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The mammalian unfolded protein response (UPR) protects the cell against the stress of unfolded or misfolded
proteins in the endoplasmic reticulum (ER). It has recently demonstrated that IRE1, PERK, ATF6, and X-box protein 1
(XBP-1) directly or indirectly participate in this process. Upon accumulation of unfolded/misfolded.proteins in the ER

lumen, release of BiP from Ire1p permits dimerization and autophosphorylation to activate its kinase and endoribonulease
activities to initiate XBP-1 mRNA splicing. Spliced XBP-1 mRNA removed middle part of 23 bp and encodes a potent
transcription factor, XBP-1 protein that binds to the unfolded protein response element (UPRE) or endoplasmic reticulum
stress element (ERSE) sequence of many UPR target genes and produces several kind of ER chaperones. In this study,
we described both the result and the detailed experimental procedures of XBP-1 mRNA splicing induced by ER stress,
this result might help to elucidate the roles of the UPR and early diagnosis in a number of human diseases involving

endoplasmic reticulum storage disease (ERSD).

Key Words: Unfolded protein response (UPR), Endoplasmic reticulum (ER), X-box protein 1 (XBP-1), Endoplasmic

reticulum storage disease (ERSD)

QR mRNAGA WelE 4T 29} FalHeko)=
7F 423 A (endoplasmic reticulum; ER)O| A] TX}T2E 714
Al o} o)uf) AZAAHE (ER molecular chaperone)d] T8
S o} A 7% 2 o & Wy
(post-translational modification step)& AX|WA 48 o
o) At} (Kaufman, 1999; Leitzgen and Hass, 1998). X E71A
HIg AFAHAAE FolA tlEZAA A 22 Bip, GRPY4,

PDI, calnexin, ERp72 50°] 1o, o] 7|EXO0E thy)
4 9 (folding & T2 9TE FYAT oF dR= &

FEA] ¢S A Ee] Ealol= T} (Liu et al., 1999;
Biederer et al., 1997; Brodsky et al., 1999). AlAJG A o] A
AWZ translocations AZBIH 71 WA Bip (immunoglo-
bulin binding protein)®] Z%ste] €A% ZuJAFLRE 71|

A 9, Ex8 07 te AEAAEEE] A3t
e S RHEEWA Az dlEe] prEobal
t} (High et al,, 2000; Gething, 1999). 2 43}, A=z
= B 5 2005d 5€ 49

FA AR 20053 5 30L

*ﬂﬁ Azb: B, (301747 RAF AN 2T B3F 6dA),

st ol shofsh s ot
Tel: 042-580-8206, Fax: 042-586-4800
e-mail: oykwon@cnu.ac.kr

9102 HAALAQ Eo] doju} F23 En|ghiao]
FEA7 o 2+ &S
(UPR)EFIL 3= d#de]

£3}A = unfolded protein response
Az AGHAo] o} A2 W

ol S7ath B AEAe] BE S99 whuldo] )
97 £33 ERVlO] HES HHE0 AEEYE 9o
e AYe B8

&] ERSD (ER storage disease)2t3l g}
ATAAEY A (ER stress)S oW o
glgol 2y g ezl o] xgt
A A% Fo| veaeh, o A7k Az NG Huale] 5
o] 2% & B3l oz B NEE HY (ER signal
pathway)ste] AEe] AAHG BB hAbES AR5,
ATANSES) AAHE 250} A WARNAE
ARHoR AA- B - FRIAT ol2fd UPRAAM o=
NEE AGH) A% 3TFY LTA jund Bk ¢
#HA| 3L 2A+=dl Irel, PERK, ATF6°]|T}+ (Harding et al., 2002;
Ng et al., 2000).

AE UPR ATFAA AXA M oz A5 E ALd}
7] 918 £ F HEAHY EAVF elolth (Wang et al,
1998). o] @iz &9 Xl B ddEe] AX A 4
oW IEL Q ot HAtolo] Al g AHG A
F23% A4S ) kel AR UPRAA 71 ol &

—=



et A Sl Al gransmembrane serine/threonine kinase
24 3709 7154¢] domaine 7HA 2 Utk AEAH W
ol N FE8 AFA 8GR oR Pl o
WG-g 1A3H= domainolth. 2] LEAAEH2 A
954 Irel 2 S o]FAE ©]57 autophosphorylation o]
C-ZH9] endoribonualease domain®] &4 &E v} (Tirasophon
et al, 1998). E43l8 endoribonuclesaecl] <3 7]Hol&
HAC] mRNAZ} #1317 9129, HAC mRNA%A o] WS
73] AAIEE Q= introno] AA WA BA3E] WA}
A2 Z8-ste] F-dAe| AdRE-9jol EA5k= ERSE (ER
stress element) A3 B4 {H12E HHAIY EfGE
Eo] A9 oy 2N FAASH 2E3h= Irelast 43}
7VAE SolA Tre1p7t EAj3ke UPRe #ojsh= A=
okei A 912V} (Wang et al,, 1998; Sood et al., 2000), 2F A2
Edi2 FAFE oA el AR Fo4dL HESHA
grom HAQ3t HAIAE oA wrExlA] ¢m 9t HE
¥ /S ECA XBP-1 mRNA splicing®] 2FZAAE#H 20 9
dl4] #E29] HACI mRNA splicing®} 7r©] unconventional

mRNA splicing®] dojuhz Ao| FTHHIUT (Lee et al, 2002).

XBP-1 (X-box protein 1) MHC 8] 2R E]o| EAsl=
cis- M€ <] X boxell Zetehs AR AS FeHUTE Al
2o} Qg E AXAAE BipH A¥A oo
o] Irelol] AetE]o] Aol dWAS SR T AEAAE
28 o™ Bip IrelolA dojA] vie HAGHH 5
23 Irel2 FHOI|FAE olErh 2 A3 AlxdUe
XBP-1 mRNA2] Z3tell 23 bp7} A7 S o] XBP-1 Tl o)
ol o]¥A wHEolzl XBP-1 WA ERSEY Z3
st XA AFEY HAE ZHEET (Lee et al, 2002;
Yoshida et al., 2001).

¥ 2 ER kinase™ Irel ¥ N-¥g &7 =2 FAM
< 71 PERK (RNA-dependent protein kinase-like ER elF2-u
kinase)7} A% Toll ] LAHATE (Harding et al., 2000;
Harding et al., 1999). ©}= kinase domaine 7}X|3L 310}
endoribonulcease domaine 7}FA3L Q1A 94T} (Zhang et al,
2002). PERK HA] UPRY| #5351 el ® FHOITAE
#d3t autophosphorylationg do.7Itk E4dslE PERKE
elF22] o subunitE Q141s}3)
Qg 7]HL & & glor) o|m ATF4 mRNA2] 2 o)
A3l grEoll ATF4X ERSEY ZA@s= o] LA
2t} (Harding et al., 2001; Liu et al., 2003).

2XAEEH2 o AP FRE DHde] T2 RE
A& cis-Bl8 2 ERSE7} EA13hH ERSES] CCAAT %710l
€ B2 79 FAA4 Aol guEEs drkERl HARIA
NF-Y7} 2ZAAEd 2o Adaglo] 2¢stn 31, CCACG
BN AXA2EHAE Wehg wolgt

wejo] Jolux| Rz Bk

ATF6°| Zgsch

ATF62
ZIP) domain® c- T2 AXEA] W7o} stress-sensing domain
o2 FARC Haze et al, 1999). 2F Ao WA o)
8= ATF6S o] gt proteased] &J3] &Adstgict e
A ATF6S] AEA Zo] AN %7t A3 Fofr] "ojA]
vtk Add o] o] o g olFste] ERSES CCACG
@] Ftel dgFe=A FAFAA APt EAdstd
(Mori, 2004; Zhang et al., 2004)

2 AT 2EY2E B AMET} o F RIEtA AT
G freloll 931 MXE S XBP-1 mRNAZ} splicing
o] dojite A Aeksle] XBP-1 mRNA splicing®] ¥o]
WUAA AARE 23 bp GHoll AFEL P sie’t SAEHE
A& FRIgta RT-PCRES T3] I 4= Asast pul
A2lste] A7} FRe ua} éEﬂliJ o g
AEE #9E F USS Atk AFA2ER2E B
©}A) XBP-1 mRNA splicing®] €oJubd 23 bp7} ZHA o}
2.3, o]ZA 23 bp7} BAA & RLPCR 4HE (450 bp)2
AT FA PsAE Mt HoEA] gevh 9E 2E
A2g whx] & XBP-1 mRNASNE Pl site 7T $)
S0 2 REPCR AHE (473 bp)& AlRtEA psiS XA
F3ro] dukslo} 2749] ©hH (290, 183 bp)o] Bk F 71A)
v A Z2hgst whlel RIPCRI Psd A2 A|F 2] 9]50)
of thsl] ol= HE WEE=AE FEE &
1288 3
ATl AR AlE F L oldiet Ao Ao AA
M E (PC12 cell; pheochromocytoma 12 cell)E 10% w18 A1}
5% $+8AS TIFI RPMI 1640 (JBD =] WollA 37T,
5% o|AMElElA TEa R3] &3 2AoT wjgsgy
A Wi E 2~3Y HA R wA s wjdINL, 157Y
o] 3 AA Aulek sigich Ade] 2o)= HEE 70~90%
Az NX F4EE Hole A& AHEEGla AAE +
pre-colded PBS (phosphate-buffered saline)2 FHH A& 3k &,
RNA-Bee (TEL-TESTIA & 1 ml Wil 2~
pper® FH©] 2o} 1.5 ml-tubeol ¥ 3l 200 pl®] chloroform$
HA7Vele] HE3) AolE TS 12,000 x g, 4TAlA 158 B¢
AAEE Sk oF 500 piel FE S FHel) MEL tube
£ 7131 S22 isopropanol B3 4TolA 158 HX 27
3 & 12,000 x g2 108 B¢ QAR & wbee] Blzho]
Aol pelletS 75%2] ethanol2 500 pl €31 12,000 x g=
5E Fob il HFEH O Z toral RNAZ PAT) Total
RNAT DEPC7} A&® SRl soM 2l E4A=
AeFate] o] %o Aol ALY wj7hx] 80Tl HEF3TH

RT-PCR (Reverse Transcription-Polymerase Chain Reaction)2
total RNA (2 pg)E 65CollA 583 7rgdsle] MAAL &,
icedl Al 582 ] FR3IUTH 6 pl9f 5 XRT buffer, 4 pl9

MEZ Z9 N-BIFH°) basic leucine zipper (b-

F

3 jo 3
ml

N

T AEHUA

¥

A to

>~

3% A F scra-

-250-



290 bp PIS” 183 bp

Unspliced:

—_ -

473 bp
l ER Stress

N -23 nt (-Pstl)
Spliced: a L

- 450 bp
473 bp
«————450 bp

+«—— 290bp

«——— 180bp

Fig. 1.

dANTP.mixture (2.5 mM each), 0.6 w12} oligo-dT (300 ng), 15 U2
RNase inhibitor, 200 U2} reverse transcriptase (M-MLYV, Pro-
mega)E 7F5kaL = WF2-lo] 30 wrt HEE 243 2T
olA 1417t ¥HEAIA cDNAZ FASHAT) oDNA §4 F
95ColA 10% W83+ reverse transcriptaseE inactivation
A7 B3 DEPC7} AEld S8 7Iste] 3% 50 we o
S0t cDNAE SF37] $18te] o|F 5 el 25 pmol®]
XBP-1 primer (24-mer sense primer 5-AAACAGAGTAGCAG-
CTCAGACTGC-3', 24-mer antisense primer 5~-TCCTTCTGG-
GTAGACCTCTGGGAG-3)$} 2 X Dyemix (BIOstream)Z 7}

3led & wkglo] 25 W7t 5 F dto] PCRE A3t

XBP-12] ZEZL 94Tl A 402& denaturation, 68°C ol
40% annealing, 724 1% extensiond T} mpxjgto g
72°Coll A 5% final extensiondte] 353] wHEAFTH o] &
PCR AHE 3 & 2% agarose gel “dollAd A7|GE Al &
WMEZ 31t PCR A S Fd| 5 wE 38k 1 w9
10 X restriction buffer?} 5 U} Psd A|FEAE }3}04 Z
HEgl 10 w7t HER o] 37CAA 1412 wHe
2% agarose geldlA H7]9F Al7]3 UV Ak
A3ATE 70~90% AE FATE HY o
2 FZ=A? tunicamycin (20 pg/ml; N-F3 & A
HE Xl

E4 mRNAo|Y} Tz o] why oh% ol B7] M E
Z}7} Northern 3= Western blotting' -2 S8k} 2l
o)X} 7t ¥l RIE-PCRS 3] AE7} 95 25E 4
FALEHEE WYEA] ARE 4A & F AUSTh o)A
AET}Y AEAEYLE B %
FHoIFA7E HEA AFZEHS] XBP-1 mRNAS] F3HE-9

A W
d\_E] 2E¥#
j ol

NS AIRE

Tunicamycin (10 pg/ml)

Cont. 10 30 60 120 180 (min)

500 bp - el g e w0

— Pstl
500 bp —»

+ Pstf
300 bp —s
200bp —

Fig. 2.

2] 23 bp7} splicing 5401}*] XBP-1 thliA o] nkEoix] 3L, o]
A ©Eoizl XBP-1 @22 ERSE A3}t UPRDM
2EAAAEY] FAE AAETAA 2EToEAN N2
YRBA o Hg3h=s AE BAFT (Lee et al., 2002). ©]21%H
& =43lste] Fig. 19 VEPARITE ulbA Eof] N-F4)
AA A twnicamycing 27 02, 103, 302, 604, 120
, 180% 2 2)5te] P& total RNAE XBP-19] RT-PCR At
Psit AGEAZ A AH, 60% o] F5-E Psdol] <
A darg 2719 wiTrt A3 gade A Fig 2
2tk ols A¥AAEY A A FEE Psd
FA %2 450 bp7t F7E = Aol THEHIU.
& AFEA7AE oA AR} R ERE
Eilivl oAF 9 AnE dux de=d = &4 W
% 1ol 047101] AF A 2Ed 2 o8] ATF62] A
011 «1? o x %—ﬂ HHE-& olsfsta 2EH 2

HIEH | AH7Edd o ZEs
Aoz Algdd

AT Ml of
¥ o

tio

aof

2 %
R

i
Hl

e >2la
nSL' T
ol

o,
i "U = I (‘lf’

rSL'“

OO

Y mi rlr
17%;
“I

_EL

_l

2

{m
Y
o
i
i
i
o
ot
-
3o

rulo

e o
R
W M
r]r
r°1'

sznw 5472
S L

A+ (RO1-2003-000-

REFERENCES

Biederer T, Volkwein C, Sommer T. Role of CuelP in Ubiqui-
tination and degradation at the ER surface. Science 1997.
278: 1806-1809.

Brodsky JL, Werner ED, Dubas ME, Goeckeler JL, Kruse KB,
McCracken AA. The requirement for molecular chaperone

during endoplasmic reticulum-associated protein degradation



demonstrates that protein export and import are mechani-
stically distinct. J Biol Chem. 1999. 74: 3453-3460.

Gething MJ. Role and regulation of the ER chaperone Bip. Semin
Cell Dev Biol. 1999. 10: 465-472.

Harding H, Calfon PM, Urano F, Novoa I, Ron D. Transcriptional
and translational control in the Mammalian unfolded protein
response. Annu Rev Cell Dev Biol. 2002. 18: 575-599.

Harding HP, Novoa I, Bertolotti A, Zeng H, Zhang Y, Urano F,
Jousse C, Ron D. Translational regulation in the cellular
response to biosynthetic load on the endoplasmic reticulum.
Cold Spring Harb Symp Quant Biol. 2001. 66: 499-508.

Harding HP, Zhang Y, Bertolotti A, Zeng H, Ron D. Perk is essen-
tial for translational regulation and cell survival during the
unfolded protein response. Mol Cell 2000. 5: 897-904.

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

High S, Lecomte FJ, Russell SJ, Abell BM, Oliver ID. Glycopro-
tein folding in the endoplasmic reticulum: a tale of three
chaperone? FEBS Lett. 2000. 476: 38-41.

Kaufman RJ. Stress signaling from the lumen of the endoplasmic
reticulum: coordin;ition of gene transcriptional and transla-
tional control. Genes Dev. 1999. 13: 1211-1233.

Lee K, Tirasophon W, Shen X, Michalak M, Prywes R, Okada T,
Yoshida H, Mori K, Kaufman RJ. IRE1-mediated unconven-
tional mRNA splicing and S2P-mediated ATF6 cleavage
merge to regulate XBPI1 in signaling the unfolded protein
response. Genes Dev. 2002, 16: 452-466.

Leitzgen 1, Haas GK. Protein Matureation in the Endoplasmic
Reticulum. Chemtracts-Biochemistry and Mol Biol. 1998. 11:
423-445.

Liu CY, Kaufman RJ. The unfolded protein response. J Cell Sci.
2003. 116: 1861-1862.

Liu Y, Choudhury P, Cabral CM, Sifers RN. Oligosaccharide

modification in the early secretory pathway directs the

selection of a misfolded plycoprotein for degradation by the
proteasome. J Biol Chem. 1999. 274: 5681-5867.

Mori K. Unfolded protein response as a quality control mech-
anism of proteins. Tanpakushitsu Kakusan Koso 2004. 49:
992-997.

Ng DT, Spear ED, Walter P. The unfolded protein response regu-
lates multiple aspects of secretory and membrane protein
biogenesis and endoplasmic reticulum quality control. J Cell
Biol. 2000. 150: 77-88.

Sood R, Proter AC, Ma K, Quilliam LA, Wek RC. Pancreatic
eukaryotic initiation factor-2alpha kinase (PER) homologues
in humans, Drosophila melanogaster and Caenorhabditis ele-
gans thatmediate translational control in response to endo-
plasmic reticulum stress. Biochem J. 2000. 346: 281-293.

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

Yoshida H, Matsui T, Yamamoto A, Okada T, Mori K. XBP1
mRNA is induced by ATF6 and spliced by IREI in response
to ER stress to produce a highly active transcription factor.
Cell 2001. 107: 881-891.

Wang XZ, Harding HP, Zhang Y, Jolicoeur EM, Kuroda M, Ron
D. Cloning of mammalian Irel reveals diversity in the ER
stress responses. EMBO J. 1998. 17: 5708-5717.

Zhang K, Kaufman RJ. Signaling the unfolded protein response
from the endoplasmic reticulum. J Biol Chem. 2004. 279:
25935-25938.

Zhang P, McGrath B, Li S, Frank A, Zambito F, Reinert J, Gannon
M, Ma K, McNaughton K, Cavener DR. The PERK eukar-
yotic initiation factor 2 alpha kinase is required for the de-
'velopment of the skeletal system, postnatal growth, and the
function and viability of the pancreas. Mol Cell Biol. 2002.
22: 3864-3874.

-252-



