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Abstract.

The clinical use of arsenic trioxide (ATO) is often limited because of its adverse ef-

fects. We examined whether a-lipoic acid (LA) protects against the ATO-induced cardiac toxicity.
In the chronic study, two of four rats suddenly died by the repeated dosing of ATO, whereas no
deaths were observed in combination with LA. In the acute study, continuous ECG recording re-
vealed that intravenous injection of ATO caused transient ST-T change, whereas pretreatment
with LA abolished the ATO-induced ECG abnormality in all animals. These results suggest that
LA protects against the ATO-induced acute cardiac toxicity and subsequent sudden death in rats.

Keywords: a-lipoic acid, arsenic trioxide, cardiac toxicity

Arsenic trioxide (ATO) is used for the treatment of
relapsed or refractory acute promyelocytic leukemia (1).
However, the clinical use of ATO is often limited by its
adverse effects. For instance, ATO is reported to cause
renal injury (2, 3) and cardiac toxicity, including T-wave
changes, QT prolongation, torsades de pointes, and sud-
den cardiac death in humans (4 —6). We previously
performed gene expression analysis using DNA microar-
rays in human primary renal cortical cells and found that
the expression of heme oxygenase 1, which is induced by
oxidative stress, was strongly related to the ATO-induced
cytotoxicity (7). Moreover, we observed in vitro that
a-lipoic acid (LA), a naturally occurring dithiol com-
pound with an antioxidant property (8), ameliorated the
ATO-induced cytotoxicity by reducing superoxide anion
production, while it did not alter the effect of ATO on
promyelocytic leukemia cells or myeloma cells (7). Thus,
these observations provide the possibility that LA pro-
tects against the ATO-induced adverse effects without
loss of therapeutic efficacy in vivo. To determine the
characteristics of the ATO-related adverse effects and
potential preventive effect of LA, we administered ATO
with and without LA repeatedly to small number of
Wistar rats. Because the chronic study suggested that

*Corresponding author. akiofuji@jichi.ac.jp
Published online in J-STAGE on January 26, 2011 (in advance)
doi: 10.1254/jphs.10280SC
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ATO caused sudden cardiac death, and this adverse ef-
fect was prevented by LA, we further evaluated the ef-
fects of ATO and LA on ECG findings in the acute
study.

Arsenic trioxide (ATO) was obtained from Nippon
Shinyaku Co., Ltd. (Trisenox® injection, Kyoto). (+)-a-
Lipoic acid (LA) was purchased from Sigma-Aldrich (St.
Louis, MO, USA). For intravenous injection, LA was
mixed with distilled water in a dark bottle, and 0.1 N
NaOH was added until the solid was dissolved. The pH
of the solution was then brought to 7.4 with 1.0 N HCI.

Male Wistar rats were obtained from Japan SLC (Shi-
zuoka) at eight weeks of age and maintained under a
specific pathogen-free condition with controlled tempera-
ture and humidity and a 12-h light/ 12-h dark cycle.
They were given standard laboratory diet and water ad
libitum. All animal procedures were performed in ac-
cordance with the Guidelines for Animal Research at
Jichi Medical University (Tochigi) and approved by the
Use and Care of Experimental Animals Committee.

In the chronic study, rats (n = 16) were divided into
the following four groups (n =4 in each): Group I (con-
trol group) received i.p. injection of saline (5
ml-kg '“day ') and gavage administration of 0.5% car-
boxymethyl cellulose sodium salt (CMC) solution as a
vehicle; Group I (ATO group) and Group III (ATO + LA
group) received i.p. injection of ATO (5 mg-kg '-day™)
and gavage administration of vehicle or LA (35
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mg-kg '-day '), respectively; and Group IV (LA group)
received i.p. injection of saline and oral administration of
LA (35 mg-kg '"day '). After 8 weeks of treatment, the
24-h urine sample was collected after the last dosing.
Blood samples were also obtained.

In the acute study, rats (n = 32) were anesthetized with
i.p. injection of urethane (1.3 g/kg), and the right femoral
vein was catheterized for drug infusion. The lead I ECG
was continuously recorded by an ECG recorder (Power-
Lab; AD Instruments, Colorado Springs, CO, USA) from
several minutes before drug injection as follows (n =4 in
each group): 1) saline alone; 2) 0.15 mg/kg ATO, a dose
commonly used in humans (9, 10); 3) 1.5 mg/kg ATO;
and 4) 5 mg/kg ATO. Effect of LA on the ATO-related
ECG abnormality was also evaluated as follows (n = 4 in
each group): 1) Control group: infusions of saline, twice;
2) ATO group: infusions of saline and ATO (5 mg/kg);
3) ATO + LA group: infusions of LA (70 mg/kg) and
ATO (5 mg/kg); and 4) LA group: infusions of LA (70
mg/kg) and saline. ATO was given at 10 min after LA
dosing. The same volume of saline was used in each in-
fusion. The dose of LA (70 mg/kg) was selected by refer-
ence to a previous study (11) reporting that a single intra-
venous injection of LA produced an acute protective
effect on oxidative stress in the heart.

The ECG parameters were measured during the 2-h
period (immediately before and at 10, 20, 30, 60, 90, and
120 min after infusion). The corrected QT interval (QTc)
was calculated with the Bazett formula and the Waterfall
Plot (three-dimensional image of the stacked averaged
ECGs) was created using the ECG Analysis tool
(MLS360, AD Instruments).

Serum concentrations of aspartate transaminase (AST),

alanine transaminase (ALT), alkaline phosphatase (ALP),
and creatinine (sCr) and urinary concentration of
8-hydroxy-2'-deoxyguanosine (8-OHDG), a marker of
oxidative stress, were assayed using commercial Kits.

All data are presented as the mean + S.E.M. One-way
ANOVA was used to compare means among groups. The
Bonferroni/Dunn procedure was used as a post-hoc test.
All statistical analyses were carried out with StatView
5.0 software (SAS Institute, Cary, NC, USA). Differ-
ences were considered to be significant at 2 < 0.05.

To determine the characteristics of the ATO-related
adverse effects and potential preventive effect of LA,
ATO, and LA were repeatedly given to Wistar rats for
eight weeks. As a result, two of the four ATO-treated rats
suddenly died without prior symptoms of infection and
cerebrovascular disease on days 25 and 28, respectively.
However, no rats died in the other three groups. ATO
reduced the body weight and serum AST concentration
and increased the urinary excretion of 8-OHDG in the
surviving rats (Table 1). Interestingly. LA did not ame-
liorate these ATO-related changes (Table 1), although
the agent prevented the ATO-induced death in this study.
Therefore, the cause of death in rats with ATO alone
might not be malnutrition, chronic organ damage, or
bone marrow suppression.

LA is a potent biological antioxidant and is reported to
scavenge free radicals, chelate metals, and restore intra-
cellular glutathione level (12). We previously showed
that ATO causes renal cell damage with the elevation of
heme oxygenase 1, which is induced by oxidative stress,
and LA ameliorates the ATO-induced cytotoxicity by
reducing superoxide anion production (7). These data led
us to speculate that the protective effect of LA against the

Table 1. Effects of ATO and LA on the laboratory parameters
Parameter Control ATO? ATO + LA LA
e i 267.1 2318 2235 253.1
i et (245.5, 286.2) (217.5.243.9) (205.4, 242.0) (249.0, 257.6)
88 66 50+ 81
ASTAla (83, 91) (58, 74) (50, 78) (68, 93)
36 31 38 40
/
g ok (32, 38) (28,34) (32,53) (32,48)
707 598 547 669
ARRGI) (649, 779) (547, 649) (444, 610) (582, 848)
0.29 033 027 027
sCrLE i) (0.27,0.33) (0.27,0.39) (0.27,0.27) (0.25,0.28)
; 21.7 462.7 447.6* 307.0
SOHDOWEID) (1779 3320 (252.8. 672.6) (340.6, 535.8) (270.9. 369.0)

Values are reported as the mean (min, max) (n =4, 'n=2). *P < 0.01, compared to the control. Differences
among three groups except for the ATO group were determined by ANOVA. ATO dosing reduced the body
weight and serum AST concentration and increased the urinary excretion of 8-OHDG in the surviving rats.
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ATO-induced adverse effect resides in its antioxidative
effect. However, to our surprise, LA did not diminish the
systemic ATO-induced oxidative stress, which was re-
flected in urinary 8-OHDG excretion. Therefore, it re-
mains probable that LA prevents sudden death by a
mechanism other than the protection against oxidative
stress—associated organ damages.

Because ATO treatment can lead to QT prolongation
and T-wave changes in clinical practice (13), we specu-
lated that 1) ATO caused sudden death due to cardiac
toxicities and 2) LA prevented ECG abnormalities in-
duced by ATO in rats. Then, we examined whether ATO
induces abnormal ECG findings. The previous study
showed that intravenous ATO (0.15 and 1.5 mg/kg)
acutely prolonged QT interval in guinea pigs (14). How-
ever, infusion of the same (0.15 and 1.5 mg/kg) and
higher (5 mg/kg) doses of ATO in Wistar rats did not
change the QT interval (QTc) in this study (data not
shown). However, the higher dose (5 mg/kg) of ATO
caused transient ST-T wave changes on the ECG, from
approximately 5 — 30 min after infusion (Fig. 1). In addi-
tion, ATO treatment significantly (P < 0.01) prolonged
PQ interval by about 6 ms from 10 to 120 min after infu-
sion (Fig. 1). Next, we examined the effect of LA pre-
treatment on such ECG abnormalities and found that
both the ST-T wave change and PQ-interval prolongation
induced by ATO treatment were completely prevented
by co-administration of LA (Fig. 2). No other abnormal

QRS

ECG findings, such as prolonged intervals of QT/QTc,
PR, and QRS, were detected in the ATO or LA groups
(Fig. 2).

The present study demonstrated for the first time that
LA exerts a protective effect against the ATO-induced
ST-T wave change and PQ-interval prolongation. Con-
sidering that ATO affects at least cardiac potassium
currents (15), LA seems to prevent the ATO-induced
electrical abnormalities. Because dithiol chelating com-
pounds, such as pL-2,3-dimercaptopropanol (British
Anti-Lewisite, BAL), bL-2,3-dimercaptopropanesul-
fonate (DMPS), and meso-2,3-dimercaptosuccinic acid
(DMSA), are effective in reducing acute ATO poisoning
by reacting with trivalent arsenic (16), it is possible that
LA might reduce the ATO-induced acute cardiac toxicity
via the same mechanism. Further studies are needed to
reveal the underlying mechanism of the protective effect
of the agent.

The dose of ATO that caused ECG abnormalities in
rats was about 30 times higher than the therapeutic dose
in the usual clinical setting. However, a phase I/II clinical
trial provided data showing the long elimination half-life
(approximately 100 h) of arsenic and gradual elevation
in blood concentration of the agent during the repeated
dosing (Product information from Nippon Shinyaku,
2010). Plasma arsenic concentration is reported to elevate
to 2 to 5 times higher concentrations at one week after
the initiation of treatment. Therefore, it is possible that

Fig. 1. Changes of ECG waveform after the intravenous infusion of ATO in rats. Representative three-dimensional images of
the stacked averaged ECGs in rats treated with saline (A) or 0.15 (B), 1.5 (C), and 5 (D) mg/kg of ATO are presented. Continuous
ECG monitoring revealed that only 5 mg/kg of ATO caused a transient ST-T change (arrow) from approximately 5 to 30 min after

infusion.
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Fig. 2. Changes of ECG waveform after intravenous infusion of ATO in rats pretreated with and without LA. A) Lead I ECG
waveforms at 0, 10, and 30 min after saline or ATO infusion in one representative rat. B) Lead I ECG waveforms at 10 min in all
animals. The ST-T change induced by 5 mg/kg of ATO alone was reproducibly detected in all animals (black arrows), and the

pretreatment with LA completely abolished such an ECG abnormality (gray arrows).
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the arsenic concentration after multiple doses of ATO
was high enough to cause myocardial toxicity during the
repeated treatment in the first study.

In summary, ATO acutely caused ECG abnormalities,
and LA completely prevented them in Wistar rats.
Chronic treatment with LA did not reduce the oxidative
stress induced by ATO, but prevented sudden death.
These results suggest that LA protects against the adverse
effect caused by ATO through a mechanism other than
the anti-oxidant action. Clinical trials are needed to
confirm whether LA can prevent ATO-induced cardiac
toxicity in patients with acute promyelocytic leukemia.
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Cellular adaptations to chronic opioid treatment result in enhanced responsiveness of adenylate cyclase
and an increase in forskolin- or agonist-stimulated cAMP production. It is, however, not known whether
chaperone molecules such as heat shock proteins contribute to this adenylate cyclase sensitization. Here,
we report that treatment of cells with geldanamycin, an inhibitor of heat shock protein 90 (Hsp90), led to
effective attenuation of morphine-induced adenylate cyclase sensitization. In SK-N-SH human neuroblas-
toma cells, morphine significantly increased RNA transcript and protein levels of type I adenylate cyclase,
leading to sensitization. Whole-genome tiling array analysis revealed that cAMP response element-
binding protein, an important mediator for cellular adaptation to morphine, associated with the proximal
promoter of HspS0AB1 not only in SK-N-SH cells but also in rat PC12 and human embryonic kidney cells.
Hsp90AB1 transcript and protein levels increased significantly during morphine treatment, and co-
application of geldanamycin (0.1-10 nM) effectively suppressed the increase in forskolin-activated
adenylate cyclase activation by 56%. Type 1 adenylate cyclase, but not Hsp90AB1, underwent significant
degradation during geldanamycin treatment. These results indicate that Hsp90 is a new pharmacological

target for the suppression of adenylate cyclase sensitization induced by chronic morphine treatment.

© 2010 Elsevier Inc. All rights reserved.

1. Introduction

Chronic stimulation of cells by an opioid agonist causes opioid
dependence as an adaptation process [1]. One of the biochemical
changes during chronic opioid treatment is a significant increase
in adenylate cyclase activities stimulated by forskolin or Gs
protein-coupled receptor [2,3]. This enhanced responsiveness,
known as adenylate cyclase superactivation, eventually counter-
acts the acute effect of the Gi/o-coupled opioid receptor in inhibit-
ing adenylate cyclase [2-5]. Of three opioid receptor subtypes,
p-opioid receptor (MOR) is the primary target for morphine anal-

Abbreviations: TG, [Thr*-Gly’]-oxytocin; Mpomeovt, 1-deamino-2-0-methyl-
tyrosyl-8-ornithine-1-(beta-mercapto-(beta,beta-cyclopentamethylene)propionic
acid)oxytocin; Hsp90, heat shock protein 90; MOR, p-opioid receptor; CREB, cAMP
response element-binding protein; DMEM, Dulbecco’s modified Eagle’s medium;
OT, oxytocin; ATII, angiotensin II; GAPDH, glyceraldehyde-3-phosphate dehydro-
genase; ChIP, chromatin immunoprecipitation.
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gesia. Chronic stimulation of MOR by morphine enhances intracel-
lular cAMP signaling and eventually alters gene transcription
mediated by the transcription factor cAMP response element-bind-
ing protein (CREB) [6]. Recent DNA microarray technology has en-
abled the extraction of genes from the entire genome whose
expression is altered by morphine treatment [7-12] and of gene
promoters that physically associate with CREB [13-16]. Because
CREB receives multiple signaling inputs in addition to cAMP signal-
ing and regulates transcription of a wide range of genes, the
identification of unique pharmacological targets has been a chal-
lenging task.

Heat shock proteins (Hsps) constitute a large family of highly
conserved proteins and are categorized according to their molecu-
lar weights. Hsps protect cells from cellular stress and promote
adaptation to stress conditions by preventing protein aggregation
and facilitating the refolding of denatured proteins [17,18].
Although enhanced expression of several Hsps by morphine has
been reported [19], the functional significance of these molecular
chaperones in morphine dependence has not been defined.

In this study, we searched for a new drug target to modulate
adenylate cyclase superactivation in a SK-N-SH human
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neuroblastoma cell line that natively expresses MOR. We found
that CREB associates with the promoter of the heat shock protein
90 AB1 (Hsp90AB1) gene and that Hsp90AB1 expression is en-
hanced by chronic morphine treatment. Furthermore, an Hsp90
inhibitor was found to significantly suppress adenylate cyclase
superactivation, thereby providing a new strategy for effective
manipulation of the cellular model of opioid dependence.

2. Materials and methods

Cell culture. SK-N-SH human neuroblastoma cells were obtained
from the RIKEN Cell Bank (Tsukuba, Japan) and cultured in Dul-
becco’s modified Eagle’s medium (DMEM) supplemented with
10% heat-inactivated fetal bovine serum, 100 units/ml penicillin,
and 100 pg/ml streptomycin.

Adenylate cyclase assay. A sample of 10° cells in a 10-cm tissue-
culture dish were stimulated with saline, morphine, oxytocin (OT),
or angiotensin II (ATII) for 24-72 h. Cells were washed twice with
PBS, collected in PBS containing 1 mM EDTA (pH 8.0), centrifuged
at 1000g for 2 min, and resuspended in buffer A (DMEM containing
10 mM HEPES (pH 7.4) and 500 pM isobutyl methylxanthine) at
105 cells/ml. After incubation in buffer A at 37 °C for 30 min, 10°
cells/well were stimulated for 5 min at 37 °C in the presence or ab-
sence of forskolin. The reaction was terminated by heating at
100 °C for 5 min, and cellular supernatants were stored at —20 °C
until the cAMP assay. For the determination of cAMP production,
10 pl of the supernatant was subjected to a non-radioactive en-
zyme immunoassay kit (PerkinElmer, MA). To evaluate adenylate
cyclase inhibition, cAMP concentrations were converted to a per-
centage of the maximum response obtained by a defined concen-
tration of forskolin. An Hsp90 inhibitor, geldanamycin (GA), was
obtained from Tokyo chemical industry Co. Ltd., and initially dis-
solved in dimethyl sulfoxide at 100 mM.

Intracellular calcium measurement. Cells were incubated at 37 °C
for 60 min with 1 uM fluo4-AM (Invitrogen, CA) in an assay buffer
containing 137 mM NaCl, 5 mM KCl, 1.2 mM CaCl,, 1 mM MgCl,,
10 mM HEPES (pH 7.4), and 10 mM glucose. The cells were subse-
quently washed two times with the assay buffer. The intracellular
calcium-ion concentration ([Ca?'};) responses were examined un-
der a 60x oil-immersion objective using a confocal microscope
(FV300, Olympus, Japan). The intensity of light emission at
520 nm was measured at frequency of 1 Hz for 3 min. The series
of images obtained were analyzed using the Image] software pro-
gram (Version 1.43b, NIH, USA).

Real-time PCR assay. The amounts of expressed transcripts were
examined by real-time quantitative PCR (qQPCR) as described previ-
ously [20]. The results were normalized by expression of B-actin or
glyceraldehyde-3-phosphate dehydrogenase (GAPDH). PCR primer
sequences were selected using the BatchPrimer3 software package
[21] and are listed in Supplementary Table 1.

Western blot analysis. Antibody specificity to CREB (Millipore,
MA) was examined by Western blot analysis as described previ-
ously [22]. Peroxidase-conjugated anti-rabbit antibody (GE Health-
care UK Ltd., Amersham Place, UK) was used at a dilution of 1:5000,
antibodies to Hsp90AB1 (Abcam Corp. Japan) were used at a dilu-
tion of 1:5000, and antibodies to adenylate cyclase type I (Santa
Cruz Biotech, CA) were used at a dilution of 1:200. Signals were
visualized with enhanced chemiluminescence ECL (GE Healthcare
UK Ltd.).

Chromatin immunoprecipitation and tiling array analysis. For
chromatin immunoprecipitation (ChIP), 102 cells grown on 15-cm
culture dishes were incubated in 1% formaldehyde for 10 min at
ambient temperature and for a further 10 min in 125 mM glycine
before harvesting. After being rinsed three times with PBS, the cell

Tris-HCI (pH 7.5), 10 mM NaCl, 3 mM MgCl,, 0.5% IGEPAL, and
1mM phenylmethylsulfonyl fluoride). Immunoprecipitation of
CREB, the labeling procedure, and tiling array hybridization were
performed according to the manufacturer’s instructions (Gene-
Chip® Human Tiling 2.0R Array Set, Affymetrix, Santa Clara, CA).
The CEL file data obtained from two biological replications were
subjected to analysis with model-based tiling array analysis soft-
ware (MAT) for the detection of a ChIP-enriched genomic locus
with a BPMAP file prepared for hg18 human genome assembly
(National Center for Biotechnology Information Build 36) [23].
The P value for the cutoff of the MAT program was set at 1076,
The Integrated Genome Browser (Affymetrix) and UCSC website
were used [24] to visualize chromosomal locations in the human
and rat genome (hg19 and Rnor3.4, the Rat Genome Sequencing
Consortium). For the analysis of genomic intervals, R statistical
environment (version 2.9.2) was used [25].

Statistics. Significant differences were determined by either Stu-
dent’s t-tests or one-way analysis of variance (ANOVA) tests fol-
lowed by Holm’s tests, if applicable, and a P value of <0.05 was
considered to represent a significant difference. The concentra-
tion-response curves were fitted to a four-parameter logistic func-
tion by using a non-linear curve-fitting program (Igor Pro 6.04,
WaveMetrics, Lake Oswego, OR).

3. Results

Adenylate cyclase superactivation in a cellular model for opioid
adaptation

We used a SK-N-SH human neuroblastoma cell line to produce a
cellular model of chronic morphine treatment. When the cells were
incubated with 10 puM morphine or 0.1 uM oxytocin for 48 h, cAMP
production by forskolin was significantly enhanced compared to
the control cells or cells treated with 0.1 uM ATII (Fig. 1A). Real-
time PCR analysis of the transcripts in the cells detected the
MOR as the major opioid receptor subtype (transcript amounts
normalized by those of B-actin were 1.3+0.3 and 0.15 +0.01
x 1072, for the p- and 8- receptor subtypes, respectively; P < 0.05,
n=3). The transcript for the x-opioid receptor was not detected.
In SK-N-SH cells, the OT receptor is mainly expressed among the
receptors for OT/arginine-vasopressin (AVP) peptides (transcript
amount normalized by those of B-actin were 2.6+0.2,
0.19 £0.03, 0.08 +0.01, and 0.04 +0.01 x 102 for OT, V1a, V1b,
and V2 receptors, respectively; n = 3). Stimulation of the cells with
an OT-specific agonist, [Thr*-Gly’]-oxytocin (TG), caused a tran-
sient increase in [Ca?*];, and following AVP (1 pM) did not change
[Ca**];, because of OT receptor desensitization (Fig. 1B). The ampli-
tude of [Ca®*]; response was significantly reduced by pre-incuba-
tion with an OT antagonist, Mpomeovt (Fig. 1B). OT and AVP
instantly inhibited forskolin-induced cAMP production in this cell
line (Fig. 1C). ICso values for the inhibition of adenylate cyclase
activity stimulated by 1 pM forskolin were 3.4 and 22 nM for OT
and AVP, respectively, n = 4. Co-application of both morphine and
OT enhanced the inhibitory capacity compared to that of morphine
alone (Fig. 1D). These results indicate that the SK-N-SH cell line is
an appropriate model for the study of adenylate cyclase superacti-
vation induced by chronic activation of Gi-coupled receptors.

Analysis of CREB binding sites by the ChIP-Chip method

Because CREB has been implicated as a key transcription factor
in developing and maintaining addiction to narcotic drugs [26], we
analyzed its binding sites to the human genome in SK-N-SH cells.
Specificity of CREB antibody was confirmed in a Western blot anal-

pellets were washed three times with a lysis buffer (10 mM 13a,sis: the expected signal with electrophoresis mobility corre-



T.-a. Koshimizu et al./Biochemical and Biophysical Research Communications 392 (2010) 603-607 605

A B
5 701 [ Morphine § 1
£ 60{ oor g
3 50 W ATII 3 0
S @ Control ‘g‘ 0 50 100 150 (sec)
O 40 * =
3 50 Y o1umTG 1 uM AVP
e =]
S 50 s 1 I(\gpohrlr‘n)eovt
o
= 10 I
[]
© . , EO
0 01 1 10 100 G 0 20 40 60 80 100
Forskolin (M) = 4. 8
1uMOT 0.5 uM ATII
C D
10 e OT < 8- ® Morphine
% 9 A AvP g O Morphine + OT
88 8 %]
() )
3. 34
g 6 g
Q. Q.
=g £ o]
o o
Z | E
o O!I—_I_'—l_l_| 5 0', T T 1
0 1 19 1001000 1 10 100 1000
Agonist (NM) Morphine (nM)

Fig. 1. Adenylate cyclase superactivation in SK-N-SH cells. (A) The cells were
treated with saline, 10 uM morphine, 0.1 pM OT, or 0.1 uM ATII for 48 h, washed
two times, and incubated at 37 °C for 30 min to remove bound ligands. Basal and
forskolin-stimulated cAMP production was then measured as described in Material
and methods. The figure shows results from six experiments performed in
triplicate. *P < 0.05 vs. saline. (B) [Ca']; responses were evoked by an OT-receptor
selective agonist, [Thr*-Gly’]-oxytocin (TG) (upper panel). Pre-incubation of the
cells with 2 uM Mpomeovt, an OT-receptor antagonist, for 5 min effectively
inhibited the [Ca?*]; response by OT, but not by ATII (lower panel). Each point of
these [Ca®']; responses represents mean+SD from 10 to 12 cells measured
simultaneously. The figures presented are representative from three independent
[Ca®*]; measurements performed in triplicate dishes. (C) The OT receptor was also
coupled to adenylate cyclase inhibition (n =5). Cells were stimulated with 1 uM
forskolin in the presence of different concentrations of AVP (open triangle) or OT
(closed circle). (D) Co-application of both morphine and OT enhanced inhibition of
forskolin-induced cAMP production. Cells were stimulated with 1 uM forskolin in
the presence of different doses of morphine (filled circle) or a combination of
morphine and 0.1 ptM OT (open circle) at 37 °C for 5 min. The figure shows results
from four experiments performed in triplicate.

sponding to 43 kDa was detected (Fig. 2A). By using the ChIP-Chip
method [14], precipitated genomic DNA fragments with anti-CREB
antibody were hybridized to a tiling array covering the entire non-
repetitive human genome. In morphine-sensitive SK-N-H cell, the
1759 genomic regions physically associated with CREB, and a
majority of the CREB-associated genomic regions (89%) were lo-
cated within or near gene loci found in RefSeq data base
(Fig. 2B). When conservation of the CREB-associated gene profiles
was examined in neuroblastoma-derived SK-N-SH cells, embryonic
kidney HEK293T cells, and rat PC12 pheochromocytoma cells, we
found that 58 genes, corresponding to 3.2% of all CREB-associated
genes in SK-N-SH cells, are commonly associated with CREB in
all three cell types (Fig. 2C and Supplementary Table 2).

CREB is associated with the Hsp90AB1 gene, and expression of
Hsp90AB1 was increased by morphine treatment

From the list of 58 genes that were commonly associated with
CREB, we further examined the Hsp90AB1 gene because HspS0
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Fig. 2. ChIP-Chip analysis of CREB binding sites in SK-N-SH cells. (A) Cells treated
with morphine (M) and/or OT were subjected to a Western blot analysis. A specific
signal of ~43 kDa corresponding to CREB was detected. Application of morphine
and OT did not change the total amount of CREB. (B) CREB-associated genomic
regions from microarray data were mapped to a human genome assembly (hg19)
and nearby gene loci were identified. A CREB-associated gene was defined if a
RefSeq gene or promoter region 3.5 kb upstream from the transcriptional initiation
site includes sequences of genomic fragments precipitated by anti-CREB antibodies.
(C) Conservation of CREB-associated genes was analyzed in three distinct cell lines:
SK-N-SH, HEK293T, and PC12. Gene symbols of the CREB-associated genes were
compared, and a Venn graph was plotted. Data for the HEK293T and PC12 cell lines
are from previous whole-genome studies [14,15].

for the treatment of cancer patients [27]. As shown in Fig. 3A, asso-
ciation of CREB with the promoter immediately upstream of the
Hsp90AB1 heat shock protein gene, but not with the B-actin gene
locus, was confirmed by ChIP-PCR. Interestingly, the enriched
DNA was significantly decreased after morphine treatment
(64% + 1% of control, n = 3, Fig. 3A). Furthermore, Hsp90AB1 tran-
scripts and protein levels were significantly increased by chronic
morphine treatment (Fig. 3B and C).

Geldanamycin, a Hsp90AB1 inhibitor, has an inhibitory effect on
adenylate cyclase superactivation induced by chronic morphine

A real-time qPCR experiment found that among the nine aden-
ylate cyclase subtypes, only type I adenylate cyclase (ADCY1)
expression was increased after 48 h of treatment with morphine
compared to control cells (1.6 + 0.2-fold increase, P < 0.05, n=3).
As shown in Fig. 4A, ADCY1 protein level also significantly in-
creased after chronic morphine treatment. In contrast, GA dose-
dependently reduced the protein levels of ADCY1 but not HspS0ABI

inhibitors are available and are under development in clinical trial§ 3g (Fig. 4B). Moreover, incubation of GA with morphine inhibited



