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Cobalt(II) chloride, a chemical compound with the formula CoCly, has been widely used in the treat-
ment of anemia, as a chemical agent for the induction of hypoxia in cell cultures, and is known to
activate hypoxic signaling. However, excessive exposure to cobalt is associated with several clinical
conditions, including asthma, pneumonia, and hematological abnormalities, and can lead to tissue and
cellular toxicity. It is also known to induce apoptosis. One of the questions was that of whether CoCl,
might induce apoptosis via endoplasmic reticulum (ER) stress in neurons. To address this question,
first, the level of DNA fragmentation was measured for assay of apoptotic rates using CoCl, with neu-
ron PC12 cells. After confirmation of apoptosis inductions, under the same conditions, the expression
levels of ER stress associated factors [ER chaperones Bip, calnexin, ERp72, ERp29, PDI, and ER mem-
brane kinases (IRE1, ATF6, PERK)] were examined by RT-PCR and Western blotting. These results in-
dicated that apoptosis is induced through activation of ER membrane kinases via ER stress. In con-
clusion, during induction of apoptosis through CoCl-induced hypoxia in neuron PCI2 cells, ER mem-
brane kinase of IRE1 was dominantly up-expressed, and, consecutively, TRAF2, which has been sug-
gested to be one of the links connecting apoptosis and ER stress, was strongly up-expressed.
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74 Al (ischemic penumbra)oll A A A3] Z1eY 1= apoptosis’t
¢ =A veids AZHss 2ddus o] Rusa
ATH2]. Seizures= 7HAEZ Fof] julo A dojy= A ES
+°] DNA fragmentations 553} apoptosisghe BiE
o] 12m™[6], Amyotrophic lateral sclerosis (ALS)= apopto-
sisE AH3l= 21744 apoptosis A3l T A (NAIP) 4
A Aol T8 4102 apoptosis7t Z1o] #HolstE Alo] F
HEHATH6]. o] & FFABAEY £4L glutamate®] 2}
03t W& T+ glutamate receptor?] Hrhgh F5-of 93},
HIL A g AlZbel] ARAE Y H7e A E4Fo] 2efE e
ZoltH12]. 5 ABAEEL AA7HA = 3 24HE o
Al Aol B7bsd Ao® 4l A Slof apoptosis®] #AH]
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PC12 cellZ 10% v+E A3} 5% $-83(GIBCO)S E33}
A= RPMI 1640 (JBI)HiA] ol Al wf Fabiet. v Fxol
37°C, 5% o) AtslerA, 181 28E &3 A0 239
Ao g WA & wA s wjstAar, 157Lel 3 HA A
o stk Aol ALEE AEE A stolA 70-80% A
o ANE FAEE Hole AL AMEEETHY].
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Hypoxia ! ER stress &=

Hypoxia f=%E A&+ 2429 CoCl, (0.1 mM, Sigma),
DFA (0.4 mM, Sigma)E 12417k vl A o]l A 2]stg o,
ER stress fr=2FE-2 347 5 tunicamycin (2 ug/ml; M3
AP IA|, Sigma)S Bl FA EA A FoZH FE3tH T

Total RNA £2]

Z7re] A3 ¥ AHE PC12 A XE cold PBSE &4l
A3 @ %, RNA isolation reagent (TRI-REAGENT)<S 500
ul 931 2~3%8 At F scrapper o Eo} 1.5 ml tubedl]
231 100 plY chloroformS #7}sle] 83 4o & tf
12,000 rpm, 4°ColA] 158 <k AAE2] 3tSiTh 500 ule] &
TAE Hstq ME L tubeZ &7 5 HY isopropanol ¥
T Lo 108 F= A2 F 12,000 rpm o E 102 &<t
AAEF L tubed] HHEo] Aof F pelletell 75% ethanol
] RNA isolation reagent ¥¥} &3 500 ul ¥ 3 12,000
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rpm & 2 58 5 4L efste] FZ R total RNAE &
21t} Total RNAE DEPC7} 2] 2] ¥ sterilized distilled water
o Folx A9 ERAR Aot o] %9 Aol AHEE
wj7}2] -80°Cell HEs}HH .

RT-PCR

Total RNA (3 pug)E 65°CollA 587+ 7hdste] MAA 2]
%, icedl A 5% o] FestSiTh 3 ule 5x RT buffer, 2.5
ul®] dNTP mixture (25 mM each), 0.6 ul9] oligo-dT (300
ng), 1.6 U¢] RNase inhibitor, 200 U] reverse transcriptase
(M-MLV)E 7kstar, & dhg- o] 15 Wt H=% 28 §
42°Co A 147 8F3A1A cDNAZ $HAsHa . 28] ar 30 ul
o] DEPC7} A2 e S75 H7Fste] 95°Cell A 102 w5t
o spin down3}$lth o] 2 A 42 cDNA 35 nl9] DEPC7}
AgE FFFE 7hste] F% 50 ul2 M, DNAS FE3}
7] $13ke] 2x Dyemix (Enztnomics)& ©]-&-3t¢] 94°Col A 30
% denaturation, 57°Cel| 4] 30% annealing, 72°Coll 4] 40% ex-
tensiondt T3 v} BFO. 2 72°Col|A] 5% final extensiond} <
303 HHEAl7)= PCRE F33tith 429 PCRe 33
primer< table 1 2 A 2|3} t} PCR AHE 3~5 plE 2% agar-
ose gel AollA H7]9E A7l & WIEE 1% ¥, TOMORO
ScopeEye 3.5 ZZ13-& 0]&3}¢] PCR band& A #3}a}o]
a2 e QI XBP19] PCR 5% 270 94°CollA] 1%
denaturation, 68°CellA] 1% annealing, 72°ColA 1% ex-
tensiondt th& pFA 2o & 72°Col| A 5% final extensiond}]
353] HHEAI L) o] & PCR AHE Tl 5 ulE #3ko] 1 pld
10% restriction buffer®} 5 U] Pst1 Al ¢+& 2 (Takara, Japan)
£ 7Fete] F g 10 Wt =5 she 37°Coll A 1417 Bk
A7, 2% agarose gelol Al A 71%9% A|7]aL UV 2ol A w

Western blot

Protein electrophoresis kit (ATTO Co., Japan)Z A}-§-3}¢]
12% SDS-PAGES 8 ¥ sampleS 7|9 % 3tHth #7194
o] £ ¥ transfer kit (Bio-RAD, USA)E AH&-314 gel<]
proteing PVDF cell membrane (PALL corporation, USA)ol
transfer buffer (20 mM Tris-HCl, 150 mM glycine, 20% meth-
anol, pH 83)E AH&-3}9 transferd} Sit}. Transfer’} €1 &
membraneS PBST (PBS, 0.05% Tween 20)9} 5% skim milkE
Ahg-aho] 2ol 4 14178 59k blockingsHich. Blockingo] £
¢ % 13 vk Al wjel= PBST9 5% skim milkel
1:500~1:2,0009] Hl&= 343k} 4°Col A 3213 F¢F 7E-g-A]
At 124 A ¥hgo] Fd ¥ membranes PBSTE 1024
53] ol A shakerE AHE-ato] Al 8kGint. Al & o] B &
23} A S ¥-g A2 woll= PBSTel 12,0009 HI&= 843}
of gollM 1A Fek vk A oH, iHgo] £ ¥ mem-
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Table 1. Primers used for RT-PCR

PCR primer Sequence
AFT6 sense 5-TCAGCTGATGGCTGTCCAGT
antisense 5-TGATGTGGAGGATCCTGGTG
beta-Actin sense 5-AAGCTGTGCTATGTTGCCCT
antisense 5-AAGCATTTGCGGTGCACGAT
BIP sense 5-TTGGGGACCACCTATTCCTG
antisense 5-CACAACTGCATGGGTGACCT
CANX sense 5-GCACTCCTCCATCTCCAAAG
antisense 5-TGGCCTCTTCATCTGGAATC
CHOP sense 5-GCAGCTGAGTCTCTGCCTTT
antisense 5-AGCTGTGCCACTTTCCTCTC
ERp29 sense 5-CTCCTCTCTGCTCCTCATGG
antisense 5-TCCTCTGCAGCTCTTCCTTC
ERp72 sense 5-TGATTGGACACCTCCACCTG
antisense 5-GGTCACCGACTCCCTGAAAG
IRE1 sense 5-CCCATCACCTTGCTTCATCA
antisense 5-CCTCGTGCTTGTCTGAGTGG
PDI sense 5-CCAAAGCTGCTGCAAAACTG
antisense 5-AAAGAGGACCACCCCATCCT
PERK sense 5-CCGAAGCCACCTTGTCTACC
antisense 5-TTCATCCTGGTCCATTGCAG
XBP1 sense 5-AAACAGAGTAGCAGCTCAGACTGC
antisense 5-TCCTTCTGGGTAGACCTCTGGGAG
Rpnl sense 5-TTGCTGTGGAAGAGAACGTG
antisense 5-CCCGGGACTGCTTGTATCCA

branes PBSTZ 104 53] /29 A shaker& A3t Al
239 th. Al# o] £ & West save (Lab Frontier, Korea)<
Abgste] BARES-S F28 ¥ Xeray filmoll 7-33}o] 23}

& BT,

Hoechst 33342 staining

Zyzke] A9 Wg xg]d PC2 AlES 3 PBSE Al W A%
3 W %, 4% paraformaldehyde® A& A 30%{} DA
o). ThA PBSZ 1084 Al ¥ AAHs ¥ ¥, 10 mg/mle]
Hoechst 33342 solution (Invitrogen)< PBSe] 1:1,0002.2 3]
Aste] Ao A 1027+ A Este] FAstAtt Fao] vt
¥ PBSE 1084 Al W Al %3 Fo §F&r|4(Olympus
IX71)& ol&3ted 3o stHsE FES AT

Z

CoChLE A& el 21734 E(PC12)7} hypoxia A El 7} =]
E AL #9817] 9)8te] HIFI alpha) 23S #2314t
CoClE H2|3t1< Woll controlo] Hlxated oF 1.58] HIF1
alpha 7} 57} k= o] #25 Ath(Fig. 1). CoCl7} apopto-
sisE FE3h= AE #2138k, apoptosisE =38k CoChbY

A AZHE AA3817] 913ke] DNA fragmentation A3

CoCl2

cont. 0.5%x 1x DFA Tu

Ratio of cantrol expression level
S—

Cont Cocl2 05x Cod2 I DFA Tu

Fig. 1. Expression of HIF1 alpha by CoCl. PC12 cells were in-
cubated with 0.5x (0.05 mM) CoCl,, 1x (0.1 mM) CoCl,,
0.4 mM DFA for 12 hr and 2 pg/ml tunicamycin for 3
hr, respectively. Quantitative HIF1 alpha mRNA ex-
pression was estimated by RT-PCR, and the p<0.05 con-
trol vs treated samples.



< A oFFAE A A &2 control®] genomic DNA
< fragmentation®] WEFUA] ¢kSkth. B ThE positive control
2 chemical hypoxia inducible drug$l DFA®} ER stress in-
ducible drug?! tunicamycing A3 A= EF A 2¢
A o] DNA fragmentation®] YEFETE CoCLe % -$-+ 0.5%
(0.05 mM), 1x (0.1 mM), 2x (02 mM)2] =& 2|3 1dA)
© A GAT Az 294 = 5 DNA fragmentation©]
#EE A o1 F9] AL 05%, 1x FEZ 2% T A%
Th(Fig. 2). 919} o] HAE CoClh e A2)3t3A<S Mol apop-
tosis @Al M Uehvbe B thE Y20 A4 apoptotic
bodyE Hoechst 333422 @Mate] FF&n| FoA #2351
t}. Fig. 3014 3327 vehlle 23 o] BAE o=

CoCl2-0.5% CoCla-1x CoClz-2x DFA Tu

\ ,WHHUHHHHHHH

Fig. 2. DNA fragmentation for apoptosis in PCI12 cells. After
the incubation with CoCl-0.5x% (1D & 2Ds), 1x (1D &
2Ds), 2% (1D & 2Ds), DFA (1D & 2Ds) and tunicamycin
(ID & 2Ds) for indicated days, respectively. Total ge-
nomic DNA was precipitated with 1/2 vol. 10 M ammo-
nium acetate and 2.5 vol. ethanol, dissolved in loading
buffer, separated by electrophoresis in 1.5% agarose gel
containing 0.5 pg/ml ethidium bromide, and visualized
under UV light.

Fig. 3. CoCl, induced apoptosis was detected by Hoechst 33342
staining. The nuclei were stained with hoechst 33342 sol-
ution for 10 min after fixation of 4% paraformaldehyde,
and observed by fluorescence microscopy, x200. Arrows
indicate cells that show apoptotic body.
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g2A 399 $-%0] Yoji} apoptotic bodyS A3t &= Al
271 B2 A CoClLe Agle] B2 ER lumenal chaper-
one®| WHE A7) SJste] 7P AR & AFHo Sl
Bipo] ud & A3 Atk (Fig. 4A). T A o] 23 ER
stress fr=AIQ tunicamycin®.0he oFaFA|YF B EHA| A
® Bip frdAte] 2@l x4 #&H e 12]3 ER mem-
branous chaperone?l calnexin®] 74} 4& FA] 158 F &
control®] Hl3}e] 73k o] <15 lth(Fig. 4B). ER lumen
A @ E9] redoxin chaperone®Z #-&3= ERp72,
ERp29, PDI= 9v] 3l Wkt )IAY 2818 Wel7ke 3%
S B thFig. 4D). ER membraned T435t= T A2 A
proteasome | ubiquitin-like domain®] 2% 3}= Ribophorin
I (Rpn1)9] &2 controlell HI3lA 5 7FatS thFig. 4C). ER
stress signal®l] #oJ3h= ER membrane kinase$] IRE1, PERK,
ATF69] & AT ATF6S wlw| g Aahd o] W)
7} #2353 PERKE 158 78 2#8< neg. a1y
IRE19] 75 1xolA of 258 A= S719 2d S

(Fig. 5). ATF62] mRNA & o] old ATFe il o] 1wty
3} Western blotting . & ##3}1th. ATF6 & s
A oFF oFg A Tl WA H QUTHFig. 6). IRE19] )
H O AEGAA XBPlI mRNA splicings 233} oh
Tunicamycing 2| g A Eo| M= o} 733 XBP1 mRNA
splicinge] #&H o CoCls: A AMETAA A5 &
25 % th(Fig. 7). PERK @A A9 drdmsls
Western blotting©. 2 #23}%{th. Controlel] Hlgto] #& &
& HYt(Fig 8). 3 elF2 a9 A3} A=E B 2
a2

i

T

elF2 a ¢14+3}3 o] PERK T2 =14 o] wHd Hizi}it} %)
43 S B thFig 9). IRE1%} 2gste] 38 A5 2
A3l TRAF29 Wdl-S Western blottlngii JJr?LO}EiE}
CoCLE A2t AETANA FL3HA g ddo] HEHA
Ch(Fig. 10). CHOPY] W& o}F ofet WragA-S Rt
(Fig. 11).

PNrE_Yim

ER stress F&S frieste WS o 7HA7E 8lew,
T 24 &45 Y UiEE YUY hypoxiaE 53 ER
3 B AEE 471 HAst
o 832 A4 4#3}o] hypoxias
3} e, in vitrool A 5% CO,,
1~2% ©]38te] O UH A= NoZ A& A2 A AFel 9] chamber
of HiYE AMEE B }
ol e} o] 318420 2 hypoxia S %ES}*
27l CoCl, 4} Deferoxanine (DFA) 59 £2 2 /‘ﬂi~ Z%E]
sl A7]% Sti1,25]. CoCle cobalt ions= ferrous ions<]
antagonist= 4] heme W & ]S X ¥5}¢] heme protein
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- —  ®Cont
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A . Tu

Erp72 Erp29

Fig. 4. Expression of ER chaperones and ER redoxin family by CoCl,. PC12 cells were incubated with 0.4 mM DFA, 0.5x (0.05
mM) CoCl,, 1% (0.1 mM) CoCl, for 12 hr and 2 pg/ml tunicamycin for 3 hr, respectively. Quantitative mRNA expression
(A; Bip, B; calnexin, C; Ribophorin I, D; ERp29, ERp72 & PDI) was estimated by RT-PCR, and the p<0.05 control vs treated

samples.

% Cont

®CoclZ 0.5%
® CoclZ 1x
EDFA

Ty

ATFE IRE1 PERK

Fig. 5. Expression of ER membrane kinase (ATF6, IRE1, PERK)
by CoCly. PC12 cells were incubated with 0.4 mM DFA,
0.5% (0.05 mM) CoCl,, 1x (0.1 mM) CoCl, for 12 hr and
2 yg/ml tunicamycin for 3 hr, respectively. Quantitative
mRNA expression (ATF6, IRE1 and PERK) was esti-
mated by RT-PCR, and the p<0.05 control vs treated
samples.

O, sensor ol %2 W3lE 427024 hypoxiag &
goba A Sloh4] B AFdM e ABAEPC2)E
CoCLE 2|34 hypoxiag =3 ¥ apoptosisS 53l Al
27} AbE HE 27] 3ol M9 R ¥H3-S ol gttt whet

Cont. CoCl2 DFA

Fig. 6. Result of Western blotting for Bip and ATF6. PC12 cells
were incubated with 0.4 mM DFA, 1x (0.1 mM) CoCl,
for 12 hr and 2 pg/ml tunicamycin for 3 hr, respectively.
Total protein was extracted and separated on 12%
SDS-PAGE. Following detail steps were accorded to
standard methods, which is described in Materials &
Methods,

ATF6

B-actin

A §d A E7E CoCloll &84 hypoxia “FE} 7} wHE o]
A=A E R18t7] el Aatisd st tiazg o e A
AR dF SR hypoxiad] Fol#og WHAE = hypo-
xia-inducible factors (HIF)¢] &S #2393t} Hypoxia 4
e el X HIF1 alpha™ mRNA9] expression®] & 7}3l= # o]

oty g} p3002 22 A} As|A AU Z translocationd}



Fig. 7. Result of Pst 1 digestion for XBP1 splicing. PC12 cells
were incubated with 0.4 mM DFA, 0.5x (0.05 mM) CoCl,
1x (0.1 mM) CoCl; for 12 hr and 2 pg/ml tunicamycin
for 3 hr, respectively. XBP1 mRNA amplified by
RT-PCR, the resulting RT-PCR product was digested
with Pst I, and separated on 2% agarose gel.

Cont. CoCl2 DFA Tu
PERK

B-actin

Fig. 8. Result of Western blotting for PERK. PC12 cells were
incubated with 0.4 mM DFA, 1x (0.1 mM) CoCl, for 12
hr and 2 pg/ml tunicamycin for 3 hr, respectively. Total
protein was extracted and separated on 12% SDS-PAGE.
Following detail experimental steps were accorded to
standard methods, which is described in Materials &
Methodb.

Cont. CoCl2 DFA Tu
elF2a

p-elF2a

Fig. 9. Result of Western blotting for eIF2 a phosphorylation.
PC12 cells were incubated with 0.4 mM DFA, 1x (0.1
mM) CoCl, for 12 hr and 2 pg/ml tunicamycin for 3
hr, respectively. Total protein was extracted and sepa-
rated on 12% SDS-PAGE. Following steps were accorded
to standard methods, which is described in Materials &
Methodk,

o] post-transcriptionol A} 8.3t 98-S A%k, %7] hypo-
xia H o A = control B Th= HAPLE FFo] F7h8ke Aol
A oA, B APo)ME CoClol 93 HIFL alphad]
WS hypoxia FE2 7Hstal FEsA . CoCLE A 23

A 2o A= controlol] Blusle] A Zfo]= ofLfA gk oF
158 A=) HIFI alpha * @%—7}2 891519l th(Fig, 1). A%
DFAS} 3l A1 M E o) A= hypoxia fr=EdAE CoChE A

&3ke 2ol 7hsdite 2 % ‘@E}
#HZ CoClt hypoxia® fr=d 7 ofve} DNA &4
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CoClz2
cont. Tu 0.5% 1% 2% DFA

TRAF2 " -

Fig. 10. Result of Western blotting for TRAF2. PC12 cells were
incubated with 04 mM DFA, 0.5x (0.05 mM) CoCl, 1x
(0.1 mM) CoCl,, 2x (0.2 mM) CoCl, for 12 hr and 2 ug/
ml tunicamycin for 3 hr, respectively. Total protein was
extracted and separated on 12% SDS-PAGE. Following
steps were accorded to standard methods, which is de-
scribed in Materials & Methodb.

CHOP

25

2
15

1
) i>i

o -

Cont Cocl2 0.5x Cocl2 1x Tu

Fig. 11. Expression of apoptic transcriptional factor (CHOP) by
CoClp. PC12 cells were incubated with 0.4 mM DFA,
0.5% (0.05 mM) CoCl,, 1% (0.1 mM) CoCl, for 12 hr and
2 pug/ml tunicamycin for 3 hr, respectively. Quantitative
mRNA expression of CHOP was estimated by RT-PCR,
and the p<0.05 control vs treated samples.

Hypoxia (CoClz)

Prolonged

\
.I @1 G .1

TRAF2
/ Caspases
XBF‘ 1 elFZa P
" 1

/_/ \ ICHDF
e N

| Protein

/ translation

Fig. 12. Schematic presentation of ER stress signaling & apopto-
sis induction by CoCl,. During the induction of ER
stress response and apoptosis in neuron PC12 cells, ER
membrane kinase of IRE1 is dominantly up-expressed
and consecutively TRAF2 that is suggested one of link-
ers connecting apoptosis and ER stress was strongly
up-expressed.
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=313, DNAEAS ¥ EAsA7Ita E s dh22].
CoClhx gl ol &34 PC12 M= hypoxia AJH o] c]2& A
S ¥ o, apoptosisd FAE A7l 3, a1
apoptosisE FE3tE CoChL FE9 AAIZte 2437
9|3k, apoptosis 01422 ##E = DNA fragmentation
A& sH3tHFig. 2). F+ A2 ¥ control®] genomic DNAE
fragmentation©] Ye}LA] @34t 12U positive control 2
AF-8-¢F chemical hypoxia inducible drug?! DFAS} ER stress
inducible drug?! tunicamycin®] 7%-$= & 2¢ A o] DNA
fragmentation©] ##&Ht} CoCLE A 9= A& dose
o #Agle] 1¢941= DNA fragmentation®] #25 2] ¢FA|1t
CoCl, #2] 294+ &5 DNA fragmentation®] #2% ¢l
TEE ¥o] ¥4E oS 43S DNA fragmentation©] 2=
At o] AL CoClhs: A2 H PC12 AE A apop-
tosisE = F Ave AS FHIAULY, o] ZHE 1A
3 ¥ 2els}7] 9J8te], E T2 apoptosis 50|91 A EH 3},
Z apoptotic bodyE CoClL,E A3 th5 Hoechst 333422
AAste] FAAM AN BEEL, Fig. 3014 CoChLE A
23 A2l ARAE A= th2A A9 FFHo] dojut
AE 2702 UH A#e 7] B apoptotic body (8Ht
7t F4HE AS #ES F Uk

o’gell A PC12 A2l CoClE A2 &2 2 A hypoxia fr
T A apoptosis7t FEETHE Aol FHEHUT 213
A o]ufo]l ER stress mechanism- ] %9 A responsedt=A&
&7] $18ke] ER stress #d A5 B S APt ¥
A CoCl, 8¢l w2 ER lumenal chaperone?] Y& H S
%7] 918t ER lumen®l A chaperone® 2 Z}-8-3l= Bip<]
HAS #E3 A THFig. 4A). Tunicamycin®] 2] ER stress
FERTE oAt TAwst ddE Y2 Bip #H%
Lo #AHYh 283 ER 2& #53HE ER mem-
branous chaperone?! calnexin f2te] W& A A5 (F
1.580)3h= Aol 1= A ch(Fig. 4B). PC12 A Z oA CoClLE
#2]3t9< Wol= ER inducible drugE # 2] 8 wjghE2 ER
stress chaperone®] 4% @4 3tx& AT oFek WA
< 2 #EHU. o] At PC12 Al Eel CoCly 47
o &% hypoxia/apoptosis % Aol ER stress mechanism
o] #AH gltke A& Tate Aol ¢4, ER lumendl| Al
AT A FERAYA 4 EARkEe] Zlo] Hofshe=
ERp72, ERp29, PDI®] & o] F7FetA] sttt @3]8 ol&
o] Ldo] s}7stlth(Fig. 4D). °ol= CoCl, A2l &3k A%
e A Wahe AT o= HojstA] Feve A
< 9w gtk ER membranes TASHE IR Q wld =
A, Az EAst= proteasome?] ubiquitin-like domain
o] A3}3l= Ribophorin I (Rpnl)9] &2 controldl B3| A]
158 o]} S7kskitt. o] Ak CoCly A2l 9fs)A ERO|
FH ez 718 AL FAH F, PCL2 Al CoCl, A

i

o,

o2 <l8}4 ER stress responses G- 3}7] $J5te] &&
27] @A 9] apoptosis FF=2 13+ ER chaperoned] 5712
Zo|¢hol ER9| &20] 7K Ao Ate Hrh(Fig. 40).
Bipo] Wd/de-2 ER stress signalzt #AF A lrkal &
# 9tk &, Bip©] ER lumen©l A ER membranes #53}1
AE IREL, PERK, ATF67} 247} Aatal QIth7t ER stressS
wow 152 HE YojA A ER chaperoned] 7)< ¥
38t} IRE1S ERo| EA13h 199 2t 9424, ER
lumen®] N-Z&o] ER stressE A48 dimer7} 1 A ¥
A Zo| 9+ kinase domain®] autophosphorylation$}0. 2 A
IRE1 ©a} A&7} 9] C-#ete] ribonuclease domain®| 2733}
Hrh 71 A7 yeaste] UPRY| 50]A Q1 HARIA}F Haclps =
Z3la v Hacfr AL mRNAGA o] Y& 733 9A
8t1L 1= intron®] A A= WA Haclp7h L& st £2 4
A7re] HAE FR 9 TREENE yeast Irelpst 454
S Hol B#HEY Wil do] 25 F(IREles} [RER) EA)5}4]
UPRel| #ofste Aoz 48 A ok 248 € IRE1 dimer
© XBP1 ZAFRIZS] mRNAE splicingste] ¥H&Eo] 2 & o
£ mRNA7} He® &l XBP1vHe] AALQIAe] 248 7}

AcH18].
PERKe] 93 HAls durroz W A A oA
Aojdrt. 53], AAYE JA A2 elF29] a subuint®] 519
A serine©] U4H3} Foj A M o] HukH o7 A H = Ao
A ATh ER stressol| $H3te] doju= HAAA S £4}
7]9= PERKZHAL o] & FA 7 gl do] FH oz st
=7 AAE At} PERKE IREla9} IRE139} o] ERY] 2H&
5 8)3t= protein kinase®]Th. ER lumendl] 43T A o]
A= dimer7} ¥ o] €/4d38}H . autophosphorylations
53 &43tE PERKY AIEd %9 domain elF29] a
subuint& phosphorylationdt® translations % gt}{17].
ATF62 113 9] =t T A 24 DNA 23 domaing! 7]
3 leusine zipper 92 AEZ Zo] EAJ3T) ER lumen©ll
AT go] Z2 W ATF6S proteolysisE Hrolr] 43}
53, protease?] ZH-8-& WOl ATF6S] MEZZ9] 1/24 =
7F ER®OI A B4 Uitk 7 71 o] Do) s o o]Fate]
ERSE (ER stress element)2] CCACGSE 7|20 A33oz
A EAFAAY transcriptiono] E4J3FE Tt ATF6¢] ERSE
o] A%3l7] Y3t A= CCACGH 719k NF-Y7F Ag3har §
= CCAATE 717} B&aHA 99717k BolA Sl Aol B4
S8 NF-Y$ ATF6> AAEFAIE @4 30H13]. o] ¢k 29
IRE1, PERK, ATF6= E.5F ER stressoll ©J3] 243}5 o] ER
stress transducer?] 938 3 3THS). B AFo M= A7
Al Eel| CoCLE 2|5t hypoxias F=31%< wl, ©J® ER
stress signal®| ©]-&-5 =4 &7] $]3] ER membrane kinase$!
IRE1, PERK, ATF6] @& ZAFSIS S, ATF6-2 v|H] ¢
o) W3yt $2E )3 PERKE 158 S A3)shs Hd e



HAth 28y IRE19] A9 Ix s=4 o 254 A= 57}
g 7 S Ht(Fig 5). 5 IRE1°] 7P ZshAl 243
¥, 222 PERKS} ATF6¢] HE dl=t} ] ER mem-
brane kinasew 27} 148 s A5 A IAE T3 ER
stress response] &gt} & IRE1> XBP1 mRNAS] splic-
ingS §3ll, PERKE elF2 o phosphorylationA| 1 2.2 4, 1
21 ATF6> mRNAZFE ATF6 proteing translationd} ]
ER stress response® Go.7TH3]. £ ATolA= CoClhel ¢
3 hypoxia® fr=¥ 2173 A A &43}%¥ ER membrane
kinase7} 1™ S} ’\‘li A QAE vj7f 2 3o ER stress
7]E=2 Ao wEE 2AIACH,
: Al ATF6] mRNA®] #g}e} o]
31, PERK &9 A ef 2=
PERK®] 3} 41 A9 elF2 ] Qlatstdgo] 73t
W3S B ATF6Y PERKE ZH2H9) &3 A3 Ad QA=
53l ER stress responsec] #ofste Ao Z Bl 1y
IRE19] &} A5 e 94 Q1 XBP1 mRNA splicing & #+2
St A3} IRE1 AHA1 9] 73 23 o] S9l % XBP1T mRNA
splicingo] A3 #&E A % thFig. 7). XBP12] mRNAZ}
splicing® ] €43} XBP19] mRNA= A5t 1ol 93] splicing
57 ofysiut, 2A4stE A ol gk XBP1¢] mRNATE splicing
¥t} Tunicamycing A 2] A A= splicingo] §lth. &
o}5= 7%k XBP1 mRNA splicing®] #2521 CoCLE A
23 A Eol|ME pstlAlZFE L0 23 splicingo] BZEH L.
o, o] XBP1¢] mRNAY] splicinge A3 LA 344 oket
= dut). o] A E o CoChol 23 ER stressol A]
ATF63} PERKE H] 5 ofstA|t ohi 2 1#/3 A58 des
o] ER stress response®] H&& 3l AL 2 Ho|l [RE1
A8 sHtE A5 d9shA ¥tk 23t IRE1C] #d
3l apoptosis pathwayoll 4] 35 As Hg <1zt <l
TRAF29] W8-S dolH okth(Fig. 10). oFF 743 TRAF29] W
Fo] CoClhs AEg M ETANAM fFdatA BEHU. o=
CoClyA g ol <] 3t apoptosis fr =9+ IRE12 ER stress 773
o sk Az AL Ak ¢l XBP1e AEAI71A AL viE
TRAFR29] 28& A3+ AS 23ttt 3HA ER stress9}
##A3}I] apoptosisE frE3hE transcriptional factor® &
C/ EBP homologous protein (CHOP)9] &2 o} <kt
P3¢ BA, o] #go ATF6 PERK7F 44 4T
= “SH: Ao Z Hot,
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