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Fig. 1. Heparan sulfate (HS) accurnulation and effect of genistein in ML-I cells. (A) HS was accumulated in ML-Il skin fibroblasts compared to normal cells on immunofluorescence. (B) HS
amount was significantly higher in ML-II cells. Four independent samples were collected on different days after passage and HS was measured. Values are shown as means + SD. *P<0.05.
(C) Magnified immunofluorescence picture of HS accumulation. In ML-II, HS accumulation showed a vesicular and membranous pattern with clear localization along the plasma mem-
brane as indicated by arrowheads. Scale bar 20 um. (D) Genistein dose dependently reduced the amount of cellular HS in ML-H cells. Relative HS amounts in genistein-treated cells are
shown as compared to untreated cells. Values are shown as means - SD for the three cell lines. Significant differences from genistein-untreated cells are indicated as asterisks.
*P<0.0001. (E) Genistein dose dependently inhibited cell proliferation in ML-II cells. Double line indicates the average cell number of genistein-untreated ML-Il cells (left vertical
axis). Single lines indicate growth rates of genistein-treated cells as compared to untreated cells. Values are shown as means + SD for the three cell lines (right vertical percentage
scale). Significant differences from genistein-untreated cells are indicated as asterisks. *P<0.0001.
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2.3. Heparan sulfate measurement

Collected skin fibroblasts were sonicated and subjected to HS
measurement (HS-ELISA Kit; Seikagaku Biobusiness). HS amount
was calculated as pg HS/mg protein.

2.4. Statistical analysis

We confirmed the normality of values by Shapiro-Wilk W-test for
each assessment and the distribution of values by F-test. For testing
significant differences between the samplies, we applied two-tailed
Student’s t-test, or two-tailed Welch's t-test especially in samples
that were not equally distributed. Significant differences are indicated
in figures.

3. Results

3.1. Heparan sulfate was accumulated in both cytosol and cell surface of
MIL-II cells

Normal and ML-1I skin fibroblasts were subjected to immunofluo-
rescence staining using anti-HS antibody with DAPIL. HS was signifi-
cantly accumulated in ML-II ceils as compared to normal cells
(Figs. 1A,B). HS was detected in a vesicular pattern in cytosol, which
partially co-localizes with lysosome (data not shown), and in the ex-
tracellular space along the plasma membrane of ML-II cells (Fig. 1C).

3.2. Genistein reduced the amount of heparan sulfate in ML-II cells

We used primary cultures of skin fibroblasts obtained from the
ML-II patients and measured the amount of HS in cultured ML-II
cells on day 5. The amount of HS differed between the three untreated
cell lines: 116.2, 190.9, and 348.4 ug HS/mg protein. In order to eval-
uate the effect of genistein in these cells, we calculated the relative HS
amount (%) in genistein-treated cells compared to untreated cells,
and the averages of these values are shown graphically (Fig. 1D). Ge-
nistein significantly reduced the amount of HS in ML-Il cells dose
dependently.

3.3. Genistein inhibited ML-II cell growth

We seeded 2 x 104 cells into 60-mm dishes (day 0) and cultured
with and without various genistein concentrations. Cells were har-
vested by trypsinization and counted on days 1, 3, 5, and 7. As previ-
ously mentioned, the primary cell cultures showed different growth
rates. We calculated the relative cell number (%) in genistein-
treated cells as compared to untreated cells, and the averages of
these values are shown (Fig. 1E). Average cell numbers (x10% cells)
are shown in the graph for genistein-untreated cells. Genistein dose
dependently reduced cell growth rate. No floating cells, indicating
cell death, were noted at any genistein concentration. This suggests
that cell proliferation was inhibited by genistein.

4. Discussion

We report the effects of genistein in human ML-II skin fibroblasts.
HS was accumulated both in cytosol and in the extracellular space
along the plasma membrane of ML-II cells and this accumulation
was reduced by genistein treatment. HS accumulation has been previ-
ously reported in plasma and urine samples of patients with MPS and
ML-II using enzyme-linked immunosorbent assay [5]. This is pre-
sumed to result from the defective degradation of GAG in these dis-
eases. Although HS accumulation was obvious in ML-1I compared to
normal cells, the specific amount of HS differed between each cell
line. We suggest that the differences result from the cellular condi-
tions of the primary skin fibroblast cultures such as passage times,

growth rate, and patient age at sample collection, which cannot be
standardized.

Genistein also reduced ML-II cell proliferation in our experiments.
In previous reports, genistein has been shown to directly suppress
epidermal growth factor (EGF) signaling [6], which causes a reduction
in GAG synthesis [7] and suppression of cellular proliferation. Extra-
cellular HS is necessary for the dimerization of fibroblast growth fac-
tor receptor 2 (FGFR2) and FGFR2 dimerization efficiently activates
FGF signal transduction [8]. Both EGF and FGF are growth factors,
whose signaling pathways are involved in cellular proliferation via
the Ras/Raf/MAPK or PI3K/Akt signaling pathway [9]. Interestingly,
treatment of normal cells with genistein 10 M reduced cell growth
to 72.8% of untreated cells on day 7 (data not shown), which means
ML-II cells are more sensitive to genistein as compared to normal
cells. It is suggested that ML-II cells bear more HS on the cell surface
than normal and its reduction by genistein may affect cell growth
more.

Recently, our group demonstrated the possibility of enzyme re-
placement therapy using multiple lysosomal enzymes in ML-1I [10].
We reported that many kinds of substrate are accumulated within ly-
sosomes and endosomes in ML-1I, which causes various cellular dys-
functions including a blockade of endocytosis, delayed M6P receptor
recycling, abnormal autophagy, and impaired mitochondria with the
generation of inclusion bodies. Although we did not directly measure
GAG accumulation in our previous study, GAG could be the major ac-
cumulation in ML-1I as in MPS. In this respect, a reduction of HS accu-
mulation with genistein treatment might possibly produce a
beneficial cellular effect. Additionally, genistein has been shown to
have an estrogen-like effect (phytoestrogen) and also have a benefi-
cial effect on bone health [11,12]. In ML-II, bone impairment is one
of the major involvements. Bone mineral density reduces from
1 year after birth, which is suggested to result from persistent osteo-
clastic function [13]. Additionally, cartilage homeostasis is also regu-
lated by extracellular sulfates via bone morphogenetic protein and
FGF [14]. Taken together, genistein might possibly improve bone sta-
tus in ML-IL

In conclusion, it is suggested that genistein can be considered as a
candidate for supportive drug therapy in patients with ML-1l. Howev-
er, the safety of genistein should be carefully observed when it is used
at high doses for patients.
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Abstract

This report describes a 60-year-old female patient with Krabbe disease who presented with slowly progressive gait disturbance
due to mild spastic paraplegia. Brain magnetic resonance imaging showed high-intensity lesions along the upper parts of the bilateral
pyramidal tracts in fluid-attenuated inversion recovery images. Central motor conduction time was prolonged both in the upper and
the lower extremities, while central sensory conduction time was normal. The reduced lymphocyte galactocerebrosidase (GALC)
activity and two novel mutations in the GALC gene, p.G496S and p.G569S, proved the diagnosis of Krabbe disease. Our findings
show that adult-onset Krabbe disease is characterized by isolated pyramidal tract impairment in the central nervous system, both

neurophysiologically and radiologically.

© 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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1. Introduction

Krabbe disease is an autosomal recessive lysosomal
storage disease caused by loss of galactocerebrosidase
(GALC) activity [1]. Patients with adult-onset Krabbe
disease typically develop slowly progressive spastic para-
plegia and sometimes sensorimotor neuropathy [1,2].
Although magnetic resonance imaging (MRI) revealed
that the involvement of pyramidal tracts is characteristic
of adult-onset Krabbe disease [3,4], there have been few
reports on neurophysiology of the pyramidal tracts [5].
Here, we present a case of adult-onset Krabbe disease

* Corresponding author. Tel.: +81 3 5214 7111.
E-mail address: tokushige-tky@umin.ac.jp (S. Tokushige).

with novel mutations of the GALC gene. Neurophysio-
logical studies revealed delayed central motor conduc-
tion with normal central sensory conduction, in
accordance with the MRI findings.

2. Case report

A 60-year-old Japanese woman who had experienced
slowly progressive gait disturbance was referred to our
hospital. Her past medical history and family history
were unremarkable. She had no siblings and her parents
were non-consanguineous. Neurological examination
revealed mild spastic paraplegia, exaggerated patellar
tendon reflexes, and positive Babinski and Chaddock
reflexes. She exhibited no cognitive dysfunction, sensory
loss, ataxia, or autonomic dysfunction.

0387-7604/$ - see front matter © 2012 The Japanese Society of Child Neurology. Published by Elsevier B.V. All rights reserved.
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Brain MRI revealed high-intensity lesions along the
upper parts of the bilateral pyramidal tracts in fluid-
attenuated inversion recovery (FLAIR) images
(Fig. 1). Nerve conduction studies (NCS) showed
decreased motor and sensory conduction velocities. A
sensory evoked potential (SEP) study revealed normal
central sensory conduction time (CSCT) and delayed
peripheral latencies. Motor evoked potentials (MEPs)
were recorded from the left first dorsal interosseous
(FDI) and tibialis anterior (TA) muscles using the
method reported by Matsumoto et al. [6,7] and Ugawa
et al. [8]. As shown in Table 1, the central motor con-
duction time (CMCT) was prolonged, especially
between the cortex and the brainstem. The cortico-
conus motor conduction time (CCCT), which is the
most direct indicator of pyramidal tract conduction
[6], was also prolonged. Needle electromyography in
the biceps brachii, flexor carpi ulnaris, rectus femoris,
and tibialis anterior muscles showed reduced recruit-
ment of motor unit potentials during voluntary con-
traction without any spontaneous activities during
relaxation. Auditory brainstem responses, visual
evoked potentials, and electroencephalography revealed
no abnormalities.

Since the activity of lymphocyte GALC was reduced to
0.03 nmol/h/mg (normal range, 2.1 & 0.29 nmol/h/mg
[9]), the patient received a diagnosis of Krabbe disease.
We investigated the DNA sequence for all 17 exons of
the GALC gene, and found two novel heterozygous mis-
sense mutations, p.G496S and p.G569S (Fig. 2A and B),
which were not found in 100 healthy controls.

s
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3. Discussion

We described a case of adult-onset Krabbe disease
with slowly progressive gait disturbance due to mild
spastic paraplegia. Brain MRI showed bilateral lesions
along the upper pyramidal tracts, and neurophysiologi-
cal studies revealed delayed central motor conduction
with normal central sensory conduction. The lympho-
cyte GALC activity was decreased and two heterozy-
gous mutations were found in the GALC gene, which
proved the diagnosis of Krabbe disease.

Matsumoto et al. [5] reported a 30-year-old female
patient with Krabbe disease with severe spastic para-
plegia, whose CMCT was prolonged and CSCT was
normal, in a pattern identical to that seen in our
patient. Therefore, isolated pyramidal tract impairment
appears to be a common feature of adult-onset Krabbe
disease in both neurophysiological and radiological
examinations. In contrast, in regard to infantile-onset
Krabbe disease, a 23-month-old female patient with
delayed central sensory conduction has been reported
[10]. A comparison of our case with this case suggests
that isolated pyramidal tract impairment may be char-
acteristic of the adult-onset subtype or mild form of
Krabbe disease.

To date, genetic studies on patients with Krabbe dis-
ease have suggested some correlation between the geno-
type and the clinical severity [9]. Although further
analysis is needed to verify the significance of the GALC
mutations found in our patient, the mild neurological
symptoms may be related to the genotype.

e

e

Fig. I. FLAIR MR images of the brain showing high-intensity lesions along the upper part of the bilateral pyramidal tracts from just beneath the

motor cortex to the cerebral peduncle.
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Table 1
Motor evoked potentials.

Latency (ms)

Conduction time (ms)

Cortical Brainstem  Cervical Cortical-brainstem  Brainstem-cervical ~ Cortical-cervical (CMCT)
Left FDI 31.3 23.6 19.3 7.7 43 12.0
Normal range (mean & SD)  20.7 £ 1.0 173 £0.8 13.6 0.8 33£03 37405 7.0+04
Latency (ms) Conduction time (ms)
Cortical Conus Cortico-conus (CCCT)
Left TA 38.9 22.8 16.1
Normal range (mean + SD) 26.1+1.6 140+14 123+1.2

FDI, first dorsal interosseous; TA, tibialis anterior; CMCT, central motor conduction time; CCCT, cortico-conus motor conduction time. Abnormal

values: bold italic.
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Fig. 2. Two novel missense mutations in the GALC gene of the patient. (A) ¢.1486G>A (p.G4968S), (B) ¢.1705G>A (p.G569S).

The characteristic upper pyramidal tract lesions and
decreased sensorimotor nerve conduction velocities
strongly suggested the diagnosis of Krabbe disease,
which was finally confirmed by the decreased GALC
activity. Other leukodystrophies including adrenoleuko-
dystrophy, metachromatic leukodystrophy, Pelizacus—
Merzbacher disease, Sjogren—Larsson syndrome and
vanishing white matter disease were ruled out by the
clinical and radiological findings.

In conclusion, the pyramidal tract is considered to be
the only tract involved in the central nervous system of
adult-onset Krabbe disease. Physiological and radiolog-
ical studies provide consistent results on this issue.
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