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Changes of Ultrasonic Bone Assessment in
Subacute Myelo—-Optico-Neuropathy (SMON) Patients

— Longitudinal Findings in 4-8 Years —

Katsumi Yamanaka®, Takatoshi Ujihira?, Shizuyo Inaba®
and Nakako Fujiwara®

ABSTRACT

Objective: Decreases of ultrasonic bone assessment in subacute myelo—-optico-neuropathy
(SMON) patients were measured over a period of 6 years. The decreases themselves and factors
related to this were discussed. Method: A longitudinal analysis was carried out on data collected
on 35 female SMON patients. We evaluated stiffness (St) which was calculated on the calcaneus
using an ultra sonic bone densitometer on two occasions between 1994 and 2003. The decreases
in St from the first examination to the second were analyzed. Result: The mean decrease in St
and Standard Deviation (SD) was 10.9+6.9. The mean decrease of St and SD per year was
1.97+1.37. The largest decrease (13.4) of St with statistical significance was recognized in the
moderate, severe group compared to the slight group in the SMON disturbance severity
categories. Age, height, Barthel index and a history of bone fracture seemed to bear a
relationship to the decrease of St. Conclusion: Our results suggest that the decrease of
ultrasonic bone assessment in SMON patients was higher than in healthy people and such a
decrease was associated with the SMON disturbance severity.

INTRODUCTION

Subacute myelo-optico-neuropathy (SMON) due to 5-chloro-7-10do~8-hydroxyl-quinoline
(clioquinol, chinoform) broke out in Japan in the years around 1950-1960. SMON patients ordinarily
started with abdominal symptoms (abdominal pain, diarrhea efc.) before the onset of neurological symptoms.
The cardinal signs are an acute or sub-acute onset of bilateral ascending parasthesia and dysesthesia of
lower extremitas. Other major signs are the impairment of deep sensation, weakness in the lower limbs,
bi-lateral impairment of vision, greenish discoloration of the tongue and feces and sphincter disturbances.
There are no significant laboratory findings in the blood and cerebral spinal fluid. After withdrawal from

Key words : Ultrasonic bone assessment, Subacute myelo-optico-neuropathy (SMON), Chinoform, SMON
disturbances severity, Barthel index
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medication the disease comes to a standstill. In severe cases, sensory or motor disorders remain in the
lower half of the body. In mild cases, these disorders gradually improve within months or years. Sensory
disorders tend to persist for longer periods. Visual disturbances improve, but in some cases, blindness
remains”. The Ministry of Health and Welfare recognized SMON as a drug-adverse disease in 1960.
Since 1960, the Ministry has formed a SMON research committee and has supported SMON patients by
examining their health condition. The total number of patients reached over 9,000 according to a national
survey in 1970. In 1986 (since the end of the SMON outbreak) there were around 4,000 patients according
to a national survey. These patients suffered from superficial sensory disorder, dysethesia and paresthesia
in all cases and motor and gait disturbances in half the cases in 1996®. In Aichi Prefecture, there were
around 400 patients in 1960. Since 1960, the Aichi Prefecture SMON research committee has examined
SMON patients at the request of the Aichi Prefecture SMON patient group. An examination was held once
every three or four years in Aichi Prefecture. Between 1990 and 1993, it was clear that the rate of SMON
patients with fractures was higher in elderly persons who live in residential areas and many patients with
fractures showed a low mineral bone mass®*~®. Due to these results and those from the Aichi Prefecture
SMON patient group, bone mineral assessment (stiffness by ultrasound) has been added to the examinations
since 1994. As there has been no report on the lowering of stiffness changes of SMON patients in any
cohort study, we would like to report it here.

METHOD

1 Background of This Study and Participants

A general examination of SMON patients has bheen conducted since 1960. The measurement of
ultrasonic bone assessment was added to this in 1994 when there were 161 SMON patients in Aichi
Prefecture. Eighty eight patients did not have ultrasonic bone assessments in the examination due to the
following reasons: impaired leg movement, they were under doctor consultation, examination deemed not
comprehensive enough and they thought there was little benefit from such an examination. Seventy three
(8 male and 65 female) had a bone mineral assessment test once in the first survey between 1994 and 1997.
In 2001, the second survey began and from a total of 144 SMON patients (losing 17 people either from
moving out of Aichi Prefecture or death) 65 (7 male and 58 female) SMON patients took the second survey.
Male patients were excluded from the subjects due to the low number of participants. A female patient
who was under 50 years old was excluded from the subjects due to hormonal influence. Finally, there were
35 female patients who took the ultrasonic bone assessment measurement test in both surveys.
2 Ethics

All participants provided written informed consent. This study was approved by the Ethics
Committee of the Nagoya University of Arts and Sciences.
3 Ultrasonic Bone Assessment Measurements

We evaluated the index stiffness (St) which was calculated from the speed of sound (SOS in m/s) and
broadband ultrasonic attenuation (BUA in dB/MHz) on the os calcis using an ultrasonic bone densitometer
(A-1000 Achilles of Lunar Corp)®. All measurements were made using the same equipment (A-1000) and
the same version’s software. In the measurement environment, the temperature 30°C was maintained.
Before the measurements, we corrected the values of measurements using the same phantom. We
measured St in the first survey (St 1) and St in the second survey (St 2). Then changes from St 1 to St 2
were calculated. Decreases of St were defined as St decrease. From St we also calculated a percent
age—adjusted St (St Percent) which shows the percentage of the average stiffness (St) of a healthy Japanese
female in the same age group.
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Table 1 Mean age, stiffness and percentage—adjusted stiffness of SMON patients in Survey 1 and Survey 2

Survey 1 Survey 2
Number of patients 35 35
Mean age (SD) 66.8 (7.6) 73.2 (7.4)
Mean stiffness (SD) 60.2 (9.7) 489 (11.0)
Mean percent age-adjusted stiffness (SD) 85.1 (11.9) 73.7 (15.0)

SD : standard deviation

4 Anthropometric Measurements

Besides ultrasonic bone assessment measurements, we obtained body indices (height, weight and body
mass index (BMI)), SMON disturbances severity, Barthel index (BI) ?, Diseases of spine or joint and history
of bone fractures in the last three years. Six factors were divided into two groups. These were; Age: under
65 years old, and 65 years old and over. Height: 150 cm or more, less than 150 cm. Weight: 45 kg or more
and less than 45 kg. BMI: 21 and over and less than 21. Bone fracture: absent, present. The SMON
disturbance severity (Severity) was dependent on the total level of disturbances, these were sensory
disturbances, dysesthesia, motor dysfunction and visual disturbances and these were examined in the
patients during the routine SMON examination. SMON Severity is usually classified into 5 types:
extremely slight, slight, moderate, severe, extremely severe. In this study the two groups (one group as
extremely slight, slight and the other group as moderate, severe, extremely severe) were used for analysis.
BI is the most widely used general disability measurement”. BI is ranked according to a total score (0 to
100) from 10 items. Total score 0 means complete dependence and 100 means complete independence for
all 10 items. 95 means there is dependence for one item and less than 95 means there is dependence for 2
items or more. BI was divided into the two groups (score 100 and less than 100).
5 Data Analysis

Mean St and mean percent age-adjusted St were compared between Survey 1 and Survey 2 in Table 1.
Mean St in Survey 1, mean St in Survey 2 and mean St decrease were shown in Table 2 respectively. The
Mann—Whitney test (non—parametric test in independent samples) was used to compare differences of St
and St decrease between each category of the 8 factors. The data was calculated using SPSS (Statistical
Package for the Social Sciences) 16.0 ] for Windows. The level of significance was set at p <0.05.

RESULT

1 Participants’ Period from Survey 1 to Survey 2

The number of participants according to the period of time from Survey 1 to Survey 2 was as follows:
15 people for 8 years, 8 people for 7 years, 3 people for 5 years and 9 people for 4 years. The mean number
of years for which participants were followed for was 6.5 years.
2 Participants’ Age

The number of participants followed up from Survey 1 to Survey 2 was 35. The mean age and
standard deviation (SD) of participants was 66.8=7.6, the age range was between 50 to 81 years old and the
number of participants in each age group was as follows; 5 were in the 50-59 year old group, 16 were in
60-69 year old group and 14 were in the 70-85 year old group for Survey 1. The mean age and SD of
participants was 73.2£7.4, the range was between 58 to 87 and the number of participants according to the
age groups was as follows; 2 were in the 50-59 year old group, 7 were in 60—69 year old group and 26 were
in 70-85 year old group for Survey 2 (Table 1).
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Stifiness in Survey 1

Fig.1 Scattergram of stiffness of SMON patients in Survey
1 and Survey 2 (n=35)

3 Stin Survey 1 and Survey 2

The mean St 1 and SD was 60.2+9.7 and the mean percent age adjusted Stiffness (St percent) in
Survey 1 and SD was 85.1%11.9. The mean St 2 and SD was 48.9411.0 and the mean St percent in
Survey 2 and SD was 73.7 + 15.0 (Table 1). The number of participants with a decrease of ST was 33 and
there were 2 participants with an increase in ST. The mean decrease of St and SD from Survey 1 to Survey
2 was 11.3%6.7. For the 33 participants with a decrease of St, the range of a decrease of St was between 2
and 27 as shown in Fig.1, and, the mean decrease of St and SD in a year was 1.91.4. The relationship of
St between Survey 1 and Survey 2 is shown in Fig.1.
4 Factors Related to Stiffness

Eight factors relating to St were analyzed. These 8 factors were divided into two groups (categories).
The mean St in each category of the 8 factors was shown in Table 2. The largest decrease (13.4) of St was
seen in the severe, moderate group (Severity—factor). The smallest decrease (7.6) of ST was seen in the
slight group (Severity—factor). The difference in decrease for the categories across the 8 factors was the
highest in the Severity category.

1) Age

The St in the group (65 years old and over) was significantly lower than in the under 65 year old group
in both Survey 1 and Survey 2. The decrease of St in the group (65 years old and over) was higher than in
the under 65 year old group, however the decrease was not statistically significant between the two age
groups.

2) Height

The St for the group (150cm or more) was higher than in the group (less than150 cm) for both surveys.
The decrease of St for the group (150cm or more) was higher than in the group (less than 150 cm); however
the decrease was not statistically significant between the two height groups.

3) Weight

The St for the group (45kg or more) was significantly higher than in the group (less than 45 kg) for both
surveys. The decrease of St for the group (45 kg or more) was lower than in the group (less than 45 kg)
however, the decrease was not statistically significant different between the two weight groups.

4) BMI

The St for the group (21 and over) was significantly higher than in the group (less than 21) for both
surveys. The decrease of St in the two groups was approximately similar.
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Table 2 Mean stiffness of Survey 1 and Survey 2 and decrease of St from Survey 1 to Survey 2 according to 8

factors
) Mean stiffness (St)
Factors Categories Number Mean St decrease
Survey 1 Survey 2
A <65 years 13 fx [ 67.1£8.5 **[ 56.5+7.7 9.3:+£8.7
e
8 > 65 years 22 56.1+8.0 445+10.4 11.646.7
Height =150cm 15 62.5+t12.1 49.81+12.5 12.7+6.5
8 <150cm 20 58.5+7.3 483+10.1 10.2+6.8
=45k 18 . 63.9£8.9 —53.1+11.0 10.8+7.7
Weight g * L * L
<45kg 17 56.31+9.2 44.6*10.6 11.7£5.6
=21 18 —64.0£8.9 «7 93.0x£9.9 11.0£76
BMI L al
<21 17 56.29.1 44.61+10.9 11.5%+5.8
. Slight 13 60.2+£7.2 52.67.7 s 7.6124.9
Severity L
Moderate, Severe 22 60.2x11.1 46.8+12.3 13.4£6.8
. 100 16 63.0+8.9 52.9+9.7 10.1+5.2
Barthel index
<100 19 57.89.9 45.6+t11.2 123277
Disease Of - 16 57.4i 9.6 470i 121 10.4i8.2
spine or joint + 19 62.6+9.4 50.6%10.1 12.0£5.2
History of - 20 61.3+9.9 49.3+115 1264114
bone fracture + 15 58.7+9.6 48.4+10.8 10.3*6.0

**. There was a significant (» <0.01) difference of St or St decrease between the groups using the Mann-Whitney
test.
*: There was a significant (p <<0.05) difference of St decrease between the groups using the Mann-Whitney test.

5) Severity

The St was the same in the two groups in Survey 1. However, the St in the moderate, severe group
was lower than the slight group in Survey 2. The decrease of St in the moderate, severe group was
significantly higher than the slight group.

6) Barthel index

The St in the group with a Barthel index of 100 was higher than in the group with a Barthel index of
less than 100 in both surveys. The decrease of St in the group with a Barthel index of 100 was lower than
in the group with a Barthel index of less than 100, however, the decrease was not statistically significant
different between the two Barthel index groups.

7) Diseases related to spine or joints

The St in the group with the disease was higher than in the group without the disease in both surveys.
The decrease of St in the group with the disease was higher than the group without the disease, however,
the decrease was not statistically significant different between the group of diseases of spine or joint
(absent) and (present).

8) History of bone fractures

The St in the group without a history of bone fractures was higher than in the group with a history of
bone fractures. The decrease of St in the group without bone fracture was higher than in the group with a
history of bone fractures. However, the decrease was not statistically significant different between the
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group of history of bone fracture (—) and (+).

DISCUSSION

Quantitative ultrasound (QUS) was introduced for indirect measurement of bone quality®® and is
considered as an alternative technique to provide information on bone in order to identify subjects with a
high risk of bone fragility'®. The Stiffness (St) index is measured using the “Achiless” ultrasound bone
densitometer (Lunar). The value of St was shown in several papers®*'?for clinical purposes. St was highly
correlated with the spine, femoral neck and total body bone mineral density (BMD) using dual X-ray
absorptiometry (DXA)®'V, Calcaneal SOS and BUA also correlated well with calcaneal BMD. Several
studies concerning osteoporosis, BMD, SOS and BUA in SMON patients were reported. The first study®
showed that there were no significant differences in the prevalence of osteoporosis between SMON patients
and a normal control group, however, more advanced osteoporotic changes were observed in the severely
affected SMON cases. This was followed by reports’®¥ that female SMON patients had lower St than
healthy females when using an ultrasound bone densitometer. The SMON patients with a history of bone
fractures had lower St than patients without a history™. From the results showing that SMON patient’s St
Percent was 80% when compared to a person of the same age in this study, it could be considered that
SMON patients had an osteoporotic condition, compared to healthy people. However, any St decrease or
BMD decrease in SMON patients in cohort studies are poorly known. St decrease from Survey 1 to
Survey 2 in this study was 1.9 (3.1%) per year. This value of 1.9 was higher than 0.56 per year in healthy
Japanese females using Achiless® and also higher than 0.82 per year in an average Japanese female group in
another study using Achiless' The decrease (3.1%) in this study was higher than a 1.01% decrease after
23 months in nursing home residents using Achilles in a previous report™®,

The difference in St between categories was calculated in 8 factors in this study. The most prevalent
difference was observed in age. This result consisted of previous reports, which clarified negative
associations between age and St or age and BMD®!1216~20 This study showed that the higher St was
observed in the higher height, higher weight and higher BMI group. This result was also consistent with
previous papers which showed a positive correlation between BMD and height, BMD and weight, and BMD
and BMIL. The results above mentioned showed that SMON patients had the same health condition as
healthy people.

There are many reports which show there is a relationship between insufficient physical activity and a
low BMDY2~%) SMON patients have largely limited physical activity in their daily lives due to the
physically handicapped aspect of SMON. In this study low physical activity is considered to cause low St in
these SMON patients with severe or moderate SMON disturbance, low BI and present diseases related to
the spine or joints.

SMON patients can easily fall which leads to broken bones, because they are handicapped in their
general mobility and have a low St. Patients with a history of bone fractures had a low mean St in both
surveys, however, they had a low mean St decrease in this study. This reason is not clear in this study.

Physically handicapped people with spinal cord injuries or cerebral palsy were reported to have a low
St.2627  There was no contra-indication to these reports that the SMON patients had a low St.

A low St and a higher decrease of St in SMON patients are crucial if we are to consider their health
condition. Currently, the national survey and health examination of SMON patients are conducted annually
in Japan. The measurement of bone mass density should be added to routine examinations to prevent
osteoporosis and bone fractures.
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Clioquinol, a Cu?*/Zn?*[Fe?* chelator/ionophor, was used extensively in the mid 1900s as an amebicide
for treating indigestion and diarrhea. It was eventually withdrawn from the market because of a link
to subacute myelo-optic neuropathy (SMON) in Japan. The pathogenesis of SMON, however, is not fully
understood. To clarify the molecular mechanisms of clioquinol-induced neurotoxicity, a global analysis
using DNA chips was carried out on human neuroblastoma cells. The global analysis and quantitative PCR
demonstrated that mRNA levels of p21©P! an inhibitor of cyclins D and E, and of GADD45q, a growth

Keywords: arrest and DNA damage-inducible protein, were significantly increased by clioquinol treatment in SH-
Clioquinol L . . A R N

SMON SY5Y and IMR-32 neuroblastoma cells. Activation of p53 by clioquinol was suggested, since clioquinol
ATM induced phosphorylation of p53 at Ser15 to enhance its stabilization. The phosphorylation of p53 was

p53 inhibited by KU-55933, an inhibitor of ataxia-telangiectasia mutated kinase (ATM), but not by NU7026,
an inhibitor of DNA-dependent protein kinase (DNA-PK). Clioquino! in fact induced phosphorylation
of ATM and histone H2AX, a marker of DNA double-strand breaks {DSBs). These results suggest that
clioquinol-induced neurotoxicity is mediated by DSBs and subsequent activation of ATM/p53 signaling.

Neurotoxicity

© 2012 Elsevier Ireland Ltd. All rights reserved.

1. Introduction

Clioquinol (5-chloro-7-indo-8-quinolinol) was used extensively
as an amebicide for treating indigestion and diarrhea in the mid
1900s. Later it was withdrawn from the market because its use was
epidemiologically linked to the incidence of subacute myelo-optic
neuropathy (SMON) in Japan (Cahoon, 2009). SMON is charac-
terized by subacute onset of sensory and motor disturbances in
the lower extremities and visual impairment (Nakae et al,, 1973;
Tsubaki et al., 1971). Although pathological studies demonstrated
axonopathy of the spinal cord and optic nerves (Tateishi, 2000),
the underlying mechanisms of clioquinol toxicity are yet to be
elucidated. In PC12 cells, clioquinol suppressed nerve growth
factor-induced Trk autophosphorylation and neurite outgrowth
(Asakura et al,, 2009). In cultured dorsal root ganglion neurons,
clioquinol induced mechanical hyperalgesia and cold allodynia via
activation of TRPA1 (Andersson et al., 2009). When injected into
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Medicine, 465 Kajii-cho, Kamigyo-ku, Kyoto 602-8566, Japan.Tel.: +81 75251 5381;
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young rats, it attenuated dentate gyrus long-term potentiation
(Takeda et al., 2010).

Recently, clioquinol has been reevaluated as a prototype for
metal-protein-attenuating compounds that decrease oxidative
stress and deposits of metalloproteins in patients with Alzheimer
disease (Adlard et al., 2008; Cherny et al., 2001), Parkinson disease
(Kaur et al., 2003), and Huntington disease (Nguyen et al., 2005).
Especially for Alzheimer disease, the effectiveness of clioquinol and
its derivative PBT2 was verified by phase ll clinical trials (Faux et al.,
2010; Lannfelt et al.,, 2008; Ritchie et al., 2003). These beneficial
effects appeared to be mediated by prevention of protein aggre-
gation via chelation of metal ions. Clioquinol was also reported to
inhibit the aging-associated mitochondrial enzyme CLK-1 (Wang
et al., 2009). Another line of investigation, however, demonstrated
that cytotoxicity of clioquinol was mediated by oxidative stress
(Benvenisti-Zarom et al., 2005), inhibition of the 20S proteasome
(Mao et al., 2009), or induction of the cytoplasmic clearance of
X-linked inhibitor of apoptosis protein (XIAP) (Cater and Haupt,
2011). These cytotoxic effects were also thought useful for cancer
therapy (Ding et al., 2005).

Clioguinol has been recognized conventionally as a Cu?*/Zn?*
chelator (Cherny et al., 2001; Choi et al., 2006). It also works as a
Fe2* chelator (Kaur et al., 2003; Wang et al., 2009). Furthermore,
it was recently shown to work as a Cu?*/Zn?*[Fe?* ionophore that
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Table 1
Sequences of primers used in quantitative PCR.
Gene Primer sequences
p21¢in? Sense 5'-aggggacagcagaggaaga-3’
Antisense 5'-ggcttectertggagaagatcag-3
GADD45« Sense 5’-ccacattcatcteaatggaag-3°
Antisense 5'-cagggagattaatcactggaa-3’
HPRT Sense 5'-agactttgctttecttggtea-3
Antisense 5'-aggcttrgtattttgettttc-3

drives these metal ions into the cell (Andersson et al., 2009; Ding
et al,, 2005). Thus, the characteristics of clioquinol and its effects
on neuronal cells have been controversial. To clarify the molecu-
lar mechanisms underlying clioquinol-induced neurotoxicity, we
carried out a global analysis using DNA chips in human neurob-
lastoma cells and demonstrated that clioquinol activates ATM and
subsequent p53 signaling.

2. Materials and methods
2.1. Materials

Clioguinol, KU-55933 (inSolution ATM Kinase Inhibitor), UG126, and MnTBAP
were purchased from Merck (Darmstadt, Germany). NU7026 was obtained from
Cayman Chemicals (Ann Arbor, MI). SB239063 was purchased from Alexis Biochem-
icals (San Diego, CA). Antibodies against phospho-p53 (Ser15) and p53 (DO-1) were
purchased from Cell Signaling Technology (Danvers, MA) and Medical and Biolog-
ical Laboratories (Nagoya, Japan), respectively. The antibody against B-actin was
obtained from Sigma (St. Louis, MO). Antibodies against phospho-ATM (Ser1981),
ATM, histone H2AX (phospho-Ser139), and histone H2AX were purchased from
Epitomics (Burlingame, CA).

2.2. Cell culture

Human SH-SYSY cells, purchased from European Collection of Cell Cultures,
were cultured in Ham's F12: Eagle’s medium with Earle’s salts (1:1) supplemented
with non-essential amino acids and 15% fetal bovine serum (FBS). IMR-32 cells from
the JCRB Cell Bank were cultured in Eagle's medium with Earle's salts supplemented
with non-essential amino acids and 10% FBS. ‘

2.3. Cell proliferation assay

SH-SY5Y or IMR-32 cells were grown in 96-well plates in the presence or absence
of clioquinol for 24 h. Cell proliferation was quantitated using a CyQuant Direct Cell
Proliferation Assay Kit (Life Technologies, Carlsbad, CA) according to the manufac-
turer’s instructions.

2.4. Microarray analysis

SH-SY5Y cells were grown in the presence or absence of 50 uM clioquinol for
24 h.Total RNA isolated using an RNeasy Plus Mini kit{Qiagen, Hilden, Germany)was
prepared for labeling and hybridization to a human Oligo chip 25k (Toray, Tokyo,
Japan)using standard methods. The GEO database accession code for the microarray
data obtained is GSE32173.

2.5. Quantitative PCR

Total RNA was reverse transcribed to first-strand ¢cDNA using a ReverTra Ace
qPCR RT Kit (TOYOBO, Osaka, Japan). and quantitative PCR was performed in a
StepOnePlus Real-Time PCR System (Life Technologies) using THUNDERBIRD SYBR
qPCR Mix (TOYOBO). Gene expression was quantified using standard curves that
were generated using serially diluted plasmid reference samples and normalized to
the expression level of hypoxanthine phosphoribosyltransferase (HPRT). The speci-
ficity of the PCR products was confirmed by gel electrophoresis and a dissociation
curve analysis. Primer sequences are shown in Table 1.

2.6. Western blotting

Whole cell lysate was prepared essentially as described previously (Fan et al.,
2005; Katsuyama et al., 2005). Briefly, cells were lysed in a buffer containing 1%
Triton, 0.5% sodium deoxycholate, 10 mM Tris-HCl (pH 6.8), 150 mM NaCl, T mM
EDTA, protease inhibitor cocktails (Nacalai Tesque, Kyoto, Japan), 1 mM NaF, 20 mM
B-glycerophosphate, and 1 mM Na;VO,. The lysate was centrifuged and the super-
natant was used as whole cell lysate. Aliquots containing equal amounts of protein
(10 g) were subjected to SDS-polyacrylamide gel electrophoresis and transferred
onto polyvinylidene difluoride membranes (Millipore, Bedford, MA). Hybridization
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Fig. 1. Clioquinol suppressed proliferation of SH-SY5Y and IMR-32 neuroblastoma
cells. SH-SYSY and IMR-32 cells were grown in 96-well plates in the presence or
absence of clioquinol for 24 h. Cell proliferation was quantitated using a CyQuant
Direct Cell Proliferation Assay Kit. Open circles, SH-SY5Y: closed circles, IMR-32.
*P<0.05 vs. control (N=8).

of antibodies and washing were carried out essentially as described previously (Fan
et al., 2005; Katsuyama et al., 2005). Representative autoradiographs from three
experiments are shown in the figures.

2.7. Statistical analysis

Values were expressed as the mean % SE. The statistical analysis was performed
using Student's ¢ test, For multiple treatment groups, one-way ANOVA followed by
Bonferroni's ¢ test was applied.

3. Results

3.1. Clioquinol suppressed proliferation of SH-SY5Y and IMR-32
human neuroblastoma cells

We first examined whether clioquinol affects the proliferation
of neuroblastoma cells using the CyQuant Direct Cell Proliferation
Assay Kit. As shown in Fig. 1, treatment with clioquinol for 24 h
significantly suppressed proliferation of SH-SY5Y and IMR-32 cells
at concentrations higher than 10-20 uM.

3.2. Clioquinol increased levels of mRNA for p21€P! and
GADDA45«

A global analysis with DNA chips was carried out using SH-SY5Y
cells grown in the presence or absence of 50 uM clioquinol for
24 h. Among approximately 25,000 genes, 2429 were up-regulated
in their expression and 2727, down-regulated, by clioquinol (GEO
database accession code: GSE32173). Notably, the expression of
p21SP! an inhibitor of cyclins D and E, and that of a growth arrest
and DNA damage-inducible protein, GADD45«, were up-regulated
by treatment with clioquinol. Both of these proteins are dependent
on p53, a tumor suppressor. Up-regulation of the mRNA expression
for these proteins was verified by quantitative PCR in SH-SY5Y and
IMR-32 cells (Fig. 2).

3.3. Clioguinol induced phosphorylation of p53 at Ser15

The up-regulation of p21€iP! and GADD45« expression suggests
that p53isactivated by clioquinol. We therefore examined whether
phosphorylation at Ser15, an indicator of the activation of p53, is
enhanced by clioquinol treatment. As shown in Fig. 3A, treatment
with clioquinol for 24 h markedly induced phosphorylation of p53
in SH-SYSY cells at concentrations higher than 10 M. In IMR-32
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Fig. 2. Clioquinol increased the expression of mRNAs for p21°™' and GADD45a. Cells were grown in the presence or absence of 50 pM clioquinol for 24 h. Transcript levels
were measured by quantitative PCR and normalized to the level of hypoxanthine phosphoribosyltransferase (HPRT) mRNA. *P<0.05 vs. DMSO (N =3).

cells, phosphorylation of p53 was induced even at 5 M. Concomi-
tantly, total p53 levels were also increased by clioquinol treatment
at higher €oncentrations. This may be attributable to its stabiliza-
tion by phosphorylation at Ser15 and inhibition of the interaction
between p53 and MDM2 (Kruse and Gu, 2009). Time course exper-
iments indicated that phosphorylation of p53 was induced within
24 h (Fig. 3B).

3.4. Clioquinol-induced phosphorylation of p53 was inhibited by
KU-55933, an inhibitor of ataxia telangiectasia mutated (ATM)
kinase

Phosphorylation of p53 at Ser15 was reported to be cat-
alyzed by ATM, ATM-Rad3-related kinase (ATR), DNA-dependent
protein kinase (DNA-PK), p38 MAP kinase, and extracellular signal-
regulated protein kinase (ERK) (Kruse and Gu, 2009; She et al.,
2000). Therefore, we next examined which kinase is involved in the
activation of p53. As shown in Fig. 4, KU-55933, a specific inhibitor
of ATM, suppressed phosphorylation of p53 at Ser15 induced by
clioquinol treatment. On the other hand, NU7026, an inhibitor
of DNA-PK, did not affect the phosphorylation. SB239063, a p38
inhibitor, and U0126, a MEK inhibitor that suppresses ERK acti-
vation, were also ineffective against the phosphorylation of p53

A SH-SY5Y IMR-32

10 20 50

10 20 50 0 5

CQ (uM) 0 5
pSer15-p53

p53

B-actin
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Fig. 3. Clioquinol induced phosphorylation of p53 at Ser15. (A) A dose-dependent
increase in p53 phosphorylation. Cells were grown in the presence or absence of
clioquinol for 24h and whole cell lysate was isolated. (B) The time course of p53
phosphorylation. Cells were grown in the presence of clioquinol (20 uM for SH-
SYSY, 10 uM for IMR-32). A representative blot of three independent experiments
is shown.
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Fig. 4. Clioquinol-induced phosphorylation of p53 was suppressed by KU-55933,
an inhibitor of ATM. Cells were grown in the presence or absence of clioquinol and
10 LM KU-55933 or NU7026 for 24 h. The experiment was repeated three times and
a representative result is shown.

(data not shown). These results suggest that clioquinol-induced
activation of p53 is mediated by ATM.

3.5. Clioquinol induced phosphorylation of ATM

We next examined whether clioquinol activates ATM. As shown
in Fig. 5, clioquinol induced phosphorylation of ATM within 24 h
in both cell lines, indicating that ATM is activated by clioquinol
treatment.

3.6. Clioguinol induced phosphorylation of histone H2AX

It is well known that ATM is activated by DNA double-strand
breaks (DSBs) induced by ionizing radiation (Bakkenist and Kastan,
2003). We therefore examined whether clioquinol induces DSBs.
As shown in Fig. 6, clioquinol markedly induced phosphorylation
of histone H2AX, a marker of DSBs, at 4 h in SH-SY5Y cells. Phos-
phorylation of histone H2AX was also detected in IMR-32 cells
at 2 h, though to a much lesser extent. These results suggest that
clioquinol-induced DSBs are involved in the activation of ATM.

SH-8Y5Y IMR-32

Time(h) 0 1 2 4 8
pATM

24 0 1 2 4 8 24

ATM

Fig. 5. Clioquinol induced phosphorylation of ATM. Cells were grown in the pres-
ence of clioquinol for the period indicated and whole cell lysate was isolated. The
experiment was repeated three times and a representative result is shown.
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