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Molecular Characterization of Ischemia-Responsive Protein 94 (irp94)
Response to Unfolded Protein Responses in the Neuron
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The ischemia-responsive 94 gene (irp94) encoding a 94 kDa endoplasmic reticulum resident protein was investigated
its molecular properties associated with unfoled protein responses. First, the expression of irp94 mRNA was tested after
the reperfusion of the transient forebrain ischemia induction at the central nervous system in three Mongolian gerbils.
Second, irp94 expression in PC12 cells, which are derived from transplantable rat pheochromocytoma cultured in the
DMEM media, was tested at transcriptional and translational levels. The half life of irp94 mRNA was also determined
in PC12 cells. Last, the changes of irp94 mRNA expression were investigated by the addition of various ER stress
inducible chemicals (A23187, BFA, tunicamycin, DTT and H,0,) and proteasome inhibitors, and heat shock. High
level expression of irp94 mRNA was detected after 3 hours reperfusion in the both sites of the cerebral cortex and
hippocampus of the gerbil brain. The main regulation of #p94 mRNA expression in PC12 cells was determined at the
transcriptional level. The half life of #p94 mRNA in PC12 cells was approximately 5 hours after the initial translation.
The remarkable expression of irp94 mRNA was detected by the treatment of tunicamycin, which blocks glycosylation
of newly synthesized polypeptides, and H,0O,, which induces apoptosis. When PC12 cells were treated with the cytosol
proteasome inhibitors such as ALLN (N-acetyl-leucyl-norleucinal) and MG 132 (methylguanidine), irp94 mRNA
expression was increased. These results indicate that expression of irp94 was induced by ER stress including oxidation
condition and glycosylation blocking in proteins. Expression of irp94 was increased when the cells were chased after
heat shock, suggesting that rp94 may be involved in recovery rather than protection against ER stresses. In addition,
irp94 expression was remarkably increased when cytosol proteasomes were inhibited by ALLN and MG 132, suggesting
that irp94 plays an important role for maintaining the ERAD (endoplasmic reticulum associated degradation) function.
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apoptosis-related gene, epidermal growth factor (EGF), facio-
genital dysplasia gene product (FGD), apoptosis promoter gene
(APQG), sulfated glycoprotein-2, interleukin-1 beta, heat shock
protein 70 (hsp70), hsp72, fibroblast growth factor-receptor, endo-
plasmic reticulum protein 72 (Erp72), brain-derived neurotrophic
factor, cyclooxygenase-2 5 B2 FdxE9] @43 9 oy
A 557t B Atk (Nowak, 1991; Blumenteld et al,, 1992;
Takami et al., 1992; Takami et al., 1993; Wiessner et al., 1993;
Yabuuchi et al., 1994; Higashi et al., 1995; Sommer et al., 1995;
Chen et al., 1996; Ohtsuki et al., 1996; Mochizuki et al., 1998;
Tsukahara et al., 1998; Xue et al., 1998; Kawahara et al., 1999).
Teut of 2 Z4F AAE0 fﬂ?‘é =aAelA ofH g
2 St AEARES Woledo g ofg A Ag8heA,
o} gl G T6H°ﬂ AGA 2-gsh=A], °
28 AAAEAA oH F7 AEE oA HAEE=A
T 2 BAE oA 21 éP | B8 AT oL 3l
(Higashi et al,, 1995). °|& & FRARE AAAEY H
AHE ZRA7IA R, HhEo 01‘5 FAdEe d3d A
ol A ANAAE AES F7]E Tt Mochizuki et al,
1998). <l& E0] 47 38 Fol= apoptosis-effector gene
ol paxo] o] Zrlslo] ANANEL IS Sk
A, egun 22 4 FAAY retinoic acid-responsive gene 52
FAARE Sl i Wil Fodthe Aol BaE
o} (Sommer et al., 1995; Chen et al., 1996). 181} 22 <
BuoE E7eh SR FREE AR WA
ol talAE oldE EAABEA 7)He] BT %3
A gk gl
1999\ Yagitaoll 2l&l]l 218 B 7% ischemia-responsive pro-
tein 94 kDa (irp94)= L3 A=) 3o wizl Wi g o
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wog 2w FHAZA, hspll0 familydl] 8825 XF7}
A Bag ZFhs ds o
1999, 2001). WA e] Hxa F ip94ss] Lo FAAH=
E& d, 9, 8 e, A%, g, lcli de A Ut ip%4
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1553l 7+ 2l %‘?ﬂﬂﬁl, 108 58 $ AAFE
AMZE wellE 12AIA 7R B3 o] 71t (Koh et al,
2000). WA EE thdo 2 irp9de] AR (chaperone) 433
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2AHE 350 glol Ha Qe
283} N,Of

AT A4

s el A
Zo] ALEEE 470 Mongolian gerbil& 1.5%
0, (73)9] £% 7}z FQ vlHAN & AAE
Nt & AnjAstdA 45 F4THE =E5UTE F
AEae g (clipE AH83to 308 B3 ZAAste YA
ZM IS frsich FARE oF 60 g0 4HE 7l

72T A Bl ARESHE Sugita mini-temporary clip
=2 AF%OP“‘:} upF el A 308 7he] &3} 3417 B9t
o] ABF FAHE AX gerbil®] HE AEEA HEto] o
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31, 2, s, 24
HaEs ARToRE 242 Al vhele] gerbil AFEHS
T AT HE L AUR A4S A BE v, 249
24% 4RTH FAsA Adsraich

2. PC12 N X HjQF & AR

WMol ZMAEFA Felid PCI2 AEE 37T 2%
2+ 90% o] F=7F FAIEE B74N4 10% horse serum,
5% fetal bovine serum, 50 units penicilling ¥%-3t Dulbecco's
Modified Eagle's Media (DMEM)IA] 150l 33] vjx| &
wgstA A vt Ao Abgste AT < 70%<]
AEFAE (confluence)® FAIBTIE=ZE 0.5% horse serum 3}
0.25% fetal bovine serum®] ¥ 3% DMEMol|A 315 E<F
A A ARSI B Al AMEE AleF ol 5
A A B AokRE
USA)9| A& AHg-3kelich

E5 Sigma Chemical Co. (MO,

3. RT—-PCR & Northern blotting

Gerbil®] Hx27} PC12 A EE2FE]] total RNA £oll=
RNAzol™ B Kit (Tel-Test, Inc. TX, USA)S AR} =%
2& oF 5~10 mg2] Z4-& RNAzol™ B 800 pi¢} &7 1.5
ml tbeo]] W3 A5 flellA Pzt §lo1 wl7kA] homo-
genization A7 Th& RNA % &9 200 & H7lste oF
3027 ank & AALo)A s WA EGI PC12 Al EE
2}712 phosphate-buffered saline (PBS)E 33] A2 & PBS
800 wiek A FLelA 5E3F LA st EIAIFATE ol F
12,000 x g 4Tyl A 1587 44 E8ste] L2 500 plel
AZBofl 500 w2 isopropanolE H7}ERe] 4Tl 1587
WA F oA 12,000 x g G0)oNA 1523F A4l Bt F
Beo] uigiollA WEgo] JHES At o] FHE 75%
ethanol 500 W& A7FelaL & wrlele] 7,500 x g (4C)olA
8EZT 94 Felste] RNAE ¥%1o™ total RNAY] H#32
spectrophotometer2 &3} th RNASE tE wlE a4 4
A& 243153 diethylpyrocarbonate (DEPC) Ag]® =2
A&l o™, 20Tl A 1 mM2] ethylene diamine tetraacetic
acid (EDTA) (pH 7hE -3t B SF/-o »asisich

Northern blottingS 93} irp94 -3 x} (GenBank accession
No. AF077354)2] ©HE RT-PCR W o2 4L 501 bpE
random primer kitZ ARE3}0] ¥PE EA1EF0] molecular probe
& ALE3}9dch PCR primer=E irp94 F-2+2] coding region

% PCR 4HE©] 501 bp7t RHEA A =% forward primer (20-
mer); 5-CAGGATTTGCCCTATCCAGA-3/, reverse primer (20-
mer); S-GTCATTCCGTTCCTTCTCCA-3'E ﬂ]ﬁé}‘” o}, Ger
bil 229 total RNAS T?ﬂ o2 A gale] MEF F 2
ol g ol&sto 3139 FHaLAES /\lGEOM 501

F-90l)A total RNAE FZ3H3 ).

bp DNA & A3t o|7S TA k=
W1, USA) ligationd*] JM109 competent bacteria 100 pl}
10 ng®] AZXY FoFAPEE A4S F S Hol 102 HA
8kaL, 27TCoA 502 ¢ E A4S & ohe oA 28 B9
Aol AFATE o] F A2l soC HIA] 900 ple A7}
Bled 60RZY 37°CAlA 225 pmOE YA EFste] IM1092

X-gal®} IPTG7} X &¥ ampicillin agar platel]l A 3 &
ok kst wlokFTol A white colonyZ &g v %3]

(Promega,

Ean| =9 FRE Slsta, AFasR LA 5
A (agarose ge)oll 71719953k] 501 bp2] irp94 DNA T
< 7R EFgan=de gelsta, BARE AMS] st

o] Ze}AU| =& Wizard Miniprep Kit (Promega, WI, USA)2
W Eapsith A€ ip94 DNAS &S AsMe
DNA @71eMEAS Al8ste] ip94gl& AEIstich

Total RNAE WA AI# formaldehyde geloll A £ 53Tt
%, 50% formamide /2.2 M formaldehyde”} ¥£3He 1 X MOPS
buffer (20 mM MOPS, 5 mM Sodium acetate, | mM EDTA, pH
7.0)%] RNA 20 pgg 831217 o} 65Tl A 583 713}
o] A2oljA] WX|g ¥ 1% formaldehyde geloll A E41313ith
HA71BE2 gelS B 2] W HobA formaldehydeE A1A
3131 PVDF Western Blotting Membrane (Schleicher & Schuell
BioScience, NH, USA)ell EAl# #/4E ol-&slo 315w &
¢+ A1851%lT). PVDF membrane 5 X SSCE 3|4A17] 20
X SSC [174 g NaCl (3 M), 88.2 g sodium citrate (0.3 M), pH 7]
= 7HEA AlA sk, 68Tl 2413F F E& 715kl RNA
& 2AHAFE ©]% Quick hybridization solution (Stratagen,
WA, USA)2. 2 62°CellA 3087} prehybridization A]7]11, 2P
2 BT AAEAALE ARRSLe] 62Tl 12A13F B¢t &
3-8 vl ohg 20 X SSPE (1L) [175.3 g NaCl (3 M),
27.6 g NaH,PO, (0.2 M), 40 ml 0.5 M EDTA]E 6 X SSPEZ
s]A3te] 0.5% SDSE 410} 15 B¢ 23], 1 X SSPE/0.5%
SDS (37C)Z 23] A& 5}3L 0.1 X SSPE/0.1% SDSE 60%-
b e0CAN AHec & #H3L Kodak-OMAT ARS
ARgsEe] 80Toll A aFEHF Bk AAlEkich

4. irp94 mRNAS| Bi8 S0l YU Al

H

LH H}7L7|

[ e |

HlFgk PC12 Aol ko] Folx AAIQl actinomycin
D (AD) 0.2 pg/ml, LT3 Sol& AAAC] cyclo-
heximide (CH) 2 pg/mlS 2z} 2A17F, 10417 A A7) § &
total RNAE 9] Northern blottings ~| 33}t w3t
PC12 AMlE) HAFE Al RNA polymerase 112] E0]2 a4
&l 5,6-dichlo-1-p-D-ribofuranosylbenzimidaxole (DRB) 25 pg/ml
S Agstel mRNAS FAS AAAZ F 8AIZEA] 24]7E
Aoz ME el o} 9lE total RNAS] %S Northern

blotting 2. 2 ZA3}e] Azl W& 7+A ATE Es§) wzly)

o=
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I C: control
T g 1: cerebral cortex
" 2: cerebellum
3: hippocampus
ur ’ 4: spinal cord

185

Fig. 1. Northern blot analysis of irp94 mRNA in Mongolian
gerbil brain. The upper panel in each Northern blotting shows
irp94 mRNA resulting ischemia induction, middle panel is with-
out ischemia induction. The lower panel shows rat 188 rRNA as a
loading control. C, control; line 1~4 ordinary, 1, cerebral cortex;
cerebellum, hippocampus, spinal cord.

g AEsgih

5. irp94 mRNA2| &3 & AEQ A FE AE Y E 54
of ot &

A e ZES WHAAA e
Jal3h= Ca™ o] &%kA]l (ionophor)$l
A23187 10 uM, 2 F Aol A Golgi complexZ Al AYE-H] ]
4o] o5& A= brefeldin A (BFA) 10 pg/ml, 214854
o] BT} (N-glycosylation)E Wallste] waja H
< w3 ]—— tunicamycin 2 pg/mi, =3 FAAZA A4
Wd9) 7t thiol”] (-SHY7}F ©|#8AE (S-8)02 A4S
& Walshs dithiothreitol (DTT) 3 mM, A%A] v} 4
AEYAS FEdt] AAAS] dhulde] Ay 9@ xS
ez Hy0, 23 pg/mle] 5714 AXER 2Eg2 F2 oF
< AH#late 37TCAA 3417 T wjdsA). o F 27t
PBSZ 33| A|33 ¥ RNAzol™ B Kit2 AH-3lo] total
RNAE 2] Northern blotting= A 8313t} 28|31 @H3]o]
Tkt oFEd] deliMs oheksh o] Al mpE W
d s dolnE F7T A S sk PC12 AE 45T
5% € FAE Vst Holl 37CAA 0A1ZE 1A12E, 5413
% ZZ}9) total RNAE L] Northern blottingS A 33}

PC12 A Ee
k|
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6. 2ZN MEH 719 2ALSOIM irp94 mRNAS

PCI2 AIZ9 HEZA ZZEHQE (proteasome) A3

C: control

1: AD-0.2 pg/ml/2 hrs
2: AD-0.2 ug/mi/10 hrs
3: CH-2 pg/ml/2 hrs

4: CH-2 pg/mi/10 hrs

18S

Fig. 2. Northern blot analysis showing the effects of actino-
mycin D and cycloheximide on irp94 mRNA. Confluent PC12
cells were treated with actinomycin D or cycloheximide for indi-
cated time, respectively. The lower panel shows rat 18S rRNA as
a loading control. C, control; line 1-4 ordinary, AD-0.2 pg/ml/2 h;
AD-0.2 pug/ml/10 h; CH-2 pg/ml/2 h; CH-2 pg/ml/10 h.

N-acetyl-leucyl-norleucinal (ALLN) 25 um3} methylguanidine
(MG 132) 25 umE 22} 37CAM 3084 Agste] total
RNAE o] Northern blotting2 A] 8333t}

2 o

A A AF/ADF F gerbil HEF A irp94
mRNA 2d 298 ZARBIGITE £ 5 YA A 9
g 308 7he A A HE A A AlERe A, o
ZxoMe HolHl v e BEE 4 dlod A9
T ME AT ot F9]olA irp94 mRNAS] 733+ &
& 2L F AN Fig. 1. 1rp94 mRNAS] '3 Sol4
& FotE gttt AL AAAQL FALZIHNE JAAY
CH #8] 257} PC12 A i«] 1rp94 mRNA 28-S ok3lA]
Zth B3 ol @ d ofsh= AD AHewelA ol dAst
o] irp94 mRNAS] 2L §HUGTHE $£FRE= Ar 5
oA 2HEE & F UUTh CH HFA 1Y
B} oFg ip94 mRNAS] WAL P12 AEe] AL F
Az A3t2 sk H2H8-02 Atg ) (Fig. 2). ip94

£ S0t ip94 mRNAE A3k
]

<

mRNAS] AJ3E ] W77
o] AatstdA A ofgh S WSich DRB A o] 2
d A=E 100%2 3to] A7) whe 2E JEE EE2 8
Alg o, AE Wl ET)E o sAIRKRLS @ 5 AU (Fig.
3). 2tE LFA 2Ed~ 5 oFEel g ip94 mRNAY)
wE S AL PC12 A EE 57X 9F8 % tunicamycin
Aelol b 73E ip94 mRNAS] L& BT H0ol =
7Yt o U] ofEe A tiEdte| vl &
23wl 1ElS Wolx| 9ok} (Fig. 4). AlAYEw|vhlA o]
7} gafioll 2)3F irp94 mRNAS] W3S AT
F 571 (N-glycosylation) & 5ol o2 13



C: control
T (DRB 25 pg/mi, 0 h after)
1: 2 hrs after
2: 4 hrs after
] 3: 6 hrs after
18S |
; 4: 8 hrs after
120 -
< 100
E :
£ 80 -
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ke
L 20 -
0 U [
0 2 4 6 8

Time after induction with DRB (h)

Fig. 3. Estimation of irp94 mRNA half life in a cell. Confluent
PC12 cells were treated with DRB (5,6-dichioro-1-B-~D-ribofura-
nosylbenzimidazole), which is a specific inhibitor of RNA poly-
merase 1I. Total RNA was purificated after indicated times. The
DRB treatment prevents new mRNA synthesis and permits the
monitoring of intracellular residue mRNAs.

C: control

1: A23187

2: BFA

3: Tunicamycin
| 4. DTT
5: H,0O,

Fig. 4. The expression of irp94 against ER stress inducible
drugs in PCI12 cells. Confluent PC12 cells were treated with each
ER stress inducible drug, and the purificated total RNA was used
in Northern blotting. T: Treatment of each ER stress inducible
drug, 18S: 18S rRNA (control; lower panel).

SHE tunicamycin 4 p/mlE 1A13Y, 3417, 5417 12417 &
A2etd S ol irp94 mRNAE A ZshA 2dHY
(Fig. 5). 218} ~Ed|2ol tigh irp94 mRNAS] &3S 2AFS
Rk izl ¥ H0, A2 3AIZF AFA] irp94 mRNA
7} 7 ERshks 2s #9E F AT Fig 6). € 54

BUAEe)

C: control
1:1hr
T
2:3 hrs
3:5hrs
i | 4: 12 hrs
18S ]

Fig. 5. The expression of irp94 against glycosylation inhibition
in PC12 cells. Confluent PC12 cells were treated with N-glycosy-
lation inhibitor of tunicamycin during indicated times, and purifi-
cated each total RNA was used in Northern blotting. T: tunicamycin
4 pl/ml treatment, 18S: 18S rRNA (control).

C 1 2 3
C: control
T
1:1hr
2:3hrs
3:5hrs
18S

Fig. 6. The expression of irp94 against oxidative stress in PC12
cells. Confluent PC12 cells were treated with oxidative stress
inducible H,0O, during indicated times, and purificated each total
RNA was used in Northern blotting. T: H,O, 23 pl/ml treatment,
18S: 18S rRNA (control).

o &t irp94 mRNAS] 2 7 @scol
A 15%) A7 Ao d)ate] A AR ( /\lﬂ 5417ho]
BHFLE ipo4s] FHL UL FIAHT (Fig. 7). AEH
22 eE Aol et irp94 mRNAS TS 2ASI
o}, gizel H)ate] ALLN, MG 132 Fol# Zhzbo| A 7335
o] FFEHJT} (Fig. 8).

o

]

A2AA Aol w2t P, oA tkke $alo
g% gue) AEFLoZ AARAL, SPAA Kz

ole} 447 NN G 54 WA (heat shock protein;
hsp)e] T@o] B o), P oA AEFHSE Y
2E# 20l e AEe] S5 A40R o3 Haido] A
A=At HE L o} T/ g3 2EY2E FAHE 5%

-85 -



Cc 1 2 3
Heat shock
T C: control
1:45C for 15 min
2:45°C for 15 min/1 h
3:45C for 15 min/5 h
188

Fig. 7. The expression of irp94 against heat shock in PC12
cells. Confluent PC12 cells were treated with heat shock during
indicated times, and chase 0 h, 1 h and 5 h at the control conditions.
The purificated each total RNA was used in Northern blotting. T:
Heat shock teatment, 18S: 18S rRNA (control).
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7)15& st vHETh olelgh §d AE# 2 d)-g57]
A

Asto] AEE A2 AT W 27)welA B 2Ed s
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Z#2 P34 (homeostasis) A7t F83819 AE ) 2
me HBEAT Ze WA RN AL ¢ 5 3
174 A ]i«] oig—’-:/&/\] zsp\l-)ﬂ,] Z]-o“7]_ uug 3= 2

k<]

S

32 o
0.

el r> T
_E
5
g
g
?-,
<)
L
ﬂi>
£ @
o ¢
1o
off
hy
rE
dob g
2
N
1o,

) }\ﬂ
T e
2e] Q] elajul Bl Fl5 slste] AEART 2

f

ulo] BEE (activity)’t D3I AFA o] ZHEEY A
32 g Az el A A7 FAS) (proce-

ssing)9] o2 AAHMEY APdo] FEEHTHE Zo] diA
Al S|t} (Paschen and Doutheil, 1999; Paschen, 2000;
Paschen, 2001; Paschen and Frandsen, 2001). Z=3F | A|71X] 2]
BAAZAEEE A7 A 2| S&FA LA
vle] #wis (e g A, oide oj3kslA
& 84 A8, e, Buode] ¥ A A Golgi &
FA 2] o] A, ATP LZFE)ol g AFA i 4
gemEe] 3 9 23 AAge] ko] AAAR Wl
2182 7] Alztsisd). o)de) #AolA AT o] AXA L]
71% olde xEsH S Ve FEHoE AEW 3
MR} AREE FAo R AEAANAN AFTAHY
J (ER lumen)© 2 Ztol & O 2 o] FAY|E FEAU

R Ca*"-ATPase (SERCA)°ll 2lair] Ao} MEZ Alo]o]

)\1—]]

[}

C: control

1: ALLN

2: MG 132

188

Fig. 8. The expression of irp94 against proteasome inhibitors in
PC12 cells. Confluent PC12 cells were treated with proteasome
inhibitors (Alln or MG 132) during indicated times, and purifi-
cated each total RNA was used in Northern blotting. T: ALLN or
MG 132 treatment, 18S: 18S rRNA (control).

Zgolesne Aot EASHA Hed sl8E
LAY SHH A3 ] We] e oAt =z ol ogag:
S 1A HaL AFA Hell Ao Y Zhgo] felEd
A oxygen/glucose-deprivation (OGD) &8l o]afjA AMEZ
ol EABHE Aol F4xY F7HE fuste] 88

1.
el

P
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