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Review Article

Endoplasmic Reticulum Stress Responses and Apoptosis

Chang-Hwa Song’

Department of Microbiology and Research Institute for Medical Sciences, College of Medicine, Chungnam National
University, Daejeon, Korea

The endoplasmic reticulum (ER) plays a crucial role in various cellular activities and cell survival. Almost all of the
resident proteins usually enter the ER, and are modified with N-linked glycans and folded into the appropriate secondary

and tertiary structures. When cells are faced with stressful conditions, unfolded proteins are accumulated in the ER. The

discrepancies between the protein folding capacities and client protein load lead to ER stress. If the stress is prolonged,
ER stress responses can activate apoptosis. ER stress-mediated apoptosis is implicated in the pathophysiology of human
diseases, including several neurodegenerative diseases, diabetes mellitus, and various infectious diseases. Thus, the ER

is now considered as an important organelle that can decide cell survival or death. In this review, the recent progress on

ER stress and apoptosis is summarized.
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1. 2XAN AEFA Q5 FREEles MEME

AXA 2EYAE AAAQ 2%A 9 750 wake]
A W fEE Ao HHY et 2R A

3 A = gk thildo] SAE ), AXA]
A A3} glycolipide] &3, AFslgko]
5o ~E#2 g2l s AT} (5). AlEAA A

CoaxA AEdaE g P A0S 98 &
Ao} 715 W, 2EA ) Gude] Pa it g
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O% H— _{\.
dl 89S AASHE AL Fok A AE A7) A
i WS gAdstskes A Al 7HA AXA| whEt
AaHdGd E-2E, S protein kinase PKR-like ER kinase

(PERK), inositol requiring 1 (IRE1), activating transcription
factor 6 (ATF6)S &3l 3 THFig. 1) (6). L £Joll &
A Wl @d 3] 58S STHA 2EYEE &
A7) A2 W AEQAHE 2= GRPTS/BIP, GRPY4,
protein disulfide isomeraseE X35+ & 49} peptidyl-prolyl
isomerase, 12|l sarcoplasmic ER Ca*"-ATPase 2 (SERCA2)
o & A¥A AHE GUAES dE 5 5 AT Q).
Z}zke] 4zl 7)sol sl AR, IRE1S A3 A
o] EA)5H= endoRNase=A] ~E#H A7 Qe 2719
A= BP9} Agtste] v st Jej= Exstrt Ax
A 2EH 2 2A AL ZAEo] A" BIP7E WA vt
A QItstE o] st o] DA 2/93hE IRE1S
X-box binding protein-1 (XBP-1)0]2}aL sz AAFIALL]
mRNA<S splicingA]A 2/43le XBP-1 e}t HEs #
Egtt), g4 8l¥l XBP-1-2 ER stress response elementol]
Agstel WAL AR ().
ATF62 AN A dol| EA8l= AARIAZA -2t
%%% SXA] Foll a1, WA FE Ad N-dd
& AEA Bol AW §), 2EA 222 Y A

ATF6+= ZA|A 0.2 o]F3F T site-1 protease (S1P)2}

197

site-2 protease (S2P)ell <3l k=] o] p50Ql N-Eh ATF6
P90y} oz olFsle] HMARIXIZ g3t} o]& &
af e A3l dHsks mae AFEY Bl
E3lE Ao® dEA Q) (8,9).

PERK+= AXA| "o 9%t type 1 transmembrane
serine/threonine kinase 24| T A& wheld ) wpxiz
A2 ~EH vt gl 2= BIPY A E4)
sholrt 2R A3 gulge] =yje) e ~Ef A AMsH
o] BIP7} Wolx 7} &/ st eukaryotic translation
initiation factor 2 alpha (elF2a)E 214+s}sit), <l4lkslE
elF2ai= W 7HA] E3HA1S] 412 = ] BE2 7
AAF =291 AUG®N methionineS WM <J8he 4+3)
sh=tl, <1hkshd wf 52435t E W mRNAZFE ol
wo] Wejo] adte] AXA Wzl AR duid
Yol aste] A27F 2Eg2mRE Houes gt
(1,10, 11).

AEo] 2Ed 2 g Z7)ol= o
L, SFERA2 A, Abshy 2Eg 2o
HoAg Fol #d ddo fHzrsEe] wdo] 7t
st 5719+
like protein (EDEM)S X &3t ER-associated degradation
(ERAD)S] AFE-E©°] ubiquitin-proteasome system®l| 2] 3]
AFA Hell 23 43 ddS AAs] s Sk
o} (11, 12).
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Figure 1. ER stress response and apoptosis. On ER stress, IRE1, PERK, and ATF6 proteins initiate signal transduction that controls cell
survival or death. There are at least three different mechanisms to induce ER stress; translational attenuation to avoid further accumulation
of misfolded ER proteins; transcriptional activation of genes encoding ER-resident molecular chaperones; and the ER-associated degradation
(ERAD) pathway to restore the folding capacity. If the cells are exposed to prolonged and strong ER stress, the damaged cells are destroyed

by apoptosis.

9] fxo #Ast= LAEZAE C/EBP homologous
protein (CHOP) ¥4, IRE-1 "7} ASKI/INK®] &4,
procaspase-122] &/d3} Bel-20l o3 2EH= AXAR
HE 2ol WE Tol of7)el £3HEH (2,3).
CHOP-> DNA damage-inducible gene 153 (GADD153)°]

o
=4

[¢)

gt ¢#A 1o CCAT/enhancer binding protein
% ShFEA] 29 kDa A% A7]9] @S <F
S07 BB A e
A= T shv= dEA Aok (11, 13).

=
et 5919 basic-leucine zipper =M1



Endoplasmic Reticulum Stress Responses and Apoptosis

< CHOPel ©J3] % -t— 1% AbE ALl A 5 8.8kt
(11). Ao Aoyt Foo #d=o] = DOCI,
DOC4, DOC6 22 4 } 2 CHOP?| &}917 =0
lem CHOPel 93] 25 das =tk %3k CHOP
ol g o] W Bel2vh BIPS] o
"=t} (11). CHOPY] ¥Hd o= AxA
EeAlY] A4S 7HAe AxA9 7w ¥ 31, Bax
£ MEAA mEZEolr o] FAIA ME AEANE
L3t} (13). CHOP: Y& S Ao AkAjs o]
UTHF 22A 2E 2ol o3 o] FrhEW, AX
A wol] 91218 ATF6, IRE1, PERK®} 2 A~¥A| ~E
g2 Whg-o] 5EAQ dd Sl o8 &AstH L 5
3] PERK-elF20-ATF4 74 27} CHOPY] w&e] 343514
S7Hel CHOPO| A3 APEALS 742 thal
gk CHOPOll 93l F=¥= A2 2pEALe] 7)ol &=
Bcel-2, GADD34, endoplasmic reticulum oxidoreductin 1
(ERO1a)9} tribbles-related protein 3 (TRB3)&< FHA&
o] x3t#}t ©]E 5 GADD34+ protein phosphatasel
(PPHT AT LS 58 elF200] 2914181S Frsto]
ArLE AAsH 1 A3 Al APEARE FEg (14).
TRB3+ X 3sluke] CHOPoll 93] F=ss - AA=A
TRB32| 7152 pro-survival serine/threonine kinase AKTOl|
Aztsto 2 AKTY 24HeE dho} kinased] S48 7
2AA HNE AEAS FE3H (15). CHOP ©H e A
¥ AEARE = ERE olyet 4E CEBPE i |
A3} heterodimerE ©]F0] IL-1p9] &4S F-=35h
Z Hhgol| = gt (16).
Caspaset™= T34 proapoptotic cysteine protease=A]
A 2Eg 2z osf fiete Al AEAatel] S35
S =33t} 53] caspase-12i= AR Foll A @AT
2FA Hell SR AFA] 2EH 2
t}. 2 3ke caspase-12+ caspase-929] 4
, caspase-9°l 2] 3l caspase-39] &3V} U
32 2PEAE ¥} (17, 18). Caspase-12+
2Eg 2ol fe ARl ogh Al ApEAR 4]
B AN 2EA AEFHAE FEEA] &
AE ZAFEAL A5 o= EA3IEA] F= Ao
DA 2] AEHS SolH A AEAL 5]
tE 2] AR AR S 9l (18).
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248 5 5 Ark 243} © mecalpaine Bel-XLS A}
E31 caspase-12E sliste] €43}t gt (20). Procaspase-

o h

122 Hade F2 2FAd SASAT AFA 2E
gl A O 2] 54 Wstel 22 Ax
Al gdel ugko] A7IAl = A3t fnk (19). Akt
oA caspase-122] 7|52 X792 caspase-129= ThE
Aoz delA Q3L caspase-4”} X5+ caspase-122} 48%
Bre] AEAol e AoR HuH (20). AXA] 2=
Egzo o3 et AEAPES 7P o= vhe-2e
caspase-123 7] Ao A= caspase47F FAFSE 715 4
ol A o® HALEHAT (20).

IREIZ Alxo] HES SXIA717] $13 XBP-19]
mRNAE splicing®r S =4 7133 ohuld 9k-g-& F 3}
= 7I%S ke, IRE1S] A2 B 7)E
ot EFshal IRE1S] AL HASTA AlelE7HR1C]

ie)

Aedgdizel 23] = TRARSS] Be 285
Z3)] ASKIS E#]¢ IREI/TRAF2/ASKI E3AE 34
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a1, Wy 4ol calpam-— /\éﬂ—/\]ﬁ caspase-

s Fal AlE AEALE FEshe As WA
sto] Al 2PEANE AlgT (22, 23). 71 99 % Bax
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HlolE 2 744 A, zlEA| oA QIEH 2ol o8] fk=
%]+= double-stranded RNA-dependent protein kinase (PKR)
2 double-stranded RNA°l 2] A3l =], &3l
KRO] eleag] L/}l—ﬂ,_. 7]—X%9/]- D}Hﬂ;ﬂ SL/H_O_ ul——7 1:1]—
olg]~ BAe] AE 72T} (25). elF2ad] S14k3=
activation transcription factor 4 (ATF4)2] L&-S F =351
CHOPO|1} GADD34¢] S #=dto] Al AEALE
ATt 2EAE dude] WMo F 2ol 4L
B oA vhole2e] FA3} Aol B Aol
o} mfelg] 2ol ofsf ZAE AE ol HdE= H

gk ol mpolels e A S2 v B AR Y o
WS S7A7|AL O A AXA] AEHAE oA
AlsEe] gE A

55 o)1 gkt Ms HA2E %
gheh (26, 27). HRole]=o] Fhdel ofgh AEA vl
ojg] 2~ T F o] AL BIPY GRPY4O| LS F7HA
71tk (28, 29). &) Aol A BIP:= Hl©]#]2 glycoprotein
o] HE FAAEA AAQ S s Zo® B
SF3TE (28, 30). RNA Hpole] 2~ npo]2] 9] 213} 4
S 9% FAEA AXAE AFESl=d PERKE 24

Stal & " wlo]@|~= ATF6 7 214} IRE1-XBP1 74
25 Ao M nlolg o] A AFet S &
ek Zlow AT FAHR] 7)ol vl of
A8 GHAA] eFskeh vRk, vpole] s Fhqlo] AA 2~
Eg et WAs BAE 2t gloen®s A¥A AEYHA
g wiA AR APEAR FETF vpolE s ZHE Al ulg-
FT8g A=A on7t & AR A7t

wjolelzs gl TR S wkgel afolis of
2] 74 A5-AFEe] BaE s
o= 71 &ex vt gtk A ATAFHE oA
A A 718AIRE 5 PR Listeria monocytogenes?t 2~
Ao st mAR deld wkg-S fri=sh=tl PERK
o G S Tl AXA] AEHAE i, XA
2EY 2 FEAl o8 Al g7t s As
AT (31). Mycobacterium tuberculossz]- &2 Ax
W 718AIRE FA] elF2a0] 1SS AAAA A
BERYE FHA SEA AEAA WS Sk
M. tuberculosis2] AJEl
1 9¥el| shiga toxin®| L} ESAT-69} -2 Al

0

=] <l
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