenstorage disease
(Pompe's disease), Biochem. J. 86 (1963) 11~16.

[2] HM. van den Hout, W. Hop, O.P. van Diggelen, J.A. Smeitink, G.P. Smit, B.T.
Poll-The, H.D. Bakker, M.C. Loonen, ].B. de Klerk, AJ. Reuser, A.T. van der Ploeg,
The natural course of infantile Pompe's disease: 20 original cases compared
with 133 cases from the literature, Pediatrics 112 (2003) 332-340.

[3] AT.van der Ploeg, A]. Reuser, Pompe's disease, Lancet 372 (2008) 1342-1353.

] P.S. Kishnani, D. Corzo, M. Nicolino, B. Byrne, H. Mandel, W.L. Hwu, N. Leslie, J.
Levine, C. Spencer, M. McDonald, J. Li, J. Dumontier, M. Halberthal, Y.H. Chien, R.
Hopkin, S. Vijayaraghavan, D. Gruskin, D. Bartholomew, A. van der Ploeg, ]J.P.
Clancy, R. Parini, G. Morin, M. Beck, G.S. De la Gastine, M. Jokic, B. Thurberg, S.
Richards, D. Bali, M. Davison, M.A. Worden, Y.T. Chen, J.E. Wraith, Recombinant
human acid [alpha)-glucosidase: major clinical benefits in infantile-onset
Pompe disease, Neurology 68 (2007) 99-109.

T. Fukuda, M. Ahearn, A. Roberts, R.J. Mattaliano, K. Zaal, E. Ralston, P.H. Plotz, N.

Raben, Autophagy and mistargeting of therapeutic enzyme in skeletal muscle in

Pompe disease, Mol. Ther. ]. Am. Soc. Gene Ther. 14 (2006) 831-839.

N. Raben, S. Takikita, M.G. Pittis, B. Bembi, S.K. Marie, A. Roberts, L. Page, P.S.

Kishnani, B.G. Schoser, Y.H. Chien, E. Ralston, K. Nagaraju, P.H. Plotz,

Deconstructing Pompe disease by analyzing single muscle fibers: to see a world

in a grain of sand, Autophagy 3 (2007) 546-552.

[7] B. Ravikumar, M. Futter, L. Jahreiss, V.I. Korolchuk, M. Lichtenberg, S. Luo, D.C.
Massey, FM. Menzies, U. Narayanan, M. Renna, M. Jimenez-Sanchez, S. Sarkar,
B. Underwood, A. Winslow, D.C. Rubinsztein, Mammalian macroautophagy at a
glance, J. Cell Sci. 122 (2009) 1707-1711.

[5

-

G)

[8] Y. Shimada, H. Kobayashi, S. Kawagoe, K. Aoki, E. Kaneshiro, H. Shimizu, Y. Eto, H. Ida, T.

Ohashi, Endoplasmic reticulum stress induces autophagy through activation of p38

MAPK in fibroblasts from Pompe disease patients canying ¢.546G>T mutation, Mol.

Genet. Metab. 104 (2011) 566-573.

M. Cardone, C, Porto, A. Tarallo, M. Vicinanza, B. Rossi, E. Polishchuk, F. Donaudy,

G. Andria, M.A. De Matteis, G. Parenti, Abnormal mannose-6-phosphate receptor

trafficking impairs recombinant alpha-glucosidase uptake in Pompe disease fi-

broblasts, PathoGenetics 1 (2008) 6.

[10] T. Fukuda, L. Ewan, M. Bauer, RJ. Mattaliano, K. Zaal, E. Ralston, P.H. Plotz, N.
Raben, Dysfunction of endocytic and autophagic pathways in a lysosomal storage
disease, Ann. Neurol. 59 (2006) 700~708.

{11] Y. Shimada, H. Nishida, Y. Nishiyama, H. Kobayashi, T. Higuchi, Y. Eto, H. Ida, T.
Ohashi, Proteasome inhibitors improve the function of mutant lysosomal
alpha-glucosidase in fibroblasts from Pompe disease patient carrying c.546G>T
mutation, Biochem. Biophys. Res. Commun. 415 (2011) 274-278.

[12] E. Fayard, L.A. Tintignac, A. Baudry, B.A. Hemmings, Protein kinase B/Akt at a
glance, J. Cell Sci. 118 (2005) 5675-5678.

[13] Z.Yang, DJ. Klionsky, Mammalian autophagy: core molecular machinery and sig-
naling regulation, Curr. Opin. Cell Biol. 22 (2010) 124-131.

{14] R. Zoncy, A. Efeyan, D.M. Sabatini, mTOR: from growth signal integration to can-
cer, diabetes and ageing, Nat. Rev. Mol. Cell Biol. 12 (2011) 21-35.

[15] X.Xin, ZA. Khan, S. Chen, S. Chakrabarti, Glucose-induced Akt1 activation medi-
ates fibronectin synthesis in endothelial cells, Diabetologia 48 (2005) 2428-2436.

[16] K. Venkatachalam, S. Mummidi, DM. Cortez, SD. Prabhu, AJ. Valente, B.
Chandrasekar, Resveratrol inhibits high glucose-induced PI3K/Akt/ERK-dependent
interleukin-17 expression in primary mouse cardiac fibroblasts, Am. J. Physiol.
Heart Circ. Physiol. 294 (2008) H2078-H2087.

[17] N. Raben, C. Schreiner, R. Baum, S. Takikita, S. Xu, T. Xie, R. Myerowitz, M.
Komatsuy, J.H. Van der Meulen, K. Nagaraju, E. Ralston, P.H. Plotz, Suppression of
autophagy permits successful enzyme replacement therapy in a lysosomal stor-
age disorder-murine Pompe disease, Autophagy 6 (2010) 1078-1089.

[18] T.Katome, T. Obata, R. Matsushima, N. Masuyama, L.C. Cantley, Y. Gotoh, K. Kishi,
H. Shiota, Y. Ebina, Use of RNA interference-mediated gene silencing and adeno-
viral overexpression to elucidate the roles of AKT/protein kinase B isoforms in in-
sulin actions, J. Biol. Chem. 278 (2003) 28312-28323.

[19] ]J. Lum, RJ. DeBerardinis, C.B. Thompson, Autophagy in metazoans: cell survival
in the land of plenty, Nat. Rev. Mol. Cell Biol. 6 (2005) 439-448.

[20] AA. Ellington, M.A. Berhow, K.W. Singletary, Inhibition of Akt signaling and en-
hanced ERK1/2 activity are involved in induction of macroautophagy by
triterpenoid B-group soyasaponins in colon cancer cells, Carcinogenesis 27
(2006) 298-306.

[21} C. Mammucari, G. Milan, V. Romanello, E. Masiero, R. Rudolf, P. Del Piccolo, SJ.
Burden, R. Di Lisi, C. Sandri, J. Zhao, A.L. Goldberg, S. Schiaffino, M. Sandri, Fox03 con-
trols autophagy in skeletal muscle in vivo, Cell Metab. 6 (2007) 458-471.

&l
L



Molecular Genetics and Metabolism 107 (2012) 711-715

journal homepage: www.elsevier.com/locate/ymgme

Contents lists available at SciVerse ScienceDirect

Molecular Genetics and Metabolism

No accumulation of globotriaosylceramide in the heart of a patient with the E66Q

mutation in the a-galactosidase A gene

Masahisa Kobayashi **, Toya Ohashi *>€, Takahiro Fukuda ¢, Tomoyoshi Yanagisawa ¢, Takayuki Inomata ¢,
Takashi Nagaoka ¢, Teruo Kitagawa {, Yoshikatsu Eto &, Hiroyuki Ida >, Eiji Kusano "

2 Department of Pediatrics, The Jikei University School of Medicine, Tokyo, Japan
b Department of Gene Therapy, The Jikei University School of Medicine, Tokyo, Japan

© Division of Neuropathology, Department of Pathology, The Jikei University School of Medicine, Tokyo, Japan

4 Department of Cardio-Angiology, Kitasato University School of Medicine, Kanagawa, Japan

€ Sagamihara Clinic, Kanagawa, Japan
f Tokyo Heaith Service Assaciation, Tokyo, Japan

& Department of Genetic Disease & Genome Science, Jikei University School of Medicine, Tokyo, Japan
" Division of Nephrology, Department of Internal Medicine, Jichi Medical University, Tochigi, Japan

ARTICLE INFO ABSTRACT

Article history: Background: Fabry disease is an X-linked lysosomal disorder resulting from mutations in the a-galactosidase A
Received 8 August 2012 (GLA) gene. Recent reports described that the E66Q mutation of GLA is not a disease-causing mutation. However,
Received in revised form 19 October 2012 no pathological study was reported. We carried out pathological studies using a cardiac biopsy specimen from a
Accepted 20 October 2012 patient with the E66Q mutation.

Available online 24 October 2012 Materials and methods: The case was a 34 year old male patient with end-stage renal failure and cardiomegaly. He

was diagnosed with gout at 15 years of age and hemodialysis was started for gouty nephropathy from 31 years of
age. He was suspected of having Fabry disease as the result of a screening study for Fabry disease in patients with
end-stage renal failure and was referred to our hospital for mutation analysis of the GLA gene. We carried out en-
zymatic and genetic analysis for GLA and pathological studies of a cardiac biopsy specimen.

Keywords:

Fabry disease
«a-galactosidase A
Globotriaosylceramide (GL3)

E66Q mutation Results: The patient had the E66Q mutation in the GLA gene. GLA activity in leukocytes was 36.2% of the average of
Pseudo-deficiency normal controls. The pathological study of the cardiac biopsy sample showed no characteristic findings of Fabry
Polymorphism disease. The immunochistochemistry for GL3 of the cardiac biopsy sample showed no positive cells.
Conclusion: Although the E66Q mutation reduced enzyme activity, the characteristic pathological findings of
Fabry disease and the abnormal accumulation of GL3 were not detected in cardiac tissues. The E66Q mutation
of the GLA gene is thought to be a functional polymorphism based on enzymatic and pathological studies.
© 2012 Elsevier Inc. All rights reserved.
1. Introduction classical Fabry disease present with angiokeratoma, acroparesthesias,

Fabry disease (OMIM 301500) is an X-linked lysosomal storage
disorder resulting from deficient oa-galactosidase A activity (EC
3.2.1.22; GLA) [1]. Its estimated incidence is 1 per 1250-117,000 live
male births [ 1-4]. The deficiency of GLA activity leads to the accumula-
tion of the principal substrate globotriaosylceramide (GL3) in various
tissues including vascular endothelium, renal glomeruli and tubules,
dorsal root ganglia, cardiac myocytes and valves, cornea and skin.

The residual GLA activity in the leukocytes of male patients with
Fabry disease decreases to less than 10% of normal controls and the
residual enzymatic activity correlates with the severity of the pheno-
type. Fabry disease is classified into three clinical forms depending
on the severity of the clinical manifestations [1,5-8]. Patients with

* Corresponding author at: 3-25-8 Nishishinbashi Minato-ku, Tokyo 105-8461, Japan.
Fax: -+ 81 3 3435 8665.
E-mail address: masa-koba@jikei.ac.jp (M. Kobayashi).

1096-7192/$ ~ see front matter © 2012 Elsevier Inc. All rights reserved.
http://dx.doi.org/10.1016/j.ymgme.2012.10.018

hypohidrosis, impaired temperature regulation and corneal opacities
in childhood or adolescence, and suffer from progressive renal im-
pairment, cardiac hypertrophy, conduction disorder and cerebral vas-
cular events in their second to fifth decade. Patients with the cardiac
variant develop cardiac hypertrophy or conduction disorder without
other Fabry disease specific manifestations. Patients with the renal
variant usually have chronic renal failure and are diagnosed by
renal biopsy or screening for Fabry disease. They suffer from renal
and cardiac involvement without classical manifestations such as
angiokeratoma, acroparesthesias, hypohidrosis and impaired temper-
ature regulation. The renal variant is thought to be an intermediate
form between the classical form and the cardiac variant {8].

More than 500 mutations including the E66Q in the GLA gene have
been reported. The E66Q mutation in the GLA gene has been reported
to be a pathogenic mutation causing atypical Fabry disease [7,9-11],
however recently Lee et al. described the E66Q mutation as a func-
tional polymorphism {12}]. They reported that the residual GLA activity
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in leukocytes of patients with the E66Q mutation was 19.0-36.3% of
normal controls, and the allele frequency of E66Q mutation in the
Korean population was estimated to be 1.046%. To elucidate the path-
ogenicity of the E66Q mutation of the GLA gene, we carried out path-
ological studies on a cardiac biopsy specimen from a male patient with
the E66Q mutation.

2. Material and methods
2.1. The case

We studied a 34 year old male patient with the E66Q mutation of
the GLA gene. He had no positive family history of Fabry disease. He
was diagnosed with gout at 15 years of age. The gouty nephropathy
developed into end-stage renal failure and hemodialysis was started
from 31 years of age. At 34 years of age, a transthoracic echocardiog-
raphy was performed that showed left ventricular hypertrophy, with
the interventricular septum and left ventricular posterior wall thick-
ness of 13 mm and 11 mm respectively. To assess the cause of left
ventricular hypertrophy, a cardiac biopsy was carried out. The patho-
logical findings of biopsied tissue did not indicate Fabry disease. How-
ever, the patient was suspected to have Fabry disease as a result of a
screening study for Fabry disease in patients with end stage renal fail-
ure {J-FAST: Japan Fabry disease screening study) and was referred to
our hospital for enzymatic and genetic analysis of GLA and immuno-
histochemistry using monoclonal anti-GL3 antibody at the age of
35 years. He had no characteristic symptoms of Fabry disease other
than end-stage renal failure and cardiomegaly.

2.2. Enzymatic analysis

Leukocytes were extracted from heparinized whole blood from
the patient and GLA activity in leukocytes was analyzed using a
fluorogenic substrate, 4-methylumbelliferyl-o-p-galactopyranoside,
as described previously [13]. As controls, enzymatic activity in leuko-
cytes from normal subjects (n = 3) and from male patients with clas-
sical Fabry disease (n=47) was also assayed.

2.3. Genetic analysis

Genomic DNA was extracted from leukocytes using blood and
cell culture DNA midi kit (Qiagen, Jilden, Germany). Each exon and
flanking intron sequence of the GLA gene was amplified by PCR
using AmpliTag gold 360 master mix (Applied Biosystems, Foster

city, CA, USA), and directly sequenced using the BigDye Terminator
kit, version 3.1 (Applied Biosystems, Foster city, CA, USA).

2.4. Pathological studies using a cardiac biopsy specimen

A light microscopic study (hematoxylin and eosin and Masson's
trichrome stain), an immunohistochemistry using monoclonal anti-
GL3 antibody (Seikagaku Corp, Chiyoda-ku, Tokyo, Japan), and an
electron microscopic study were carried out using the patient's cardiac
biopsy specimen. As a positive control, a cardiac biopsy specimen from a
31 year old male patient with classical Fabry disease was also studied.

This study was performed under the approval of the ethical com-
mittee of the Jikei University School of Medicine.

3. Results
3.1. Enzymatic analysis (Fig. 1)

The mean GLA activity of normal controls was 131.3 nmol/mg/h
(101.7-160.8 nmol/mg/h). The residual GLA activity of the present
case and patients with classical Fabry disease were 47.73 nmol/mg/h
(36.3% of normal control) and 2.7 4 3.4 nmol/mg/h (2.14 2.6 of nor-
mal control (mean+SD)) respectively. Although the present case's
GLA activity was lower than normal controls, the residual GLA activity
was higher than that of classical Fabry patients.

3.2. Genetic analysis

A missense mutation E66Q (C196 G>C) was detected on exon 2 in
the GLA gene. There was no mutation in any other exon and flanking
intron sequence.

3.3. Pathological studies using cardiac biopsy specimen
3.3.1. Light microscopic study

3.3.1.1. Hematoxylin and eosin (HE) stain (Fig. 2). The characteristic
pathological finding of Fabry disease using HE stain is vacuolated
myocardial cells which indicate the accumulation of GL3 in these
cells. Although the pathological findings of the classical Fabry patient
showed the numerous vacuolated myocardial cells (arrows, Fig. ZA),
there were no characteristic pathological findings for Fabry disease
in cardiac tissue from the present case (Fig. 2B).

40 .
35+ | 36.2% @ Present case
Male patienis

GalA activity 30+ wn&;abry disease
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Fig. 1. The result of enzymatic analysis. The mean residual leukocyte GLA activity of the patients with classical Fabry disease was 2.7 4-3.4 nmol/mg/h (2.1 £ 2.6% (mean -+ SD) of
normal controls). The residual leukocyte GAL activity of the present case was 47.73 nmol/mg/h (36.3% of normal controls).
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Fig. 2. HE stain of the cardiac biopsy specimens of a male patient with classical Fabry disease and the present case. Although the pathological findings of the classical Fabry patient
showed numerous vacuolated myocardial cells (arrows, A), there were no characteristic pathological findings for Fabry disease in cardiac tissue from the present case (B).

3.3.1.2. Masson's trichrome stain (Fig. 3). The characteristic pathologi-
cal findings of Fabry disease using Masson's trichrome stain are vacu-
olated myocardial cells and cardiac fibrosis with fibrous change around
myocardial cells. Although cardiac fibrosis was shown in both classical
Fabry patients and the present case (Figs. 3A and B), numerous vacuo-
lated myocardial cells (arrows in Fig. 3A) were detected in only classical
Fabry patients.

3.3.1.3. Immunohistochemistry using monoclonal anti-GL3 antibody
(Fig. 4). GL3 positive myocardial cells indicate accumulation of GL3.
Although there were numerous GL3 positive myocardial cells (arrows)
in cardiac tissue from the classical Fabry patient (Fig. 4A), there were no
GL3 positive myocardial cells in cardiac tissue from the present case
(Fig. 4B).

3.3.2. Electron microscopic study

The characteristic pathological finding of Fabry disease in electron
microscopic studies is zebra bodies, which indicate the accumnulation
of GL3 in myocardial cells. Although zebra bodies (arrows) were seen
in myocardial cells from the classical Fabry patient (Fig. 5A), there
were no zebra bodies in cardiac tissue from the present case (Fig. 5B).

4. Discussion

Recently, screening for Fabry disease in end-stage renal disease
patients was carried out by several groups and the detected Fabry

disease patients at various incidences [3,4,7,10,11,14]. With the ex-
ception of one report that the combination mutation of E66Q and
R112C was found in patients with classical Fabry disease [9], E66Q
has been identified from screening for Fabry disease [7,10,11]. Be-
cause the method of screening for Fabry disease was measurement
of the GLA activity, some patients were thought to be misdiagnosed
without clinical and pathological evaluation. It was reported that
the residual GLA activity of patients with the E66Q mutation is higher
than with any other mutation. However, there is no clear evidence of
GL3 accumulation in tissues.

Lee et al. studied 1176 alleles in the Korean population and the
E66Q mutation in the GLA gene was detected in 12 alleles. They esti-
mated that the allele frequency with E66Q mutation in the Korean
population was 1.046% and concluded that the E66Q mutation is a
functional polymorphism. Even in their study, there was no patholog-
ical evaluation. To conclude that the E66Q mutation is a functional
polymorphism, pathological study, particularly focusing on GL3 accu-
mulation, is necessary.

In this study, we carried out enzymatic, genetic and pathological
studies on a patient with the E66Q mutation of the GLA gene. The
mean residual leukocyte GLA activity level of classical Fabry patients
was 2.1 4 2.6% of normal controls. However, the leukocyte GLA activ-
ity level of the present case decreased by 36.3% of normal controls
and was higher than that of the classical Fabry patients. The activity
reduction due to the E66Q mutation might not.be enough to cause
GL3 accumulation in tissues. In this regard, the pathological studies

Fig. 3. Masson's trichrome stain of cardiac biopsy specimens of a male patient with classical Fabry disease and the present case. Although cardiac fibrosis was shown in both classical
Fabry patient and the present case (A and B}, numerous vacuolated myocardial cells (arrows in A) were detected only in the classical Fabry patient. In the present case there were
no characteristic pathological findings for Fabry disease in cardiac tissue from the present case (B).
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Fig. 4. Inmunchistochemistry using monoclonal anti-GL3 antibody of cardiac biopsy specimens of a male patient with classical Fabry disease and the present case. Although there
were numerous GL3 positive myocardial cells (arrows) in cardiac tissue from the classical Fabry patient (A), there were no GL3 positive myocardial cells in those from the present

case (B).

on the cardiac biopsy specimen of the present case showed no charac-
teristic findings for Fabry disease, such as vacuolated myocardial cells
on light microscopic study or zebra bodies on electron microscopic
study. We carried out immunohistochemistry using monoclonal
anti-GL3 antibody to evaluate the accumulation of GL3 in myocardial
cells. Although GL3 positive cells were detected in previously diag-
nosed Fabry patients, they were not detected in the present case.
These findings suggest that the E66Q mutation in the GLA gene does
not lead to the accumulation of GLA in myocardial cells. Left ventric-
ular hypertrophy and cardiac fibrosis are common complications
among patients with chronic kidney disease and end stage renal fail-
ure treated with hemodialysis [14]. The echocardiography and the
pathological studies on the cardiac biopsy specimen of the present
case showed left ventricular hypertrophy and cardiac fibrosis respec-
tively and likely represent complications of hemodialysis. Therefore,
we conclude that the E66Q mutation in the GLA gene is a functional
polymorphism based on enzymatic and pathological studies.

Gaspar et al. studied hemodialysis patients and found 1 male and 1
femnale patient with the D313Y mutation in the GLA gene [15]. The
residual leukocyte GLA activity of the male patient with the D313Y
mutation was 39% of control mean and the D313Y mutation was
reported as a “pseudo-deficiency” mutation | 16]. There might be poly-
morphisms other than E66Q mutation and it would be more cautious
to diagnose asymptomatic cases found by screening for Fabry disease.

There are some limitations in this study. We studied only one
patient with the E66Q mutation and the pathological studies were

performed only on a cardiac biopsy specimen. To further support
the idea that the E66Q mutation in this patient is a functional poly-
morphism, a renal biopsy could be helpful because the patient has
end-stage renal disease. However he has received hemodialysis for
3 years and his renal tissues are likely to have been replaced by scars
making a renal biopsy problematic.

5. Conclusion

The E66Q mutation in the GLA gene was thought to be a functional
polymorphism and physicians should be cautious when making a
Fabry diagnosis in patients with the E66Q mutation.
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Genistein, a soy isoflavone, reduces glycosaminoglycan synthesis and its effect on mucopolysaccharidoses has
been tested. In this report, we examined the effect of genistein in human mucolipidosis II skin fibroblasts
in vitro. Heparan sulfate was accumulated within both cells and in extracellular spaces in mucolipidosis II. Ge-
nistein reduced the amount of heparan sulfate in cultured cells dose dependently and also inhibited cell

© 2011 Elsevier Inc. All rights reserved.

1. Introduction

Mucolipidosis I (ML-1I) (MIM #252500) is an autosomal recessive
lysosomal storage disorder caused by the deficiency of GIcNAc-
phosphotransferase  (UDP-N-acetylglucosamine-lysosomal-enzyme
N-acetylglucosaminephosphotransferase; EC 2.7.8.17), which gener-
ates mannose 6-phosphate (M6P) recognition markers on lysosomal
acid hydrolases [1]. As a result, almost all lysosomal acid hydrolases
are no longer targeted to lysosomes and massive accumulation occurs
within lysosomes, which are observed as “inclusion bodies”. These in-
clusion bodies are composed of accumulations such as saccharides,
proteins, cholesterol, phospholipids, and glycosaminoglycan (GAG).

Genistein is a soy isoflavone, which is found in various foods made
from soybeans. Genistein has been reported to reduce GAG synthesis
[2] and improves neurodegenerative disorders such as mucopolysacchar-
idoses (MPS) [3]. However, the specific effect of genistein on ML-II cells
has not been reported so far. In this report, we investigated the in vitro ef-
fect of genistein in cultured skin ML-II fibroblasts.

Abbreviations: DAPI, 4'6-diamidino-2-phenylindole; DMSO, dimethyl sulfoxide;
EGF, epidermal growth factor; FGF, fibroblast growth factor; FGFR2, fibroblast growth
factor receptor 2; GAG, glycosaminoglycan; HS, heparan sulfate; ML-II, mucolipidosis
II; MPS, mucopolysaccharidosis; M6P, mannose 6-phosphate.
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2. Materials and methods
2.1. Skin fibroblasts and cell culture

We obtained skin fibroblasts from a healthy subject and three ML-
11 patients after obtaining written informed consent. Mutations in the
GNPTAB gene were ¢.3565C>T(p.R1189X)/c.3565C>T(p.R1189X),
¢.310C>T(p.Q104X)/c.3428_3429insA(p.N1143fs), and ¢.310C>T(p.
Q104X)/c.2544delA(p.K848fs) in the respective ML-1I cell lines [4].
We also purchased two normal skin fibroblast cell lines (HDFn from
Invitrogen and NHDF from Lonza). Cells were cultured using standard
methods with Dulbecco’s Modified Eagle Medium (Gibco) plus 10%
fetal bovine serum (Sigma) and Antibiotic-Antimycotic (Gibco). Ge-
nistein (Sigma) was dissolved in dimethyl sulfoxide (DMSO): the
total amount of DMSO added to culture media remained the same
(0.1% concentration in culture medium) and only genistein concen-
tration varied in this study.

2.2. Immunofluorescence staining

Cells were fixed with 3.7% formaldehyde for 1 h followed by per-
meabilization with 0.1% Triton-X100 for 15 min and blocking with
1% bovine serum albumin for 1h at room temperature. Cells were
treated with mouse anti-heparan sulfate (HS) monoclonal antibody
(10E4; Seikagaku Biobusiness) at 1:100 for 1 h followed by staining
with Alexa Fluor 488 (Molecular Probes) at 1:1000 for 1 h at room
temperature. Finally, cells were stained with 4’,6-diamidino-2-phe-
nylindole (DAPI) (Dojindo) at 1:1000 for 15 min at room temperature
and mounted on slides. Fluorescence images were acquired using a
fluorescence microscope (BX51; Olympus).



