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EIHT OB IREG
(rh E B2 B A Y 9T Br A ) KAy F B R T 3886 %, Jbat 100101)

WE KIrE2HEATENTM (endoplasmic reticulum, ER) & BFEE M ER N, SLBFAIMS SRS E AL (unfolded
protein response, UPR) LIWKEHE A FifA, HATC A = UPRESZ 4, RIIREL, PERK Ml ATF6, Efi130 ER B H&
1, 7EER B80S 58 30 F Ui UPR (5 Sl . AR UPRIESZ 28 L R AT ST 40 An ] 17 X5 ER S 30 & 3R AY , (H AT
U ER N IR A RAS BN SE WA 0125 . BEE WIS RTRA , A% B UPR RYZHAE AN PR T 44528 A A s, M UPRIESZ
A O RTS8 L BBUWE R . A SO UPR ) & B S 20 Bl A — 43, 25 T 034 H FiTEL 019 UPRUESZ 25 (138
TEALH], FEEE UPR N ER I 06 22 LA RO STUSAF A 1 I EEA T o

EgEE NEMLNE, RITE&ECmLN, IRE1, PERK, ATF6

FESES Q2, Q5

ELAZ A0 A 9 5 (endoplasmic reticulum,
ER) MW F AR AR 1 4T & A RH R IS 1B A Y
LGP, MEA RS MG R, Kekirs
R EASTEER BRI, XPFA “ER Y
W, ERBIAK/ERE, IREL, PERK FlATF6 LAAR
[ s, R sh o PR A & 2Rk, [A)
AP RS R LB . Feis . BB, DIWKE ER
IEH IR, X =AM AR R AT & B R
(unfolded protein response, UPR) ", 1EA ER W4
(A7 #%, IRE1, PERK FI ATF6 dnfal A1 A &
BB 5 T RS AR R = R, AR R
EREN IS EER 111, —FPRREXT ER I A5 i 2R 1l
REXT ER BORASABAAE R ZE . 4R 9T A B
>k A B 5T A SR 4 45 5 UL R OTG UPR. = 4% UPR
AR TE DL R4S B R I B0 Oy U fdi 1S UPR {5
SHEERM Y REE M2 A k. UPR 540 2 Fh A=
HUIRE YA G, W55 kAR R AT 4,
XA 3 R A B 5 F T UPR S AL IR A
W5 A B T ik — 20 PR UPR () ML ] A0 A PR
o KT TR 22 [ R R R A T

A6 UPR B BOE HLEIME— 40, B AR AT
B B I AR A B ML 430 )i . X UPR
FTER BB G &, 38 Hh X A 5 % A ok [n) B 1Y)
Bt
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F AR 1 48 N2 R 7E ER BLgEA T, ERJEH &
JE Y B A PR BE O 2R B A B R T AR
1 ER MR AR 1 T N-E e b i 3 i, 580
B HES TS0 TS A E - (calreticulin,
CALR) . $5IRZ5EH (calnexin, CNX) #PZF54%5
HBEA, ENNEYEZ Ca i 2, nTLIAEW, B
FALZBH, B0 ER IE AR UK . FIREESZ T
P ER BN A B4 . 7820 42 70 4F
R, AT R S AR SRR R R BOE — R 5 B
TR, X EEBLIA B8 B I RipR oy i i
% % 1 (glucose-regulated protein, GRPs) 2/,
20 140 80 AR 3 ER BB ALY . BENSZS A
RN EENENR, KHaA Ay EESSEA
(binding immunoglobulin protein, BiP), Ff B} AA]
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NI E BiP 5t /& GRP A 51 1 9 GRP78 . Fi|
N-i FE WAL P ] I A % % (tunicamycin, Tm)
o AL 2- T AR A A (2-deoxyglucose)
AEFRANNE, BE LR BiP Rk, AN, BiPRES
IR & E LS, MEMM SRR RITSEN
oY PR AR I g UESE BB S 5 GRPs ik 7,
XS G ARl AT TR R A AR S RN 1 B
Pk Rk, JHe, MpEA—Fm RS
A" BPUPR B9, BEXT ER B INEE RS
MR EE A B —F S ehma iz, 5 GRPs
2RIA

PR TS 8 U FE ER IE BRI I 2 4 PR i ER
NE. A Tm A0 85 N-2E 2205540 . A ER
JiE 5 AV [ Ca® 2% SERCA 1y ) il 7 ¢ # & b R
(thapsigargin, Tg) FE(ERIE Ca W T, oij&
F /N 53 38 J5 500 N B i i £ 1t Bl — o 95 1 I
(dithiothereitol, DTT) IR 5T —mif, #FHE
WA RIS RO ER IEH B, Xt
V5 & ER NI S2 80 F-Br ™ MBI T, BiP
(1 L R TR SRR AT o BRI RERY BiP [R] 5
FE I KAR2 (45 811 X BAT—1> 1 22 DX 2 i
AIRAE I, 6T Tm AP KAR2 #% 55835 74
BB CE PR R YT & & e
(unfolded protein response element, UPRE) "',
20 fH42 90 4RI, L) Walter 1 Mori At 25 i 1F
SEH A UPRE SR8 %A 45 R0, TERRINEELE
T T — R AL TAE, % 840 AR
PR 5F ) UPR 38 %« Trel S HF i % 5% N 1
Hacl "™, 1998 4%, M FLah¥y 4 i vp Trel 1 [R] J5
Y1 ERN1 (1 FR 4 LB 5 oK B 1o, EP inositol-
requiring enzyme 1, IREla) Fll ERN2 (8 F5 K
IRE1B) #f & ¥ 15100 2001 4F, Hacl K [A] I 4
XBP1 (X-box-binding protein 1) #{%EF "', H
EREME, 7RI ZHT XBP1 B # & SR % K 1,
P B A EEALMAEE S NS ik
kU EESIYTh, BR T LR IRELEBKSL, 0K
55 A0 2% UPR G %, 5 B8 RNA #f ER
(PKR-like ER kinase, PERK) FlI{# 7% %% 5% [N F 6
(activating transcription factor 6, ATF6) 2 =
U, H A iRy = 2% UPR G B 38 45 21
1.2 UPR{ESiER

UPR {53 % A 28 f IRE1, PERK Fll ATF6 Jri
B, X 3FE H N ER BN —IREEIREH .
TEMIFLE Y, IREla 2B PEFIL, 1 IRE1B 1L

TE A bR AN AR S RS, S IRED G
e, AR R X IREla, —IAN, 24 ER K
WoRIT & & B S RIS H R, IREL,
PERK I ATF6 4% Wi {5 5 I8 1 A [7) 7 0RH5 5
1 B Z0 M SN A0 AfA , Ak i SR OKSF R R AP
MR T B P B &, KR ERERZS . [HiE,
RS2 BT 9 UPR W AT B8 U5 3 7% 7 1 40 MO St
- (El1) =,

IRE 1o H1 N i ER 45 R 48, 165 B DR C 3 i
FRIXZR AL, Hrb BT X AL S AN AR I, A B A
A A RNA N UTBES P . IRELa B 5 1R
B3V #) XBP1 mRNA, Jii 3l XBP1 mRNA 5 4,
Fo Bk —Br 26 bp N & 1o X2 BRI SEAE Y
Mo, 45 R OE 9 4k 5 XBPI (XBPIs, s 41
spliced) HYBHPEHEIRZC L, 7 A4 ARG s R i 1k
[ XBP1s & (1 1> %), XBP1sil it b i85 & 1k
Weim . YT . JrIMIREMEAHOCEE A By 3Rak, LI XS
ER 7. IRElo ik AERF % —LE mRNA FIfH/N RNA
(microRNA) RijfA, %t FE#EFR R 52 A5 1 IRE1
fC j#i %) % f%  (regulated IRE1-dependent decay,
RIDD) . RIDD ‘3 IS £€ [} & T ER [ 5 Ml 11
RNA (EAEEZ ERENE . 23 H B
F1 mRNA) FEfi%, SZmmdirhae, Wnl iz
ER #H H #T & i 412> . microRNA Fj & 40
pre-miR 17 F1%) (5 fifk D] 4% 412 18 F1RE P 4 20 At A6 T A
o P IRE1o L BE- 5 IR SR BE R 12 (R A G I 5
2 (tumor necrosis factor receptor associated factor 2,
TRAF2) %54, L c-Jun N ¥fi 3 # (c-Jun
N-terminal kinase, JNK) &% 2 fk I 5 A2 21 it 94
T2, BRfEdE NF-xB & {k, DS 2 5E I+
T S

5 IREla 2L AY, PERK L Je: 1415 2R 11,
H Cui T X 5 R 45 3. PERK A o B
B R A . PERK feRRfb B B R
F219alF 3 (eukaryotic translation initiation factor 2,
subunit 1 alpha, elF2a), il 8 Ao #HEE, W
ER BB &M i, Hig, —sdEfiEx S
A UL EHE  (upstream open reading frame,
UORF) HJmRNA, UH} % ORF iy FHIR/K T KM
SR . Bt T ATFA 32 LR 7E elF20 0 12
fRBsS fHIE IR AR BT o, — 7T, ATF4 fig
TS 5B DU M F AR DGR
Besk; S —7J7i, ATF4LfE I8 GADD34 %3k,
1111 Ji 5 fiE TR BRI i elF2a B MR L . 4 PERK H742
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VAT I, ATFA4 B8 8 I T4 G4 53¢ X - CHOP FiI
FET-3ZAA DRS 435, JA s M . o,
PERK if # 41t 1 BEWE R 1L 4% X 7~ erythroid 2 AH G A
¥ (nuclear factor erythroid 2-related factor 2,
NRF2), Ja B AR sk Re e T A A SO A G
E NN ST

ATF6 J& 11 74 5 B 3 1 o ER 7 8 & A2
ATF6 M ER 567 3| m /R B4, I 4% 45 1 g S1P Al

S2P /KA, FEAERI NGB (FROM ATF6f) MK
FeAk PR, AR RAERE SRR FOIEE B, ATF6f
FIXBP1s ¥IfELE A %] UPRE X, Liﬂ@% BiP 7£ 4
() UPR AHSEHE N 5% . ATF6F IR fiEZE 4 51 ER W I
Jo4 /T (ER stress element /1T, ERSE v, Fi

JLPHEE S B ATF6f AR ﬁﬁf XBP1 fl CHOP )5
ik 17 ) XT?AT%(%JUE AEg AT,
HAji T{amo
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Fig. 1 The unfolded protein response and its downstream signals
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TR, ik 3 4% UPRGHE A SR 0T
). ATF6f Fll XBP1s ¥ i % sk iy LG )12 58
B EATTHRBEE i L R R IR ) A 4 OR 3
KERMFL, WHBHE 4 ER 85 1 () 8 1 i f% s
R SEC61 & A1k ek B+, R[] UPR il % [7]
TETEAR B4 % . 4 PERK G % fE I V4 w5 2 i
RPAP2 /iy 3635, 1ij RPAP2 ] & i IRE 1o 11 25 W iR
1k 57, IREla fiEf# it DRS mRNA, W fig f% it BiP
mRNA, A i %} = 2% UPR i@ % F i 5 5 2447 f
s 20 kA, XBPI1s il ATF6f fETE i 5 I 5
R, WG “ER MG & H B % f#  (ER-associated
protein degradation, ERAD) 7 AH 3¢ 3t N (1Y 3
ik B X H, ERAD & ER N AR 8 1 AR fit
AR, LK ER B N RTS8 S IR,
ARz R-EABHARG M . UPR TGS
EHE A, WAL ERIGE, A& UPRY)
REMYEE 258 Al S H A CLRAR 2

WL UPR () & BLIAR, T LLE 28 R AF5T 2
FIER WA ANTF ) . RS K, 53 A R
UPR il ER i 3% — M A% 45 R e ok o A SCX) S ig
UPR OGB4 E— A 4, JF I 3 UPR
L ERBISCER, $&HIZT 01 FR i) n)

(@

2 BERASIIRELEMHI SN

AL RGBT 8 T IRE1 AL A Rk
FEILTE R L . A POLE HFRZE Y IREL
75 ER I 34 BE SR AETE stk UABHANAR P IRET b
e &AL Y IREL [RIVR  RAKMIE B T 800 5L
] % A Ja F R Ak . FRSK IRE Lo I3 it 445 ) 35k
IR AL X HL & 5 RNA W6 0 5 R e 7, Hi
BASH AL T “TOE” WG IR 4 X AT HE
FHT IRElo MR AR, T 25 %) 57 1)
XBPI mRNA, fhiR5i s, PRk Irel L5 BL LA
BT BB, Comf —RI\ s &
FRECHY XS, HED & XBP1 mRNA 454 i 5 4%
FANA RS 5 FAE TR IRE Lo i J5 B i AR 2854 ity
B E] (B 2a) 970 X TR IRE Lo i 5T BE A 45
PR AT IR S 8 ) o — B Skt sk” B R AR
Ao 8 SRR G5k, BOEE T A SRS
FI PG D R ISR . IREla iR 1L 2R
TE—BIFR N “TEPEX (activation segment) 7 TG
FBRRIX, BRI X i T Fe M AR m e ARSI
AL BRI JOR B A 1) b ) DA 0 44 DX A SR 22 e 3
oy 1R 5 30 00 30T 0 Rl 5 A S8 1Y) AT 45 1 4%
(Kl2b), X5 IREla i) AR & . 2

(b)
NI Al
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Fig. 2 The crystal structure of the cytosolic part of IRE1
E2 IREIFRRX RELEH
(a) NJFIREIoXAY “i55ET” IR B ALEH (PDBID: 6W3C), ftkX FHEH# (bR, I 5 H EBFRRILAT 5 Ser724/726/729M1
BEMRR L AR R R RE R A, nILCu ORGH) A—Ri & S IER A MR, (b) AJRIRELofERTX A “kaisk” M
RAAL5HE (PDBID: 3P23). AbRZSHG IR B, W EARAE BB ITR I NI FICoak 5k o LS M ATPAS £ 11 48 T (1 ADP FI AR RS
HER. (¢) BUFEBEEre IR XL MIZHER 142K (PDB ID: 3FBV). WILRHBIEAX Sy, Hoe MR FHARE. 20 5 RLHEH )
ARAWIE Y “TERETE" R, WEEX BRI 6, ATPZS & AR I ATPZS I ISR R 7 o A5 I i 7~ B (R BB A L B
CVFEVF RN HES , ey 1 X AT W (1 ATPZS A CHASIRIREEIT .
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s, TE SKAER” MR, LAY RNase 2514 5%
oy Ey, MELU R AT 45 & RNA Y . AT Bk
IREla A “Skfilfsk” A% e X AwRIS, HL
ARFTT ey “HEER T B, K% RNase 1
PE S R el I BT B A AR 45 1 10 52 30— F 14
RIRRIRIELE Y, 14 RIRNFRIEER DL 5T
RGBT A, AHAR A4 [a] [ SEageih LA T4
Ty A AR 51.4°4F%) (Bl2¢) . ZRABBUR “F5
T RN A EAE AL . SRR
SR AR S5 45 AT RE M) Ire ] 36 1E 0 FRATTTERE
|, B EWEET RN S 5
— WP ATP 25 & HASHE BRI, H AR R4
AV 11 3 M DX 5 AR 4R A 5O SR AR R 51.4°
()7 1) ATP 25 5 HARSE I (it s R4y
10A), 78 14 RIKNIE MR TR 5 BRI
PEDCHY M, 0 R MR e IR 5 6 14 7T BE 2 IRE1
REAT VA P A RNase i PERIE (B12¢). I
Hb, ARRZEH 7R IREL (4 ER 254450 (lumenal
domain, LD) WLEEIE B Ak 0V S5l I R A7
B UG R A R (eryogenic correlated light
and electron microscopy combined with electron cryo-
tomography, cryo-CLEM-ET) F1 405 Hi 5% £ AR X
20NN IRE Lo SR A5 R AU 7R, IREla SRR
TRARIRISCPAEEIRER, HIREla ER 45
PS8 F] RETE ER J¥E PARERR 32 PR AR B9 58 1) A2
BEME 2, Bz, IRELTfEA ZFHRARE. %
RAMRIIE LA T XBP1 B #2021, {H RIDD 3)
AEFTAE 328t —IRT T fi =

3 REARMBUPREEES

31 EREHAXRTEEHERR

XS N & MY UPR S & 12 . X RITEE
7€ ER & i AR dnful B B 93 2 UPR,  Hil
F AT BB A A AR OR ) B R0 B Y R
B (E3).

A GAEAK, IREI Y ER LD REH 44 5
KT SEAL IS (F3), ERFEEER, Irel 1Y
LD fufR45 K BoR, Trel-LD 43 A if 5 FAT BT
BRIZENR RIK, 75 RBIRTEA — K ImRN &
T KSR MR, A58 B 2RRIT MHC-L, D
RB4S G2 K 0 IRAMCIHIESE, Trel-LD BES & %
BltE R K R L 1 22 IR &, MRS RS Trp426 =
A Ala W2 HI 5 & A TS Z IMHEAER “4. A
JR IRE1a-LD fHARZE A il 7m 5 FEEE Tre 1-LD ALY

HEG AR
Wik aEa @
IREI ER V. i
ERJf Q —>

«— ERdj4
IREL ERM#
e —>
| ! .
8.8 N
KBS B
blp il
g EEA
% <-- @
BiPAAIREL A
- fiEs

Fig.3 The direct association model, competition model,

and allosteric model of IRElx activation under ER stress
E3 ERMET, IREIaHEHNERLESER, THER
RN EY

AT BT REN SR Bk, RASRR 81k
LS REFEAR IRELo G M (Bl 4a) . BAKIREla-LD
WA — MHCFEHK M, (BRSFR/AN, AREARF
ZRRRISE G, XA G AR Tk (&
4b) PV BRI, RSN FE W], IREle-LD HLAEZ
G2k, HXP4s & aefeif IREla-LD Rk ),
IRE 1 TG i B 25 B BT 5 3 2 A UF s S 85

B ARYE PERK A58 T A AL Aty
AP A R SR . BT A W R AR R
ARG FIFEFN -5 PERK 1Y LD 25510 12 Ik, 455
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JE@HT T PERK-LD 52 £ IKE &) k251 . 45
¥4 578 PERK-LD JE R U A, Horp =4~ 7 S6 0 5
— PR SF R MM LS A 1286, B— N ERA%E
(Fldc) . il LRSS & M A 454 12 IR L 25
., B 12KEFEEM IR BITE R, TERH
A 12 BRI ST, XS i TR AR E 1
Al R EE R FRE TR BN, BFFE I 12 IRAY 2 &
RERSE IR0 %:, i PERK-LD 454 22 Bk A BBz
FRKTEM:, (EF UL & HA R RZ5H 1KY
EH. MU, g 2K m pirE
B 50T BT 53— A A XFRR BT A S T Y B 3T
SRV R IEEH, BRI E AW EES AR
{23 PERK ZERMATE AL, 113K % T PERK Il 7%
IR EATEIVER (El4c) 5,

) 2R gL | [RE1, PERK. ATF67F3E
WOERAE T 5BIPE G . YERKEHIKERITS
E W), BiP M IREL F PERK [ LD X fif 55, F3

IRE1 f1 PERK £ 2k ([&3). BiP [ fif &5 2 0] i
B, XARIE T UPR G AL FE B RO PT84 1 . 7E 4
sk 23K BiP figdii il IRE1 F1 PERK A% 1 7, BiP
S5O S PR IR Y IRE Lo 28 28 A AE %A ER B 3L A0
LT W FE IR P S LS5 R BiP
i B BEfE E IRE1 A1 PERK 1% 1k, 1B BiP 55
IRE1 Fl PERK 35 fb & AR 75 Z R I & 1Y
HEZES G M ANERE. S—Jr, XTEBE R Irel (1)
WFFE AT R R R 255, 22K BiP 25 A A 1Y
Trel P45 FE 80 58 A9 X ER N 3 AY 2 R RE 7, 0
X A R Y N R R 0, — R R R
BiP M Irel I fiff B 9-3E Irel J0& W ELHE A, {H BiP
254 Trel fEAEIE Trel BRI, T2 rel
{Z5 5508 ', BiP M\ ATF6 I fiff 251 7] G /2 ATF6 %%
FE B IR FER DO S A ELREA A, (Hk U HE
W, B LRSS

Fig. 4 The crystal structure of the lumenal domain ( LD ) of IRE1 and PERK
E4 IREIFAPERK ERFEEZHIH ( LD ) BELEH
(a) FRPEERFrel p-LDIE A A IE — 384K (PDBID: 2BE1). A7l SR i 3Bisk K M K R sr gk 5% 5. (b) AJRIRE1a-LDJE AL
IR —2R{k (PDBID: 2HZ6), V& AP IEHK MM Hirelp-LDAAYHZE, (¢) AJHPERK-LDf{ALEH (PDBID: 5VID), {Li/mY
BRI AT 3 B — AT SR ZS AR 12k (Z060) . A0, ZORERR MRS, WURBIERE (B() SMFIATR (KEG) LgH
FSko Fefll, LIRERSOMORIE, SoRBIIEBMEAT S b, LIKAT S SARSEASI BRI () MR H 245,

BiP J& T Hsp70 X%, & AT IR4ES G 45 H B
(nucleotide-binding domain, NBD) FIJiE¥) 45 & 4%
¥4 35 (substrate-binding domain, SBD) . F1H: il
Hsp70 KM —FE, BiP 5IKWIE NS EZ
NBD ¥ 19: *4 NBD 1 ADP 45 5 1, SBD RHL
KM MEIF SR EAIERAE B E S e

IR A [ F (nulceotide exchange factor, NEF)
# T, ADP M NBD fi# & 3 #% ATP BUAQ, MAf
SBD &Ky “FTIF” R, JRYEE R, —M
sIAJ, BiP 5 IRE1 4552 SBD, BiP-IREl
55 L RS TR E AN S, Xk
KA &M M IREL 7E45 4 BiP X — i 2 HiE5e
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GO FR, XBEFR A [A] 42 I AR Y v (1 58 4 A5 Y
(competition model) . 7EZAAI, ERdj4 {4 BiP
B IE 2 F 1R (co-chaperone) 5 IRE1 A LD 4%
GRS BIP, J5# 5 IRE1 454 I IRE1 &b T 2%
THIRA . ERdj4 LAEZE A ER IR & 1 IHK
EiB 4 BiP, HIt, EREHRITEEAS TSN
4545 ERdj4 M1 BiP, M55 B 16 IREL A4 /EH
FEIREL{HfL ' 245, BiP WIREL L5
J& ATP-NBD 45 &Mk sh iy, maERTrEEAS
SBD 454 s, KRIr&E I HJE 5 IREL e 4 45
4B B i R 45 A B IREL b #9 BiP, 51 44 45 )
(allosteric model) J2& 75 — Pt 2 AU {14 ] 432 I 5] B
el FERIR R AL R BiP 1 NBD 45 #4938 5 IRE1
44, HSBD 5SARITEEAMNLS & FEOLH S Y
A5, ATTAIREL LffEs (BI13). HAr, ¢
PUNBS R 5E A7 2 2 4E TP 7E IREL I, LRl
JE 1518 T PERK I ATF6 /5 T30 IE -
3.2 EREEAMHUPREMEEZEEF

ATDAVE B, R I R AR Y — i 2
BiP %f IRE1. PERK F ATF6 iX —F UPR J&~Z %5
I AR BB IT K BE T — 28 ER i RE {7 /Y
FIRELVIG MRS T, 78 IRED0E F2 R RS 4R
P FREEEAEN . Hir, BB i e A T
(protein disulfide isomerase, PDI) ZKJZ%hl b1 PDIA1L
F1 PDIAG6 ¥ B GEFT il IRE1 i% ¥ . PDIAL 7E 4%
R 1 Fam20C B2 1k 5 A8 5 IRE1 LD L 2
4, i PDIAG6 | 5 IRE1 LD 9 Cys148 & i — #%
1o+l Fam20C J& 73 WA R, HLAE BR JEs i B
Al e 2 ER WM M55 ; PDIA6 5 IREI b4 4
DU AT B J2 X ER s 480 Ak 3 TR 2 0 6 b i e
MANF J&—F N 5 R 38T 2235 BRI 0 i 1,
L ELA BR B 0, 7T LA Bl 200 0 28 fi 79 J5i 190 )i
W BEIE & B MANF 78 FF4E 19 ER B 3 T REZS &
IREL, Bk HdBE#E ) ERP4A7 2 —FP ER 58
Mo FHE. 5 iR F AR, ERP47fE5 BiP
WA IREL,  H ERPAT 19454 REBLTG IRED
ER 2 1Y UPRIEZ R HEH FRER 2D, B
TR LR el ER N A3 & RS 115 515 i
Y5 UPRIEAZ 4%, ATk —2L R ILAFSE
3.3 ERE

AHMER ], BRFLIRAS MR RE AT BR FEEE (1
L MYIBE . 1E R ER &7 5 K& 1, IREL,

PERK Fl ATF6 =~ UPR J&Z ## H4 BETE ER /IR 1R 1
FEYE NG OL T B 0E o P R, Y AR R
(—Fh R BT RN IR T R ) Ak L 240 i R0 477 o P ot 2l it
A LRI 1 (stearoyl CoA desaturase 1, SCD1)
INF, ER Bt AR i, BE i IRELo M1 PERK 18
FEBE IS, HLOS AR TP LD RAEAE, AN
HERBEHNE A RTE S HICE ™, X IRE]
E— 2D e I, HEI RIS e 1) N g A — P ok
BRBE, X TR AP BRSO E, o F
BN, B DL —FpHE )y g s
JEXLar )2, T H N i 4 7 S A A 3 3B o
ER [ [7) ER i — Ml A 0T, X P SA8ES &1
KETEHMHE AR, (IR T—Fh
REATRE RS . B5 MR eI M i R4 /N s g
DX, MRS RE (i R AeE o IR I th A B
AR TN K 1 st L A5 P 3 I A5 iR WL 53 )2 R B
INERBE R HEAT A Ty, 2 AR TR e 45 &
RERECE Zheht, % LR EA S KA. X
AT DA R A 4 ER RS TR A EE HE M REfe i IRE1 5
Rk (K 52) ", 5 —In g T AR R
N TR R, 58 2MGEAENR BT 2N
BRI — O R AR I T IRE1 RAEZEE R, X
AT DL TR MBS A PR SR R, . K I ER LS AR
AT 2 R 5% A A DA IR TRE T X g o 132 344 m
(N (] 5b) 72, X T PERK Qi nf 2% 01 I i 1
ER AR BT AR DLiRGE . ATF6 125 B IX fig ek
JHTER J 14 i g — UM 2 B A S M R e e 1)
FELEMIBERG , (H S 2 B — S RIS
W% IRE1 FIIPERK. (& 5¢) B
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Fig. 5 The activation of IREl« and ATF6 under lipid bilayer stress ( LBS )
Es5 BENERME ( LBS ) TIRE1«FIATF6HEiE
(a) IREo% BEIX B B SR PEIE HEfE #ELBS F AYIRE1aZé4E . (b) IRELoSIEX rhl iy (B 2 5% 5L ELBS T {E i IRE102R 4., (¢) ATF6RYIE

IR DX JRRAZ A I IO 32 L AT F 6 1] i /R HE A S

4 RBMBRENUPREEES

4.1 UPREZH|ESEH

VLA BA AL T UPR B 2% - i i 26 (U AH B
YRR s . 3 S 8 1 0T -2 1 A B R AR =
4% UPR i [ 1) 0145 LA 50 0 1) o S R R 1
X7 S H A B2 FIREL, 2451,
JitL 5 2 1 % UPR B2 2 O PR P 2 i iy, ax B
AU e E UPR 1S AL A2 11BN 24

Bel-2 K& 4 M 115 g A vh G PR
P T, BTV, IRB1 RS a0 B O A
TR E A MIAET . Bel-2 Z I 5 BAX FIIBAC
fie 55 IRE 1o JfL 5T X AR B./E FH IF 3 38 IRE1 {5 14 7,
BIM 1 PUMA Wl #£ IRE1 F i XBP1 {5 5 (i #4210
G FIRIDD A B h i E e A 6o 77 AR PEALER
FE M E 4% 1IB (nonmuscle myosin heavy chain IIB,
NMHCIIB) fE4E 45 4 IREla I35 B IRE1a 2 4
IE R 7 R, A0 2R R 6 UPR R SZ 45 3
ARZS 145 T BE & UPR T (1 —Fh i =t 2%
IR, %2R 25 1 I ABLT W AEZS A IRE g
X I A% IREL B 5E R AL, X —IIREATE 2 ABLI
PG E 7 AE LR, NMHCIB F1 ABL1
RAT R B S 2R I FE AT, B AN fE 2F IRE1 5%
FIRIE L

UPR JEAZ 5 (1) B 5% J5 B M 2 o) — FP O UPR

BIFB . HEHAPEF A (protein kinase A, PKA) &
L S ) R U, AR R A QA v 4 AR
. PKA fig H 4% # #2 1t 7 T IREla 3% ¥ X 1Y
Ser724, X J& IREla I i B {4 ST 0 8 R Ak 07 14 -
PKA JEBR IRE1 A5 — i 18 OB 2 fb IRE Lo A3
fitg, X IRE 1o AR IR f0 7 JoR = UM 2R 15 i A2 rh
IHEEZ A, E3Z RiEHMG CHIP (carboxyl
terminus of HSC70-interacting protein) HE 1 1k
IREla iz Ak, Ho—ANZ RAA7 5 Lys545 8748
MR B IRE S G 4 F VM IREla i BERR 1L . CHIP i
{1 IRElo 77 Z 4k X% IRELo T ¥ XBP1 {5 5% A 5%
Wi, {H 2 AEM5E IRE1a-TRAF2 H.AE K H il INK
BERR AL ™ XRER SIS TRE Lo 3B 25 Fay ek . (H
520 RNase 16 PEITE RS2 BT nm . kA
ER [ UPR OG5 5 TN L& 0. eak, 2R —
B AZ A & (poly (ADP-ribose) polymerase,
PARP) b1~ ADP-#ME /> 5 B 2 ¥R (1)
PRI, BF5E & I8 PARP16 fig 58 ADP-#% KL 1L
IREla #1 PERK, {H A2 {&4M ATF6, 7% A ER i
BRTEOL T, B il e 53 IRE1o #1 PERK AL
1% %), PARP16 /& ER PSS AR [, il i 45 A4 o
TR, AT ULSFp & & AL ZEML M ; {H PARP16
1 C i {37 T ER B3 43 %65 T HAB0E IRE1 A1 PERK 1
T . AEH TmiE S ER WL AR T,
PARP16 fi£ /> IRE1a Fil PERK 5 BiP HAE, Ktk



2023; 50 (5

iz, & RFEEOMEHHELS - 885-

PARP16 /1] ER i BRI 57 B % IRE 1o 1 PERK 435
WEEAER ™

T — A H TS UPR S 575 5 ER 5 A&
Pr& s G T AR IIbR S, IZE A TR SR
G HJC LD By UPRIRSZ 2% o S, 3% 07 T A F
FAER >, FEFEAE T RAN ., K LD B
IRE1 1 PERK fig F & Ui o 0 5 3 2ok 366 P 4 6 47
AR EREE NIEIER, ST R X — R A R K
W,
42 Ca"BEF

ERJEIMIN Y “F5%E", HEHN Ca ¥ T
£ F M3 v Ca W B, ER JEE 7 19455 SERCA Al
i 1A 5 1 IP3R . RyR A REVAHE ER AP Ca® MR JEE
s ER AR A RN AE a6 3l . R ER (Y Ca” R
S I ER B S 7 Nz —, (HREX T3
Wi % UPR, HETIERNERE . e HHE0 T RE 2
ER O/ 38 1 B4 &2 B, [SBCRT&EH
HRRITEE AR R B EATEENE, T
o B, MR Ca® ¥R I FHlr] fE & PERK G fk
(B2 K . SERCA JE M Z M i), AT Ca® ¥k
JE T REUE |3 PERK R AL AKF, HEXT
Bk LD B PERK 2 it ' s — s iR,
Ca* fit B #5454 )1 Fa & PERK I Ji B, {H Ca> X}
PERK AL IR HEAISR T 2 Mg, Jm 5 2 P 4l
K %, Ca*5Esa LA 7 =045 & PERK, XUZ40
Al PERK A A0k, iR T B E— 5% .

5 kBRMIUPREEES

51 HREEZE T SHUPREE

A= KSF UPR B0 A R BT B 4R, R
A1 15 5t BES#TG UPR. Toll BEAZ {& (Toll-
like receptor, TLR) A AR FIITE S
B R A EEAEA . EOEAN M A TLR 8 B RE 4y
SPEROS IRE1a S H R XBPI mRNA 5§45, 11
P2 UGN 7= A 5559 TLR4 Al TLR2 38 13 i 5
NADPH & fL2 (NOX2) A1k IREla,
AR FHURAR A S O —Ir s o, Mg
RHE K F 52 7K S BE B -7 6 (tumor necrosis factor
receptor-associated factor 6, TRAF6) £ TLR /i %
HIRELo{f AL B ZAE ], TRAF6IERIRElaiZ
Ak, Mg T IRE o S 2w R 1L Wi
fity PP2A MU AH BAEH , S ECIRELa 36 P B JF ™0,
XBP1ZTEWTSE B 40 Mib s b s A B 1, 2
| IRE1a-XBP1 38 ## 75 S0 S 0 B FE 20, AR

T TLRAE 5 Rl JF A A8 . TLRAF 5 #1% IREla
-XBP1 if 8 |- & §ij 5 i £ 2 (prostaglandin H2,
PGH2) MYAWI6 AL, TE/INRUAI 98 S0y rh & 44
Bihe

m g N A K B F (vascular endothelial
growth factor, VEGF) 7] 7E & PN T 1l 48 2 .
VEGF BE PR 3 s A i ik ) B 4 s (HUVEC)
H1IREla, PERK il ATF6 = 4% UPR i %, AN 5L
55 2 W] UPR MY 300E X T L4887 A48 2 OCH 22, AL
WF5¢ & B, VEGF & 38 o 006 PLCy. 2 1M S T
mTORC1 KA #f UPR G ALIY . AR TA B 1Yk
#ii . {H 4 VEGF 32 Kk 2 5 T VEGF-PLCy -
mTORCI1-UPR {5 54&6 %,

LR o B Z =G 1 ¥ (brain-derived
neurotrophic factor, BDNF) J&#i 288 % [N 1 FK %
R Z—, TERREITHY MG, i S B
YE ] . BDNF B 7E #ilt 28 7T H 4 5 P 300 IRELo-
XBP1 {5 Sl ' HIIRE Lo 7E X B8 AR 5 5
N —#, BDNF Ui id fi i PKA XJ IRE1o
BRI S BEAY . i BDNF 1) 32 7R J5 LR 2 1
AH % B (tropomyosin-related kinase B, TrkB)
£ BDNF #15 IRE Lo (3 P P AE A
5.2 #HAEiEB EAUPR

AR B 3209 UPR TR 42 1) — T,
& 20 EKE ER IS5 5 LA S A 5 A% 38 21 At 248 e
IFAEAS S 4 B % 1 UPR., X — R T AE
AEIZEBIANN . AHEVRER B OISR, A dE
LR A 4 . /BT B i POMC #f
ZC- IR . by 240 A- BeiEg A . e A -t
JEAML . O WLARAE-E A . A0S . L
20 - LA L 5 100 e — BRI 5 S S (AR 2
JfIfY IRE1o-XBP1 {55 /& A 4 uIE B 5 UPR 44
BLRAE, HXOERIE T AN L A TR
gy o s N TS A MUE S AR T, A RREIA
343 e R F- DA /N0 M A € 3 (small extracellular
vesicle, sEV) JEXfGih, L ANTE ILAH AR AL i
[E] A3 1 AT HRAE PR -0 - 20 A 2 T
Tob A M ] i AR s AR5 1 ), (HEE 2 ST b Ot
AXF I B A L 7 I A 1] 25

WAR AL~ 11 825 44t A% 326 B4 A AR B 32 UPR
RAE? FEFFINZ Y, P2 A 53 06 1Y) B e i
TG I8 40 i IRE1-XBP1 3 B . e iR il 5 2
ER 7 38 & A5 0% JUL 2 D0 308 5 4% 386 o 420 T e 380 U
WLARME, #4305 T 40 IRE1a-XBP1 i@ # ', 7¢



-886- EMUFESEYIRHR

Prog. Biochem. Biophys. 2023; 50 (5

AR, AR ER N i 20 A ok b e 2R
HHE1 73 (Golgi protein 73, GP73) FJ4rh, #47G
iR 31 A W 20 A UPR 77

MU BT o DL B, 4k A 32 UPR A fE
WA G — WS AL, T2 A7 7E 20 R0 2 208 S
Pk TEANERY ER BLBARIE T, A Ao a] RE LAAS [H]
(1977 20 3l UPR 5 5 (U 5 A A% 36 . i Ssd A7
RZ B FFRAB
53 HMMERER

UPR 5 Mg 0 & A kR UIA G, REWFR
%8 Ji 988 20 A7 AE UPR R30S o Bee 4 i 1 B
(1) 55 R 28 4% J2: UPR G AL A JEL IR 22—, Jif g &4 i
b PRI 0 AP AL TT BEAE UPR BT R 2R .
B IR OR B R E 22—, AR 3% HR IR S0
WMAE S UPR, HXEATEMRMKEMASTE (1%
AR, RS A PRGBS (1%~5% 0,) &1
T UPR HA W 3G . ST T HE A A
e, wEMRCER WL A TR LAkt
SRR, BE BTN BRI 2s i ER ARFR A3k
AFIF ER W2, IEAMB SR LBS 7 1%,
ik 4 5 2 IRE1-XBP1 {5 53 B s, WF 90 & B
XBP 7] L) 5§ % i% S H 7 la (hypoxia-inducing
factor la, HIFla) %54, JFL[AI4E7F HIF 1o 50 2L A
e sk D B S NIRRT RIRE, X TR
YU R — RO i, PERK B A F] T B
J2v] G O R 7 2 R R ) e ] IR G W e
T, THEA TR ', PERK 7] LIE S 4
JOE BB B, DA T A AR ke SN IS A L9 P AR
IR o7

FiR 1 R85 S 5 — P i s UPR (IR 25 . g 4
JH W At = A LR 3 B pHL(EL R, LR AIMIG AL
[) i) 8% T fieb 3 41 itg XBP1, CHOP A1 ATF3 %3k |
F U TEN AN, IR TEIREE (pH 6.4) T
FHelF20 F1 IREla iR 1L, i ATF3. ATF6fF
XBPI mRNA 872K 1 18 G 28
% 1& GPR4 il GPR68 7E Mg 1k i 7iF UPR i
FEH ool

A B = R 22 pl 4G RS UPR.
) OWE B = 52 e & BB SR A, P LL i B ER
P A A RE B = 5 g B4 e %) SERCA T
P, THER IE Ca s, et PERK Fll elF20 512
£ R R BB S B 4RI IRE ol B, {0
ELORBLH 6 AT AE S AR AH DG Wb R
NP RE4E | AEAERERE % UPRIES i, X EEREH

45T R R N O R EY

UPR SR 2B UIAHC, e . AR
PG . PR ZRIRAT MR Hh AT UPR G BRI 19
B DA 2 e RS T R R R
SEUPR MG . T ZF5 i, A PR B B 45
T UPR MG 2 AR X, 20T X
UPR S ML A BHR T . 5B 24 R8T UPR L
AR AT BE R 2 PR REEAERMZE R

6 THEFRE

1241k, IREL & T ff i 2 1) UPR A2 4%
2 B 0 A ME—fE 1% XBP1 mRNA | Ji3 3 XBPI1
mRNA B4 8 H . B 811 PERK A1 ATF6 T iji#
55 MFFARAAL T3X P~ UPR &2 4% T i, JUH:
THETE R, PERK-elF20 18 P& T 244 0 i i
I (integrated stress response, ISR) HJ— 37, ISR
WALFE S A3 408 . PKR. GCN2 FlIHRI, 7E4
SRk = | RAN . AN E AT, ISR
T % A B 2 AT 51 GE elF20 BEBR AL, 4k b
ATF4, CHOP ik (Kl6) ", —Sepspfs ik
ISR T #1551 45 T PERK #0% , {H I3 A %1k
PERK R b /K VA B TF, XA nl fefs th AR
i

UPR RIS % UIAH G, (EX AR U L A5 T
UPR 436 ML A0 B 58 AR PRIME , 3 — )y T 2 PR Ry 3
SE S AF R UPR B AR 1T BB 22 Fh I R 25 & V6 F
2, 55— 7L RO BIFSY B G I UPR B 19 4R
PR X, FSz b, %P UPRAEFLINRE AN IRAR 25K
H UPR JBAZ #8 JE R R SR S0 00, k= ™ A& 1) 52 6 i
B, 7R S AR R A B B R R R A AR AR R R
UPR JB%3Z 25 SR 0T

UPR 5 K& & AWK R IE T — A CE
IR, AR A UPR HE &8 4 X ER YA
FrEEA RSN, (R Z A5
RIN, UPRALAE A T A4 & 4 1 7 Xk
WO . R UPR S SARIT&E I REMIM R,
XFIRAPEf# UPR PG ML ZCHZ . R, H
T 2 S B ARSI ER I N AT 8 8 (A AAS DR T &
EHMTH, M#EET (thioflavin T, ThT) Zek}
HEARRERSG G GO SR, YO TR0
BT RAENR, (HIZ YR IS 46 U JE 4 A DT
YE S CHWFSEEBT, ThT BEH TR ER Y AT
SEARE, HLHEMTEZ ML ",
I 39 i 3 — Fh ER ¥ € 7 7Y Halo 28 11 28 48 &



2023; 50 (5

R T
HIGIRERZ
XN E)

&
N

P Y 7

-

Fir%, % RIFEEQMMAEEIE <887
iR
A
2RI ASUEERNA
TER 53
@ 5 g A
Sk

'

i

~

elF2

®

elF2

Fig. 6 The four signal pathways of the integrated stress response

Elo ES AR M RESERE

(AgHalo (ER) ), XPhRABIRE D) kA5 &
RS, FRMBEBL N TR RIC, TRl H]
THER EREEH L ", {H AgHalo (ER) H
XFARLRCA Ry, HACH ik 2s A R B4, BR
TR IR B A I ER RN A L BURR,
AT HXFHEE UPRHLHI RS ARA L

z £ x W

[1]  Hudson D A, Gannon S A, Thorpe C. Oxidative protein folding:
from thiol-disulfide exchange reactions to the redox poise of the
endoplasmic reticulum. Free Radic Biol Med, 2015, 80: 171-182

[2]  Coe H, Michalak M. Calcium binding chaperones of the
endoplasmic  reticulum.  Gen 2009,

28 Spec No Focus: F96-F103

[3]  Shiu R P, Pouyssegur J, Pastan I. Glucose depletion accounts for

Physiol ~ Biophys,

the induction of two transformation-sensitive membrane
proteinsin Rous sarcoma virus-transformed chick embryo
fibroblasts. Proc Natl Acad Sci USA, 1977, 74(9): 3840-3844

[4]  HaasIG, Wabl M. Immunoglobulin heavy chain binding protein.
Nature, 1983,306(5941): 387-389

[5]  Munro S, Pelham H R. An Hsp70-like protein in the ER: identity
with the 78 kd glucose-regulated protein and immunoglobulin
heavy chain binding protein. Cell, 1986, 46(2): 291-300

[6] Kozutsumi Y, Segal M, Normington K, et al. The presence of
malfolded proteins in the endoplasmic reticulum signals the
induction of glucose-regulated proteins. Nature, 1988, 332(6163):
462-464

[77  Dorner A J, Wasley L C, Kaufman R J. Increased synthesis of
secreted proteins induces expression of glucose-regulated proteins
in butyrate-treated Chinese hamster ovary cells. J Biol Chem,
1989,264(34): 20602-20607

[8]  Almanza A, Carlesso A, Chintha C, ef al. Endoplasmic reticulum

(9]

[10]

(11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

stress signalling - from basic mechanisms to clinical applications.
FEBSJ,2019,286(2):241-278

Mori K, Sant A, Kohno K, ef al. A 22 bp cis-acting element is
necessary and sufficient for the induction of the yeast KAR2 (BiP)
gene by unfolded proteins. EMBO J, 1992, 11(7): 2583-2593
Kohno K, Normington K, Sambrook J, et al. The promoter region
of the yeast KAR2 (BiP) gene contains a regulatory domain that
responds to the presence of unfolded proteins in the endoplasmic
reticulum. Mol Cell Biol, 1993,13(2): 877-890

Cox J S, Shamu C E, Walter P. Transcriptional induction of genes
encoding endoplasmic reticulum resident proteins requires a
transmembrane protein kinase. Cell, 1993, 73(6): 1197-1206

Mori K, Ma W, Gething M J, ef al. A transmembrane protein with a
cdc2+/CDC28-related kinase activity is required for signaling
from the ER to the nucleus. Cell, 1993, 74(4): 743-756

Cox I S, Walter P. A novel mechanism for regulating activity of a
transcription factor that controls the unfolded protein response.
Cell, 1996,87(3):391-404

Mori K, Kawahara T, Yoshida H, et al. Signalling from
endoplasmic reticulum to nucleus: transcription factor with a
basic-leucine zipper motif is required for the unfolded protein-
response pathway. Genes Cells, 1996,1(9): 803-817

Tirasophon W, Welihinda A A, Kaufman R J. A stress response
pathway from the endoplasmic reticulum to the nucleus requires a
novel bifunctional protein kinase/endoribonuclease (Irelp) in
mammalian cells. Genes Dev, 1998, 12(12): 1812-1824

Wang X Z, Harding H P, Zhang Y, et al. Cloning of mammalian
Irel reveals diversity in the ER stress responses. EMBO J, 1998,
17(19):5708-5717

Yoshida H, Matsui T, Yamamoto A, et a/. XBP1 mRNA is induced
by ATF6 and spliced by IRE1 in response to ER stress to produce a
highly active transcription factor. Cell, 2001, 107(7): 881-891

Liou H C, Boothby M R, Finn P W, et al. A new member of the
leucine zipper class of proteins that binds to the HLA DR alpha



888

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (5)

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

(30]

[31]

[32]

[33]

[34]

[35]

promoter. Science, 1990,247(4950): 1581-1584

Harding H P, Zhang Y, Ron D. Protein translation and folding are
coupled by an endoplasmic-reticulum-resident kinase. Nature,
1999,397(6716):271-274

Shi Y, Vattem K M, Sood R, et al. Identification and
characterization of pancreatic eukaryotic initiation factor 2 alpha-
subunit kinase, PEK, involved in translational control. Mol Cell
Biol, 1998, 18(12): 7499-7509

Yoshida H, Haze K, Yanagi H, ez al. Identification of the cis-acting
endoplasmic reticulum stress response element responsible for
transcriptional induction of mammalian glucose-regulated
proteins. Involvement of basic leucine zipper transcription factors.
JBiol Chem, 1998,273(50): 33741-33749

Hetz C, Zhang K, Kaufman R J. Mechanisms, regulation and
functions of the unfolded protein response. Nat Rev Mol Cell Biol,
2020,21(8):421-438

Hollien J, Weissman J S. Decay of endoplasmic reticulum-
localized mRNAs during the unfolded protein response. Science,
2006,313(5783): 104-107

Han D, Lerner A G, Vande Walle L, et al. IRElalpha kinase
activation modes control alternate endoribonuclease outputs to
determine divergent cell fates. Cell, 2009, 138(3): 562-575

Maurel M, Chevet E, Tavernier J, et al. Getting RIDD of RNA:
IREI in cell fate regulation. Trends Biochem Sci, 2014, 39(5):
245-254

Upton J P, Wang L, Han D, et al. IRElalpha cleaves select
microRNAs during ER stress to derepress translation of
proapoptotic Caspase-2. Science, 2012,338(6108): 818-822
Lerner A G, Upton J P, Praveen P V, er al. IRElalpha induces
NLRP3
Inflammasome and promote programmed cell death under
irremediable ER Stress. Cell Metab, 2012, 16(2): 250-264

Urano F, Wang X, Bertolotti A, et al. Coupling of stress in the ER to

Thioredoxin-Interacting Protein to activate the

activation of JNK protein kinases by transmembrane protein
kinase IRE1. Science, 2000, 287(5453): 664-666

Tam A B, Mercado E L, Hoffmann A, et al. ER stress activates NF-
kappaB by integrating functions of basal IKK activity, IRE1 and
PERK.PL0oS One,2012,7(10):e45078

Tam A B, Roberts L S, Chandra V, et al. The UPR activator ATF6
responds to proteotoxic and lipotoxic stress by distinct
mechanisms. Dev Cell, 2018, 46(3): 327-343.¢327

Vattem K M, Wek R C. Reinitiation involving upstream ORFs
regulates ATF4 mRNA translation in mammalian cells. Proc Natl
Acad SciUSA,2004,101(31): 11269-11274

Yamamoto K, Yoshida H, Kokame K, et al. Differential
contributions of ATF6 and XBP1 to the activation of endoplasmic
reticulum stress-responsive cis-acting elements ERSE, UPRE and
ERSE-II. J Biochem, 2004, 136(3): 343-350

Ye J. Transcription factors activated through RIP (regulated
intramembrane proteolysis) and RAT (regulated alternative
translocation). J Biol Chem, 2020, 295(30): 10271-10280
Adamson B, Norman T M, Jost M, ef al. A multiplexed single-cell
CRISPR screening platform enables systematic dissection of the
unfolded protein response. Cell, 2016, 167(7): 1867-1882.e1821
Bommiasamy H, Back S H, Fagone P, et al. ATF6alpha induces

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

XBP1-independent expansion of the endoplasmic reticulum. J Cell
Sci, 2009,122(Pt 10): 1626-1636

Sriburi R, Bommiasamy H, Buldak G L, et al. Coordinate
regulation of phospholipid biosynthesis and secretory pathway
gene expression in XBP-1(S) -induced endoplasmic reticulum
biogenesis. ] Biol Chem, 2007,282(10): 7024-7034

Chang TK, Lawrence D A, Lu M, et al. Coordination between two
branches of the unfolded protein response determines apoptotic
cell fate. Mol Cell, 2018, 71(4): 629-636.¢625

Lu M, Lawrence D A, Marsters S, et al. Opposing unfolded-
protein-response signals converge on death receptor 5 to control
apoptosis. Science, 2014, 345(6192): 98-101

Yamamoto K, Sato T, Matsui T, et al. Transcriptional induction of
mammalian ER quality control proteins is mediated by single or
combined action of ATF6alpha and XBP1. Dev Cell, 2007, 13(3):
365-376

Qi L, Tsai B, Arvan P. New ilnsights into the physiological role of
endoplasmic reticulum-associated degradation. Trends Cell Biol,
2017,27(6): 430-440

Li H, Korennykh A V, Behrman S L, ef a/. Mammalian
endoplasmic reticulum stress sensor IRE1 signals by dynamic
clustering. Proc Natl Acad Sci USA,2010,107(37): 16113-16118
Welihinda A A, Kaufman R J. The unfolded protein response
pathway in Saccharomyces cerevisiae. Oligomerization and trans-
phosphorylation of Irelp (Ernlp) are required for kinase
activation. J Biol Chem, 1996, 271(30): 18181-18187

Papa F R, Zhang C, Shokat K, et al. Bypassing a kinase activity
with an ATP-competitive drug. Science, 2003, 302(5650): 1533-
1537

Wang L, Perera B G, Hari S B, et al. Divergent allosteric control of
the IRElalpha endoribonuclease using kinase inhibitors. Nat
Chem Biol, 2012, 8(12): 982-989

Lee K P, Dey M, Neculai D, et al. Structure of the dual enzyme Irel
reveals the basis for catalysis and regulation in nonconventional
RNA splicing. Cell, 2008, 132(1): 89-100

Wiseman R L, Zhang Y, Lee K P, ez al. Flavonol activation defines
an unanticipated ligand-binding site in the kinase-RNase domain
of IRE1. Mol Cell, 2010, 38(2): 291-304

FerriE, Le Thomas A, Wallweber HA, et al. Activation of the IRE 1
RNase through remodeling of the kinase front pocket by ATP-
competitive ligands. Nat Commun, 2020, 11(1): 6387

Ali M M, Bagratuni T, Davenport E L, et al. Structure of the Irel
autophosphorylation complex and implications for the unfolded
proteinresponse. EMBOJ, 2011, 30(5): 894-905

Korennykh A V, Egea P F, Korostelev A A, et al. The unfolded
protein response signals through high-order assembly of Irel.
Nature, 2009, 457(7230): 687-693

Credle J J, Finer-Moore J S, Papa F R, et al. On the mechanism of
sensing unfolded protein in the endoplasmic reticulum. Proc Natl
Acad Sci USA,2005,102(52): 18773-18784

Zhou J, Liu C Y, Back S H, et al. The crystal structure of human
IRE1 luminal domain reveals a conserved dimerization interface
required for activation of the unfolded protein response. Proc Natl
Acad SciUSA,2006,103(39): 14343-14348

Tran N H, Carter S D, De Maziere A, et al. The stress-sensing



2023; 50 (5

iz, & RFEEOMEHHELS

889

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

domain of activated IRElalpha forms helical filaments in narrow
ER membrane tubes. Science, 2021,374(6563): 52-57

Tam A B, Koong A C, Niwa M. Irel has distinct catalytic
mechanisms for XBP1/HAC1 splicing and RIDD. Cell Rep, 2014,
9(3): 850-858

Gardner B M, Walter P. Unfolded proteins are Irel-activating
ligands that directly induce the unfolded protein response.
Science,2011,333(6051): 1891-1894

Karagoz G E, Acosta-Alvear D, Nguyen H T, ef al. An unfolded
protein-induced conformational switch activates mammalian
IREL!. Elife, 2017, 6: 30700

Wang P, Li J, Tao J, et al. The luminal domain of the ER stress
sensor protein PERK binds misfolded proteins and thereby
triggers PERK oligomerization. J Biol Chem, 2018,293(11):4110-
4121

Bertolotti A, Zhang Y, Hendershot L M, et al. Dynamic interaction
of BiP and ER stress transducers in the unfolded-protein response.
Nat Cell Biol, 2000, 2(6): 326-332

Oikawa D, Kimata Y, Kohno K, ef al. Activation of mammalian
IRElalpha upon ER stress depends on dissociation of BiP rather
than on direct interaction with unfolded proteins. Exp Cell Res,
2009,315(15):2496-2504

Kimata Y, Oikawa D, Shimizu Y, et al. Arole for BiP as an adjustor
for the endoplasmic reticulum stress-sensing protein Irel. J Cell
Biol, 2004,167(3): 445-456

Pincus D, Chevalier M W, Aragon T, ef al. BiP binding to the ER-
stress sensor Irel tunes the homeostatic behavior of the unfolded
proteinresponse. PLoS Biol, 2010, 8(7): 1000415

Walter P, Ron D. The unfolded protein response: from stress
pathway to homeostatic regulation. Science, 2011, 334(6059):
1081-1086

Amin-Wetzel N, Saunders R A, Kamphuis M J, et al. A J-Protein
co-chaperone recruits BiP to monomerize IRE1 and repress the
unfolded protein response. Cell,2017,171(7): 1625-1637.¢1613
Adams C J, Kopp M C, Larburu N, et al. Structure and molecular
mechanism of ER stress signaling by the unfolded protein
response signal activator IRE1. Front Mol Biosci, 2019, 6: 11
Yul,LiT, LiuY, et al. Phosphorylation switches protein disulfide
isomerase activity to maintain proteostasis and attenuate ER
stress. EMBO J,2020,39(10): 103841

Eletto D, Eletto D, Dersh D, et al. Protein disulfide isomerase A6
controls the decay of IRE1alpha signaling via disulfide-dependent
association. Mol Cell, 2014, 53(4): 562-576

Eletto D, Eletto D, Boyle S, et al. PDIA6 regulates insulin
secretion by selectively inhibiting the RIDD activity of IREL.
FASEBJ,2015,30(2): 653-665

Kovaleva V, Yu L Y, Ivanova L, et al. MANF regulates neuronal
survival and UPR through its ER-located receptor IRE1alpha. Cell
Rep,2023,42(2): 112066

Sepulveda D, Rojas-Rivera D, Rodriguez D A, et al. Interactome
screening identifies the ER luminal chaperone Hsp47 as a
regulator of the unfolded protein response transducer IRElalpha.
Mol Cell, 2018, 69(2): 238-252.¢237

Ariyama H, Kono N, Matsuda S, ef al. Decrease in membrane

phospholipid unsaturation induces unfolded protein response. J

[70]

[71]

[72]

(73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

(81]

[82]

(83]

[84]

(85]

Biol Chem, 2010, 285(29): 22027-22035

Volmer R, Van Der Ploeg K, Ron D. Membrane lipid saturation
activates endoplasmic reticulum unfolded protein response
transducers through their transmembrane domains. Proc Natl Acad
SciUSA,2013,110(12): 4628-4633

Halbleib K, Pesek K, Covino R, ef al. Activation of the unfolded
protein response by lipid bilayer stress. Mol Cell, 2017, 67(4):
673-684

Cho H, Stanzione F, Oak A, et al. Intrinsic structural features of the
human IRElalpha transmembrane domain sense membrane lipid
saturation. Cell Rep,2019,27(1): 307-320.e305

Ho N, Yap W S, Xu J, et al. Stress sensor Irel deploys a divergent
transcriptional program in response to lipid bilayer stress. J Cell
Biol, 2020, 219(7): 201909165

Xu'Y, Chen J, Chen J, et al. EI24 promotes cell adaption to ER
stress by coordinating IRE1 signaling and calcium homeostasis.
EMBO Rep, 2022,23(3):e51679

Sundaram A, Plumb R, Appathurai S, et al. The Sec61 translocon
limits IRElalpha signaling during the unfolded protein response.
Elife,2017,6:¢27187

Hetz C, Bernasconi P, Fisher J, et al. Proapoptotic BAX and BAK
modulate the unfolded protein response by a direct interaction with
IRElalpha. Science, 2006,312(5773): 572-576

Rodriguez D A, Zamorano S, Lisbona F, ef al. BH3-only proteins
are part of a regulatory network that control the sustained
signalling of the unfolded protein response sensor IRElalpha.
EMBO1J,2012,31(10):2322-2335

He Y, Beatty A, Han X, et al. Nonmuscle myosin IIB links
cytoskeleton to IRElalpha signaling during ER stress. Dev Cell,
2012,23(6): 1141-1152

Morita S, Villalta S A, Feldman H C, et al. Targeting ABL-
IRElalpha signaling spares ER-stressed pancreatic beta cells to
reverse autoimmune diabetes. Cell Metab, 2017, 25(4): 883-897.
e888

Mao T, Shao M, QiuY, ez al. PKA phosphorylation couples hepatic
inositol-requiring enzyme lalpha to glucagon signaling in glucose
metabolism. Proc Natl Acad Sci USA, 2011, 108(38): 15852-
15857

Zhu X, Zhang J, Sun H, et al. Ubiquitination of inositol-requiring
enzyme 1 (IRE1) by the E3 ligase CHIP mediates the IRE1/
TRAF2/INK pathway. ] Biol Chem, 2014, 289(44): 30567-30577
Jwa M, Chang P. PARP16 is a tail-anchored endoplasmic
reticulum protein required for the PERK- and IRElalpha-
mediated unfolded protein response. Nat Cell Biol, 2012,
15(1): 123

Van Vliet A R, Giordano F, Gerlo S, et al. The ER stress sensor
PERK coordinates ER-plasma membrane contact site formation
through Interaction with Filamin-A and F-Actin remodeling. Mol
Cell,2017,65(5): 885-899

Li T, Zhao H, Guo G, et al. VMP1 affects endoplasmic reticulum
stress sensitivity via differential modulation of the three unfolded
proteinresponse arms. Cell Rep, 2023,42(3): 112209

Martinon F, Chen X, Lee A H, et al. TLR activation of the
transcription factor XBP1 regulates innate immune responses in
macrophages. Nat Immunol, 2010, 11(5): 411-418



890

EMUFESEYIRHR

Prog. Biochem. Biophys.

2023; 50 (5)

[86]

[87]

[88]

[89]

[90]

[91]

(921

[93]

[94]

(93]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

Qiu Q, Zheng Z, Chang L, et al. Toll-like receptor-mediated
IRElalpha activation as a therapeutic target for inflammatory
arthritis. EMBO J,2013,32(18): 2477-2490

Chopra S, Giovanelli P, Alvarado-Vazquez P A, et al. IRE1lalpha-
XBP1 signaling in leukocytes controls prostaglandin biosynthesis
and pain. Science, 2019,365(6450): caau6499

Lipson K L, Fonseca S G, Ishigaki S, et al. Regulation of insulin
biosynthesis in pancreatic beta cells by an endoplasmic reticulum-
resident protein kinase IRE1. Cell Metab, 2006, 4(3): 245-254
Hayashi A, Kasahara T, Iwamoto K, ez al. The role of brain-derived
neurotrophic factor (BDNF)-induced XBP1 splicing during brain
development. J Biol Chem, 2007,282(47): 34525-34534

Saito A, Cai L, Matsuhisa K, et al. Neuronal activity-dependent
local activation of dendritic unfolded protein response promotes
expression of brain-derived neurotrophic factor in cell soma. J
Neurochem, 2018, 144(1): 35-49

Mahadevan N R, Rodvold J, Sepulveda H, ef al. Transmission of
endoplasmic reticulum stress and pro-inflammation from tumor
cells to myeloid cells. Proc Natl Acad Sci USA, 2011, 108(16):
6561-6566

Mahadevan N R, Anufreichik V, Rodvold J J, et al. Cell-extrinsic
effects of tumor ER stress imprint myeloid dendritic cells and
impair CD8(+) T cell priming. PLoS One, 2012, 7(12): e51845
Taylor R C, Dillin A. XBP-1 is a cell-nonautonomous regulator of
stress resistance and longevity. Cell, 2013, 153(7): 1435-1447
Williams K W, Liu T, Kong X, ef al. Xbpls in pomc neurons
connects ER stress with energy balance and glucose homeostasis.
Cell Metab,2014,20(3):471-482

Zhang H, YueY, Sun T, et al. Transmissible endoplasmic reticulum
stress from myocardiocytes to macrophages is pivotal for the
pathogenesis of CVB3-induced viral myocarditis. Sci Rep, 2017,
7:42162

Avril T, Vauleon E, Chevet E. Endoplasmic reticulum stress
signaling and chemotherapy resistance in solid cancers.
Oncogenesis, 2017, 6(8): €373

Wei C, Yang X, Liu N, et a/. Tumor microenvironment regulation
by the endoplasmic reticulum stress transmission mediator Golgi
Protein 73 in mice. Hepatology, 2019, 70(3): 851-870

Ozbey N P, Imanikia S, Krueger C, et al. Tyramine acts
downstream of neuronal XBP-1s to coordinate inter-tissue UPR
(ER) activation and behavior in C. elegans. Dev Cell, 2020, 55(6):
754-770.e6

Tirosh A, Tuncman G, Calay E S, ef al. Intercellular transmission
of hepatic ER stress in obesity disrupts systemic metabolism. Cell
Metab, 2020, 55(6): 754-770

Sprenkle N T, Lahiri A, Simpkins J W, et al. Endoplasmic
reticulum stress is transmissible in vitro between cells of the
central nervous system. J Neurochem, 2019, 148(4): 516-530
Imanikia S, Ozbey N P, Krueger C, et al. Neuronal XBP-1 activates
intestinal lysosomes to improve proteostasis in C. elegans. Curr
Biol,2019,29(14): 2322-2338.¢2327

Mcnally B D, Ashley D F, Hanschke L, er al. Long-chain

ceramides are cell non-autonomous signals linking lipotoxicity to

[103]

[104]

[105]

[106]

[107]

[108]

[109]

[110]

[111]

[112]

[113]

[114]

[115]

[116]

[117]

[118]

endoplasmic reticulum stress in skeletal muscle. Nat Commun,
2022,13(1): 1748

Young R M, Ackerman D, Quinn Z L, et al. Dysregulated
mTORCI renders cells critically dependent on desaturated lipids
for survival under tumor-like stress. Genes Dev, 2013, 27(10):
1115-1131

Chen X, Iliopoulos D, Zhang Q, et al. XBP1 promotes triple-
negative breast cancer by controlling the HIFlalpha pathway.
Nature, 2014,508(7494): 103-107

Bi M, Naczki C, Koritzinsky M, et al. ER stress-regulated
translation increases tolerance to extreme hypoxia and promotes
tumor growth. EMBO J,2005,24(19): 3470-3481

Mennerich D, Kellokumpu S, Kietzmann T. Hypoxia and reactive
oxygen species as modulators of endoplasmic reticulum and Golgi
homeostasis. Antioxid Redox Signal, 2019,30(1): 113-137
Rouschop K M, Dubois L J, Keulers T G, et al. PERK/elF2alpha
signaling protects therapy resistant hypoxic cells through
induction of glutathione synthesis and protection against ROS.
Proc Natl Acad Sci USA,2013,110(12): 4622-4627

Tang X, Lucas J E, Chen J L, ez al. Functional interaction between
responses to lactic acidosis and hypoxia regulates genomic
transcriptional outputs. Cancer Res, 2012,72(2): 491-502

Dong L, Krewson E A, Yang L V. Acidosis activates endoplasmic
reticulum stress pathways through GPR4 in human vascular
endothelial cells. Int ] Mol Sci, 2017,18(2): 278

Maeyashiki C, Melhem H, Hering L, et al. Activation of pH-
Sensing receptor OGR1 (GPR68) induces ER Stress via the
IRElalpha/JNK pathway in an intestinal epithelial cell model. Sci
Rep,2020,10(1): 1438

Denzel M S, Antebi A. Hexosamine pathway and (ER) protein
quality control. Curr Opin Cell Biol, 2015,33: 14-18

Moore C E, Omikorede O, Gomez E, et al. PERK activation at low
glucose concentration is mediated by SERCA pump inhibition and
confers preemptive cytoprotection to pancreatic beta-cells. Mol
Endocrinol, 2011, 25(2):315-326

Oakes S A, Papa F R. The role of endoplasmic reticulum stress in
human pathology. Annu Rev Pathol, 2015,10: 173-194
Costa-Mattioli M, Walter P. The integrated stress response: from
mechanism to disease. Science, 2020, 368(6489): eaat5314
Beriault D R, Werstuck G H. Detection and quantification of
endoplasmic reticulum stress in living cells using the fluorescent
compound, thioflavin T. Biochim Biophys Acta, 2013, 1833(10):
2293-2301

Biancalana M, Koide S. Molecular mechanism of thioflavin-T
binding to amyloid fibrils. Biochim Biophys Acta, 2010, 1804(7):
1405-1412

Verwilst P, Kim K, Sunwoo K, et al. Revealing protein aggregates
under thapsigargin-Induced ER Stress using an ER-targeted
thioflavin. ACS sensors, 2019, 4(11): 2858-2863

Melo E P, Konno T, Farace I, et al. Stress-induced protein
disaggregation in the endoplasmic reticulum catalysed by BiP. Nat
Commun, 2022,13(1):2501



2023; 50 (5) T, & RIMEZFAMRAETEILH +891-

The Mechanism of The Unfolded Protein Response Activation”
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Abstract Accumulation of unfolded proteins in the endoplasmic reticulum (ER) lumen causes ER stress, which
triggers the unfolded protein response (UPR) to restore protein homeostasis. So far, three UPR sensors have been
identified, including IRE1, PERK, and ATF6. All of them are ER transmembrane proteins, which become
activated and initiate downstream UPR signals under ER stress. Though first discovered during the study of how
cells respond to ER stress, it remains unclear how the ER stress signal is sensed by the three UPR sensors.
Structural studies provide insight into how direct binding of ER-localized peptides to the lumenal domain of IRE1
and PERK facilitates their oligomerization and thus activation. In another model, dissociation of the ER
chaperone BiP is the key to the UPR activation. In addition, further studies reveal that the UPR not only functions
in maintaining protein homeostasis and is not solely activated in response to the accumulation of unfolded
proteins in the ER. Lipid bilayer stress, cytosolic factors or intercellular signals may initiate the UPR. Despite the
importance of the UPR in physiology and pathophysiology, how the UPR is activated under physiological or
pathophysiological conditions are largely unknown. Developing novel strategy to monitor the unfolded and
misfolded proteins in the ER lumen will advance our understanding of the relationship between ER stress and the
UPR. This paper introduces the discovery and the canonical pathways of the UPR, with a focus on the current
mechanistic understanding of the UPR activation, and discusses the relationship between the UPR and ER stress

as well as related questions.

Key words endoplasmic reticulum stress, unfolded protein response, IRE1, PERK, ATF6
DOI: 10.16476/j.pibb.2023.0137

# This work was supported by grants from The National Natural Science Foundation of China (32170785) and the CAS Youth Interdisciplinary Team
Program (JCTD-2021-07).

## Corresponding author.

Tel: 86-10-64881162, E-mail: wanglikun@ibp.ac.cn

Received: April 10, 2023 Accepted: April 19, 2023



