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The mu opioid receptor (MOR) has been regarded as the
main site of interaction with analgesics in major clinical use,
particularly morphine. The repressor element-1 silencing
transcription factor (REST) functions as a transcriptional
repressor of neuronal genes in non-neuronal cells. However,
it is expressed in certain mature neurons, suggesting that it
may have complex and novel roles. In addition, the interac-
tions between MOR and REST and their functions remain
unclear. In this study, we examined the effects of morphine
on the expression of REST mRNA and protein in human
neuroblastoma NMB cells to investigate the roles of REST
induced by MOR activation in neuronal cells. To determine
the effects of morphine on REST expression, we performed
RT-PCR, real-time quantitative RT-PCR, western blot an-
alysis and radioligand binding assays in NMB cells. By RT-
PCR and real-time quantitative RT-PCR, the expression of
REST was found to be unchanged by either the MOR agonist
morphine or the MOR specific antagonist CTOP. By western
blot, morphine was shown to significantly inhibit the expres-
sion of REST, but this suppression was completely blocked
by treatment with CTOP. In the radioligand binding assay,
the overexpression of REST led to an increased opioid ligand
binding activity of endogenous MOR in the NMB cells. These
results together suggest that morphine inhibits the expres-
sion of REST in human neuroblastoma cells through a post-
transcriptional regulatory mechanism mediated through
MOR.
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Mu opioid <~&4(mu opioid receptor, MOR)= G protein
#4842 ShtE opioidt W34 opioid peptide
Sofl <Jal] 2H4J38} Fck(Wood, 1988). Morphinee |1} fentanyl
opioidd] o5& WA F oz 7 FAEe=
grohn 280] 25 Fet AEEH de] YA
2 ol o] &= 9lem, MORE °|F opioiddl °F&%
T8 o)z oedx vk (Wood, 1988; Berrendero
5. 2002).

Repressor element-1 silencing transcription factor (REST)
= vAIARA 2 A WEsle] AR A, o]
2 3 neurotrophin 8| 59| HAL ZEZRE Ao &
Ash= 217012l DNA %3714%<l REST binding site (RE-
Dell ZAzlsle] o] & AIAE #= A= Hads o
Ak ezl 2= ¥ 3Eick(Mori 5, 1992; Schoenherr
3} Anderson, 1995; Wood 5, 1996; Palm 5, 1998;
Timmusk &, 1999; Kemp 5, 2003; Kim 5, 2004; Kim
&, 2006; Kim -5, 2008). REST+= kruppel family zinc
finger TP Z FA=|o] 9l 2 oFZo] Niwlzt CH
tho] Akl e] ZAjtele F9lolw, Nubtlol= mSin3
2} histone deacetylase-1/2(HDAC12)y7} ZA3sh C 2wk
o= CoREST/MeCP2 ¥+ HDAC hHA o] Ags
ok (Christopher 5, 1996; Palm 5, 1998). REsm S
ZR}e] RE-1 F-9loll AjFslar N2b Cgho] of2f A9l
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27} Ajtsle] Tkl nucleosome S-S FAIgho 24
vAZA Zol| A AAAEZ 2= ke wds ARkt
3 924 # QJcH(Christopher 5, 1996; Palm 5, 1998).

A7 300970 AAAAIE el FRAPE Ax S
of REST/RE-1 A]Z=Elo]| o3 zA=|ojzlckir ¥ x|Q]
ox, AA At AleAds £43 A3k RESTZL A3
T 9+ RE-1 79e B3l v A= 1,892
NZ HA=AchBruce 5, 2004; Kim 5, 2006; Kim 5,
2008). 1 = wi¢- chekeb, webs REST/RE-D A2
Bl EAA| oA 9] tlEgl 7)) ohd ekl Al el A
Az oE 75l Y Aoz FAEHBruce 5, 2004).
=3 o shlEEI} A5 A7 Zel= REST}
Helchs 2] ¥ 3uE(Sun 5, 2005; Kim 5, 2006; Kim
%, 2008)l4et Zeo], RESTE ©f ol Al7d-fr3x} =4
IxtZAmte] ohd thekel o] 7|5S AL s Ao
2 AEERAEE 2 75 AR kel < Kim 5
(2008y> REST’} MOR®| =z =¥ 9o Zdtslel MOR
A o] AazAddxpl & 4 s Aolet e
, 2 2R 75 o] wiE AR ekt

ufeba] i o7l A= AlZdAIZ)4 morphineol] €J3)
=5 REST| 7555 ¥sl7] $l8ll, w14 A=t neuro-
blastoma NMB Al Zof|4] morphineol|] ¢]3+ REST 4=}
o} while] whesls 2AEIgITH

Al
=

oo

Mz o 2y
AdA s

OneStep RT-PCR Kite} QuantiTect SYBR"Green RT-
PCR Kit= Qiagen Inc. (Valencia, CA, USA)plA <13}
o] AMgslol e, [Hldiprenorphine= PerkinElmer (Covina,
CA, USA)Z7E| 74J3}ed A18519rt. Anti-REST= Millipore
(Billerica, MA, USAYI4 3j5to] Al&slglon, 7]e}
FA A5 analytical grades T%)3to] AH835H%

A E59} A ]

Aol AE3F AFg; neuroblastoma NMB Al£+= 10%
fetal bovine serum (FBS, Invitrogen Co., Carlsbad, CA,
USA)] 5l 37°Ce] A=l RPMI 1640 3lofl4] vl
oFspaA Aol oS3t (Kim 5, 2004).

Total RNA %3 9 AA-F 384 4 4-8(RT-PCR)

NMB Al ¥Zo4] morphineo] €3t REST mRNA &
Hsl7] e, 6well plateo] 1 x 10°cells/welle] NMB
AZE AHFsIeh. dAAZE woksle] Azt ke,
1 uM2] morphines- thegl A]7lollA] 22]sled 37°CollA] Mk
SAZt}. Al 25 47)51] TRI REAGENT Kit (Molecular
Research Center, Inc., Ohio, USA)E- ©|-83}o] total RNA

Table 1. Primer sequences for PCR and real-time quantitative PCR

Primer names Sequence (5 — 37)
sense TATGCGTACTCATTCAGGTGA
antisense TTTGAAGITGCTTCTATCTGCTGT
sense AAGAGAGGCATCCTCACCCT

antisense TACATGGCTGGGGTGTTGAA

REST

[B-actin

5 323 5, AeJAl B37(UV spectrometer) 260 nmol]
Al =5 34, 759 RNAY 555 ARk

RT-PCR HFs-& $J8ll OneStep RT-PCR Kit (Valencia,
CA, USA)E AH£3183Et. cDNAS $Hdsl7] $Isked 0.5 ug
] total RNAE ©]§3lod 50°CellA] 3047k QA Hks-5
AlPstel o] 4% cDNAZS RESTS} P-actin primer
(Table 1) ©o]-&3lo] F3tEAAXMNFS(PCRYS A3l
t}. PCR "3~ 4] (denaturation)iF3-5 94°Coll4] 20,
743+ (annealing)iF3-2 60°Coll4] 30%, +3H(extension)ik
S 72°CollAl 40%7F 3657](REST) E+= 2257](B-
actinyg HHE-sl L wix|; Fg2 72°CollA 107t
ol7sto] WERSA|FTE. RT-PCRF 2% agarose gelol|4] A
7] <38l 7Z7ke] PCR products EHls3ict.

Real-time quantitative RT-PCR (RT-qPCR)

NMB Al %of|4] morphineol] 2]3] #H3}sl= REST<
transcript ‘AR =Z &1sl7] ¢4, QuantiTect SYBR®
Green RT-PCR Kit (Valencia, CA, USA)E- A-85}0] real-
time quantitative RT-PCR< 5-3)35}3ict.

cDNA A5 9l8ked 0.1 ugel total RNAE ©]-2-5}od
50°CellAl 307k FHAL whe-= AlRYsIsiod, 3%l cDNA
< REST®} B-actin primer (Table 1)5 ©]-83}d quan-
titative PCR HF3-2 A]33}ic}. Quantitative PCR HF~
iCycler iQ Real-Time detection system (Bio-Rad Labora-
tories, Hercules, CA, USA)& o]€3lo] 43151l em, PCR
MRS HAMES-S 94°CollA 15%, TS 60°CollA]
30%, SIS 72°CollA 3027 5557715 HEEsolaL
vt SREE- 72°CollA 1027 dAsle] HESAZIH
Quantitative PCR Z3}= 7} B-actin®] WHAEE 370
2 5o Aslglen], PCR § 2% agarose geloll4] %7
g5t Z7ke] PCR products EH15FAct.

Western blot analysis

NMB AlZofl4] morphineoi] €3+ REST =hijdtge] o
3= #AsElr] 9ell, Hwang 5-(2009)8] #HH o 2 6well
plateol] 1 x 10°cells/welle] NMB 4|22 HZEslgict. 94
A7 wljofsle] Az} 28, MOR agoniste! morphine
2} MOR®| 5| antagonistd] CTOPE A z|sled 37°Cell
A 9ESAIFE). AIEZE 5731e] protein lysis buffer (0.5%
NP-40, 40 mM Tris-HC1 (pH 8.0), 120 mM NaCl, 5 mM
AEBSF, 100 mM leupeptin, 2 pg/ml aprotininys 2L
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AgflollA 20587 v A7 F, AlZ E8lES 14,000 x
ellA 587 dAlEelska Aals slasle] whilAs
eFokaict.

NMB A22] kA 30 pgs SDS-PAGE sample buffer
(60 mM Tris-HCI (pH 6.8), 2% SDS, 25% glycerol, 14.4
mM 2-mercaptoethanol, 0.1% bromophenol blue)l di.
5%-7F 95°CollA WHAIA|Z] 3, SDS-polyacrylamide gelol]
27 A71035-S AJ8)Ek ohe gele XCell 1™ Blot Module
(Invitrogen Life Technologies, Carlsbad, CA, USApiA 1
A|ZFs3F PVDF membranel] ©15A17itt. Membranes 5%
fat-free dry milk-PBST buffer (PBS, 0.05% Tween-20)]|
Al 1847} &3t blocking sh9drt. Anti-REST (Millipore,
Billerica, MA, USA)x= 5% fat-free dry milk-PBS buffer
o] 10000] 3|A43keiom], o] Eololl membranes Fo] 24
7k &3t AAellA MEsA17l -, PBST S<4ellA] 10 7HA
©o2 33] AA35I3ct. Membranes horseradish perox-
idase conjugated-secondary antibody -8-<fof @i Akof
Al A7 &9k HESAIZ]L &, PBST <lollA] 33] o)Ak Al
Z35l93t}. Enhanced Chemiluminescence Detection Kit
(Amersham Life Sciences, Arlington Heights, 1L, USA)E
2}83lo] Storm 860 Molecular Imager (GMI Inc., Ram-
sey, Minnesota, USAYIA] @4t § 3kdct(Jun 5,
2009).

Radioligand binding assay

NMB A|Zo] REST ¢cDNAE =313 & MORS] %3
< zA}87] 9 Kim 52004, 2008)2] whe 2 [PH]
diprenorphine (PerkinElmer, Covina, CA, USA)S °]$-
3lo] whole-cell radioligand binding assays 4|33}t
MOR2] 0|73 NMB Al %ol thak A radioligand
7337 MOR2| E-©] antagonistd] CTOP (100 mM) =)
A| radioligand Z3}7ke] Ato|2 AAsielct. 7 Axke] A
A5 Blshr] $lste] 23] o] uby AS A3 s}

775 ARkl

AT A
BE APYAL mean+ SEMOE Hepigla, 74 Al
=2

T 7ke] Fol4d 7AAS ANOVA %ol Student's t-testS
% p valueZb 0.05 ]2k(p<0.05)2] 73-$<llx 54

%)
=
of
b3
B l
folde] gt Aoz 7FsgE

NMB A Z of| 4| morphine©il 2] 3 REST mRNA <] 2

NMB Al¥oll4] MOR agonistd] morphinecll ©|g+ REST
mRNA2] WA =S 221517] 9)8le] REST primer (Table
)% ©]83tod RT-PCR 45 A|Q3}H3ict. NMB A *of]

morphine 1 uME 0, 0.25, 0.5, 1, 3, 6 & 24X7} &
oF 23k & RT-PCRS A33}gl o}, REST mRNAS]
e oke WglslA] o3tk (Fig. 1). wekdl NMB AlZo
4] morphinell ]3| ®3}5H= REST mRNAS| A%
2 AegHog &9lshy] 98], QuantiTect SYBR"Green
RT-PCR Kit (Valencia, CA, USA)E A}83}o] real-time
quantitative RT-PCRS 4335}

NMB Aol morphine 1 uM= 0, 0.5, 1, 6 3 244]
7k &<t 2|3} & real-time quantitative RT-PCRS- A]3)
gk 73}, REST mRNA &2 #H3brh glolck(Fig. 2A).
NMB A|Zell4 6217F 2] morphine 0, 0.1, 1% 10 uM
#2] =3 REST mRNA &S #H3kA|7]#] odskel(Fig.
2B). NMB A %oj4 MOR £-©] antagonistd] CTOP =

% REST mRNAS| &S wsha]7]#] $i3kc}(Fig. 2C).

NMB 4| Z o]l 4| morphineo]| €] 3 REST w3 o] ukg
i 3}

NMB A2 morphineol|] €3k REST whe] 4
A=E 2457 $l5ke] REST &HA|E ©]8-35ko] western
blot A5 Al&3lol o, 2 AL oln]x] FAAE o
231 video-based densitometry W0 2 WEHAEE 44
2 H3kX|Zick. NMB AlZollA REST 89| &2 mor-
phine 1 uM #2lofl 2|3 morphines A2|3kA] %
z7o vl dA3] 7h4815ick(Fig. 3A, B). Morphineol]
2J3} REST whibs 714§ 9= MOR 5©| antagonist3]
CTOP 5uM Azl o3l <3| 2bek=]elck(Fig. 3A, B).
NMB AlZojl4] CTOP 5uM ARl REST whiubsd o
sloll ogks T ¥odkrt. vk NMB AlZelA morphine
of oJsll REST whijdide] 7hash= ¥ 97| A= MOR
5 Eote] Yol dAE Ak

Receptor binding activity
NMB Al %oj REST ¢DNAE =313k & MORS| W&

RT-PCR

morphine (1 uM, hours)

0 02505 1 3 6 24
REST &8 «» & &0 &0 &0 &

p-actin (6 &= = - - - -

Fig. 1. Detection of REST mRNA by RT-PCR in NMB cells. The
NMB cells were treated with 1 uM morphine for 0, 0.25, 0.5, 1, 3,
6 and 24 hours. The first stand cDNAs prepared from the NMB cell
total RNAs were used as template for PCR amplification. The PCR
products were electrophoresis on a 2.0% agarose gel and visulaized
with ethidium bromide.
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Fig. 2. Real-time quantitative RT-PCR of REST transcripts from NMB cells. The expression of REST transcripts in NMB cells confirmed in
quantitative RT-PCR. Changes in transcript levels for drug-treated samples were compared with drug-untreated control cells, which were
assigned a value of 100. Each data point represents the mean + SEM of three experiments. The times and concentrations of drug treatments
represent on figures.

A B
Western blots - 140-
5 == REST
S 120
CTOP (5 pM, 7 hrs) -’; 100
- 4+ 4+ - morphine % 80 |
. (1uM,6hrs) & &
REST {0l B : .
p-actin ' : o
bk L i 0
Morphine - + + -
cToP - - + +

Drugs

Fig. 3. Western blot analyses of REST in NMB cells. (A) Western blot analyses of REST. Western blot analyses were performed on the mem-
brane fractions prepared from NMB cells in the presence of 2-mercaptoethanol using anti-REST antibody. (B) Quantitative analyses of the
blots in (A). The percentage of REST protein expression was calculated as a ratio of drug-treated cells and -untreated control cells using the (3-
actin as internal control.
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A7) 913l opioid ¥ eFEEe] odoll 7P wel o] i
€=|3L %\ opioid receptor antagonist! diprenorphine®]
HIAME919)4 [H]diprenorphine (PerkinElmer, Covina, MOR+= morphine©|t} fentanyl 722 dAbd oz Z93}
CA, USA)s ©]-83lo] whole-cell radioligand binding assay Al AHEE= opioid Al AFAEL] A]F FEH5EA
5 AlF5Igirk. REST cDNAE =313 NMB Al ZojA o]eh(Raynor 5, 1996). webA B l7AkE°] MORS]
vectorat =318k thx7 NMB Al Z7l vl Weld MOR Wy} 75 2AsHs 89lES oslsk] $lsked, MOR
9] ligand binding o] 3ul] oA} F7FslArh(Fig. 4). RS 2Ase ArRIAES] 73 2358905 24
stod gkew(Raynor 5, 1996; Ko 5, 2003; Hwang 5,
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Fig. 4. Radioligand binding assay. Radioligand binding assay per-
formed by transient transfection with REST expression vector or
control vector on NMB cells. Endogenous MOR binding activity is
significantly enhanced by transient transfection of the REST
expression plasmid in NMB cells. Each data point represents the
mean = SEM of three experiments. ***p <(0.001 vs. mock vector
transfection control.

2003; Hwang -5, 2004; Hwang 5, 2007; Kim -5, 2008),
2213k 752 AxEA RESTZ} MOR 47} o]
83 ArEAqIAleRE Aol ¥aE »F 9lek(Kim 5,
2006; Kim 5, 2008). REST= u|A173 4| Zojl4] wka s}
AAZ B xR WS Al AR HE W
3=l e vk (Mori 5, 1992; Schoenherr?} Anderson, 1995;
Wood -5, 1996; Palm -5, 1998; Timmusk -5, 1999; Kemp
5, 2003; Kim 5, 2004; Kim 5, 2006; Kim -5, 2008),
olg] A ZEF A<l AlA| ZollA RESTZ) el =ich
+ 2] ¥3E(Sun 5, 2005; Kim 5, 2006; Kim 5,
2008l A2t 7o] RESTE ©f o]At A7} 2=4l#k
FAuke] opd tekel oy 7|55 /AL Q& A= AL
EEA|ul, 2 75l e AL BaER] oda 9l
ulehi] B odFol4= Algt neuroblastoma NMB Al o]
A morphinecll ]38l === RESTY 75-g 2elsh]
4, M4 morphineel] 2J3ll === REST -F-A=ke} b
o] WEHsts 2AleEe]

H ol o4 Al8F neuroblastoma A1¥3] NMB Ao
4] morphineoll ¢]3l =%+= REST mRNAS| &3}
= 2AK7] ¢l RT-PCR #4445 A5kt NMB Al
Fof|4 REST mRNAS] &2 morphineol] <Jsl #3}s}
A %83ket(Fig. 1). Wb morphinet] 28l #3}sk= REST
mRNAS] WEA=E Aekd oz 3l0l5k7] 94, real-time
quantitative RT-PCRS F-83}3tt. NMB A *Zol4] mor-
phineg tiofsh A7} F=2 Xesle] ¥gkor}, REST
mRNA®| A=k ke =gl w3} glich(Fig. 2). ¢l
3t Z3= A%} neuroblastoma NMB Ao+ morphine

o] REST -FA=ke] AAK(transcription)zhAlollA]+= ow gt
aoks vERIA] S3hE AR NMB AlZel4 morphine
o] REST &1z} Wddof ofuigt g Jjeplx] %313
© B2 morphineoll &3+ REST whiH3}2 slelslr] £
3t western blot 412 X &5l

NMB A|Zoi4 REST wh¢] 1Fel-2 morphine #2]ol|
of3l] dA3] 7H43519d5L, morphineo] ]38k REST thiibdd
7r-E7H= MOR £¢] antagonist?d] CTOP A2lol| &Jal <}
A3 Aek=l e (Fig. 3). °]#gt Z3= MORE 53
of ojui= dAlS ARl # 9lollA morphineel]
°J3] REST mRNA W&e] wsk= A3 giolert, REST
chilo] oke #xj3] zhasida olze dAE MORE:
3l doludrhe AME BRlEieh. B ol AREA
NMB A Zojl4] morphineol] €8k REST®] 7hi+= #Afck
AlollAle] W3kt ohd, HARE (post-transcription)zHA|of| 41£]
Hatels AE 20T 4 ol

NMB AlZoj4] RESTel 23t MORS] Wz}t 7]%5-%
z2¥8}7] 918l radioligand binding assay® A3+ 73},
RESTE =43 NMB AlZol|4 izl u]3] MOR®
ligand binding E4Je] F7I8l9l 2w (Fig. 4), ¢] A=
RESToll 2J3F MOR &9 Z7} &= MORS A5t
ou]geh(Kim 5, 2006; Kim 5, 2008). £ olo| 4
724 NMB AlZo4 REST7} MORQ| WS ZF71A]
717Av MOR9] 7155 A F 955 &l
golen 3k REST2} MORS| A5ae 715A4S
old & Astet. 22yt morphineo €]k REST? 715,
RESTel 213 MORY] 7|5 % RESTS} MORY] A&z}
Lol et AlZ 2 22 - AT o] Fpsledol &
A E A7

ZAEZA o 2 A2+ neuroblastoma NMB Al ¥oll4 mor-
phine> MORE- E3lo] RESTE AHALF LA ol4 7h24)7]
= Aoz Algglr}, x5 2 odFo] Axg RESTSF MOR
7t AR ASAEE T g s AeE AlsHd

—

-
4
3t

HAtel =

o] =2 2009% ZAldShaL dge] A dS whot
ATH =

2k
o
o
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