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Endoplasmic Reticulum Signaling for Recombinant-protein Production. Tae Won Goo, Eun Young
Yun, Seok Woo Kang, Ki sang Kwon' and O-Yu Kwon'. Department of Agricultural Biology, Rural
Development Administration, Swwon 441-853, Korea. 'Department of Anatomy, College of Medicine, Chungnam
National University, Taejon 301-747, Korea — The endoplasmic reticulum (ER) is an important intra-
cellular organelle for folding and maturation of newly synthesized transmembrane and secretory
proteins. The ER provides stringent quality control systems to ensure that only correctly folded pro-
teins exit the ER and unfolded or misfolded proteins are retained and ultimately degraded. The ER
has evolved stress response both signaling pathways the unfolded protein response (UPR) to cope
with the accumulation of unfolded or misfolded proteins and ER overload response (EOR).
Accumulating evidence suggests that, in addition to responsibility for protein processing, ER is also
an important signaling compartment and a sensor of cellular stress. In this respect, production of bio-
functional recombinant-proteins requires efficient functioning of the ER secretory pathway in host
cells. This review briefly summarizes our understanding of the ER signaling developed in the recent
years to help of the secretion capacities of recombinant cells.

Key words — Endoplasmic reticulum (ER) stress, recombinant-protein, unfolded protein response
(UPR), ER overload response (EOR), chaperone, ER quality control (ERQC), glycosylation
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Table 1. Examples of therapeutic proteins in mammalian cells that are currently on the market (taken from http:/ /www.fda.gov)

Product

Host cell Application

NovoSeven (Factor VII)

BHK (baby hamster kidney)

Hemophilia

Follistim (FSH, follicle -stimulating factor) CHO (Chinese hamster ovary) Infertility

Neorecormon (EPO, erythropoietin) CHO Anemia

Rebif (interferon-pla) CHO Multiple sclerosis
Pulmozyme (dornase-u) CHO Cystic fibrosis

Synagis (humanized antibody) NSO myeloma Respiratory tract disease
Zenapax (humanized antibody) NSO myeloma Kidney transplant rejection

VAQTA

Human NCR-5 diploid fibroblasts

Hepatitis A vaccine
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chaperone® A3 3t}

ERoJA ©hlAe) 331923 E Fujsty 725434
o 7} F2.3 J&8S @95t protein disulfide isomerase
(PDD)9} 22 A A9} GRP (glucose-regulated protein) family
9} 28 chaperone2 I1F =9 @l &4 oA G¥d
9] folding %27} 37 unfolded protein chainol] 23}
H1 A 2A < @A 9] aggregationg A X §H}{31,35,46]. 12
31 calreticulin?} calnexin®} & chaperone2 B2 9
ZEd YA FH o2 Adste B FAAE VA
°

|

133t AgaA folding® B Arto] A oo &H]
3]-8-51}[39,104]. A A 2 ER lumend] A N-linked glyco-
sylation& membrane-bound dolichol glycan carrier9] as-
semblyE Q73}0], &A3k core oligosaccharides ©] car-
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Fig. 1. ER-Golgi secretory pathway. During the co-translational
translocation into the ER lumen, proteins are subjected
to folding and ER-specific glycosylation (the oligo-
saccharide residues are transferred onto the polypep-
tide chain from a dolichol phosphate donor anchored
in the ER membrane). Both processes are integrated
since the folding quality control system relies on identi-
fying correct glycoforms of proteins. Proteins that pass
the quality control proceed to the Golgi apparatus,
where further trimmings and additions of sugar resi-
dues are performed, and are subsequently transported
to their final destinations. Misfolded and incorrectly as-
sembled proteins are retained and degraded either in
the ER or in the cytosol.
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Fig. 2. ER stress responses: UPR and EOR. Under normal con-
ditions IRE1 and PERK are bound to GRP78 and
inactive. Accumulation of unfolded proteins leads to
the release of GRP78, which is recruited to facilitate
folding, and subsequent activation of IRE1 and PERK.
As a result, the UPR is initiated, which involves both
transcriptional activation of the ER stress-responsive
genes and overall translational repression. In EOR, the
release of calcium from the ER and subsequent activa-
tion of ROIs initiate IKK-dependent phosphorylation
and degradation of I-kB. Consequently, NF-xB is re-
leased and activates downstream target genes.
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A Aol A o|tH14,56,59]. Chaperone?| overexpression
2 Aol foldings} AL A3}t UPRE ATF4, ATF6
9 XBP-1 transcription factorE £38}¢] chaperone-g encod-
ingste fAANA A5 E Bith ATF4 mRNAE elF209]
phosphorylations] Zzz 4 Swasl WAHE A el
constitutivelys}7] 2@ €tk o] translational activation
ATF4 mRNA®] 5 untranslated region Y] short unread open
reading frame (WORF)o] &) 5}7] ) §-o] Yojydch. uORF
£ non-stress Z79 A translational repressiong U=
w2 50} A elF2u7} PERKe] o)A 1443} E &
g Az &ols A (2¥ 3)[42].

ATF6& ER-associated transmembrane proteino]t}. ER
stress stollA] ATF6S cleavageE Z Al Ho.2M4, ATF69)

Unfalded proteins ER
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Fig. 3. Activation of transcription by ATF4, ATF6, and XBP-1
in UPR. PERK-mediated phosphorylation of eIF2 re-
sults in selective translation of ATF4 mRNA. S1P/
S2P-dependent ATF6 cleavage leads to the release of
cytosolic domains of ATF6, which are translocated into
the nucleus. Once in the nucleus, ATF4 and ATF6
drive the franscription of the ER stress-responsive
genes. Additionally, ATF6 enhances the transcription of
XBP-1. XBP-1 is further activated due to the IREl-
mediated splicing of one of its introns.
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o subunit® QANg} X711, QAgH elF2ue 43S trans-
lation initiation complex?] assemblyS 7+A:A]71T}H4041).
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Pro-apoptotic pathway$} & 3}e, ER-specific caspase$]
caspase-127} ] HAHN oY, o] AL ER stressof] &
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DNAsSH ghdsh el d o] tiq7 = Ado] #ajshe apoptotic
effector molecule$] caspase= zymogeno.2 FAH F in-
hibitory domain®] proteolysisel} &]s) A &3} H}[27]. o]
cleavage apoptosome®]2t1 £#]= mutimolecular com-
plex 7 Uo]A dojutt}. ER apoptosome?- ER Thofl A
adapter proteingl TRAF2 (tumor necrosis factor receptor-
associated factor 2)2 sl IREl9) 93)A d4"ctn
ALE g on, o] TRAF2= caspase-129) oligomerization?}
cleavageE 313 3}e] Al 2 caspase-128 =3t (719 4)
[103]. Caspase-12+= caspase-79] <lajr] HdEo] &35 9
% AJrH79]. Caspase-122] 83 molecular actiond o}
ARA WA A kA, caspase-127} A EAZ  trans-
locatione® $-¢f apoptosis®] % 23t mediatorq] caspase-9
3 B8-S sk ol ¥EA A7) IRE1L cas-
pase-12 &4 o]9]o] TRAF2E %3¢} INK (c-Jun N-termi-
nal kinase)o] A5S BU7)E 3ch[94]. INKe] TRAF2 &4
8} IREla binding partnero]®] TRAF2 phosphorylationo]]
93-& WA= JIK (NK inhibitory kinase)o]l ¢]sjx -
o} (2¥ 4)[103]. INK+= stress-activated protein kinased] &
Sta B2 cell typed|A] ThY3E stress A $Ha}o
apoptosisE fr = 3+}H4,43,106].

Aelld AFg 7127 HEo}, ER stress responset
gadd153%} NF-kB % 7)9) AANIAE B4ssted, ok
742 stress responseo] Qo)A gadd153# NF-kBe] 7]%52
443 A A= ¢k vk Gadd153L UV Azle) 3%
e fFAAE AEs7] 9§ screeningd A A &0 8 By
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Fig. 4. Mechanism of the activation of caspase-12 and JNK as
a result of the ER stress response. Activated IRE1 can
bind JIK and TRAF2 to its cytosolic domains. JIK con-
trols phosphorylation status of TRAF2, and in this way
influences activation of JNK. Additionally, TRAF2 acts
as an adapter molecule for caspase-12 clustering, which
allows for the cleavage and activation of this caspase
by caspase-7.
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X AE7F e = e AT AL 7HAA 2 Aot
A& 7+A] gadd1539] %-& downstream transcriptional tar-
get7} TR E AT, 159] o]E A apoptosise] Fojst=A]
T EWahA 9rH{8898].
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EORd) ¢J#]A 84319 NF-xB =g A¥ $33 943k
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phosphorylationi} &2} 4] degradatione] 9J3jx 233
Ql &4& 71AA ¥} EOR#e #Ae] glolA, [xBY ¢
A3t ER lumen® 2 2E 3)g)g Z4o] ROIs (reactive
oxygen intermediates) signaling$ &3t o 7i Algth
(¥ 2)[73]. NFxBE gadd153s} @] YWHHO2 anti-
apoptotic 71%5-& 7tz AR HeH, duketd NF-kBe
superoxide dismutase$) IAP (inhibitor of apoptosis) family
1} Balxlz} 28 survival-promoting fAAE &4 8}3}7]
) 20| TH[19,53,96). E&, NF-«B7} gadd153¢] jalo] o)%
ER-stress-induced deathol] th3lele] AEXE REE 4 Ytk
& A%= ArH6I).

TAZBIEHE MALS QI5t ER stress signaling® £24

AzgamAe] £& 79 $@L A Yo
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2 UPRY] &4& culture productivityol] £ 4&F& £
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High 2 @ ow oz} ek Ao oiste] 14 F2#E (ER
quality-control)& A F8o2M ER o] XFE S AES
degradation pathway® HulF & Qlth. =&, bioreatort)]
AT IeE Qg wg £ Qlth 1 olf+& UPRO| ER
ol diasly) AT AT NS F7] YA AE G
z2e Zdsly] gFolth. A, ER stress7} 3185 4 @l
& AT Z Az AH, A EE apoptotic pathwayZ Huf3)
t}. Apoptosise culture lifespano] A g-& UEl 7= 314
1t cell debrisoll 9J3iN AAES QA7 AW 2 E pro-
tease9} glycosidased] 9Jsjr YAEE LS A £ A
t}. ER stress signaling®] &7 el A AzFadd Ao
AA3E 98 F /A AT el 22E = ded, A A
R 2% ER U] malfolded protein 2 unfolded protein®] ¥}
=3 23S g Holw F UAZE, ER stresse] YA}
AP g 235t Aot

ER Wi Hi™y ElfROl 55X HMs|

ER folding 53 &3 ME g wjdzdel oA 2
ke wh=d)|, o]5 F factor ER folding?] HAstE 9
8] 4 potential siteZ A|F gt} Eef A& protein-proc-
essing machineryE 7HAe MES 2= o] AU,

E-0], antibody-producing cell 2 28] f&l & cell line
FEA aude $uE HHses 223y Ho
UMY 542 %= E O SuozE X Bu K

ojth. ER 71%5o] #& 27 AXFEL AxFudd 24
7} ER chaperone up-regulation Alo]2] @A ¢ 2H-& %5
Atk o5 ATEL ¥Hl dAE0] processingS A
£ ER chaperoned 8 7-3the A& AA 8 53], ¢
A BH A2 91o)A4 GRP78¢] over-expressiono] 23 ¥ of
A AZFANA foldings] &2, GRP789] ER U]
ETL AAE AT F9F FEAR RHAST 22y 7
3 g GRP78L QA1 o2 A sl ZulvWded oo
o358 ¥l A8% ZAAFTH23,24]. wEtA GRP782 ER
y A g gk B #est, 2319 over-
expressiono] ZE AZFEN A thste] BHE FFA7
Ae gevgy 444

oA elycosylationd @A processing®] E & T8
& AAAQA |t} Oligosaccharide Z1go] @A fold-
ing3} sorting @ £y &g J&FE F7] GEo|t}28,.38].
B35} glycosylation® @A A& F 48k ER
lumeno] A 2.5 Ht}H48,60]. Glycosylation machinery®] en-
gineering& EORoJU} UPR 93-& wA|A] gtk 4y §&
Fo] AAEAL Jehhe AxFE FENAE A A
g 7154 e U AFFTH37]. & processing
saccharide 1§ 9] FAu} Fo] Adg o2 g FEl
A 49 4 9t Glycosylation processe] &-&A47 A%
A& enzymatic machinery®] 47} lipid-linked oligo-
saccharide donor®] &40 oJaiAx ZAwH?20,80,95]. 2
22032, glycosylationg 7437 A3 H WP ER
glycan assembly apparatus 29| %37} dolicholo]y}
nucleotide-sugar precursor$} 2+ glycan chain #4& H%
7134 FFE 2Ase AL T ATH4,528290].
Nucleotide-sugar®] =+ nucleotide$} amino-sugar poold]
o]&3}H, o] nucleotide®} amino-sugar pool& Z+Z} glucose
¢} glutamined] fFaAdol oA YFE Berh Glucose
limitation ZZ 9 A], carbon source7} oA b L 93]
A $AFog AH4EI nucleotidert RNA §AE ¢3iA
289 v nucleotides 1ZHTH18,70]. ojel ¢ A3 A
% dolicholMinked sugar precursorZ §HAjdto. 24, Tl d
foldinge] Q&EFE vebdtHi8] AEAH2E, nucleotide
feeding u}$- 2 3}0], =3 glucose feeding th= F T
a33d 47} 9th58]. Amino-sugar®] FAEAHE YEYo}
o) 13 2AA7} e glutamines] Tl N 25 &
9lon, =3 glucosamine &-& galactosamine?] 272l
feedings] M= ARE F ATH70).

994} A3 ¥ media supplementations}= ¥EAZ, &



gz (A4 FE, serum content, R o} Ex)o|r} vl
F Al2de WgAEe dats AxFER e FFE A
A& ER stress2 248 = SIH323357]. wpebA 2t A
Fol A AP 210 FAT NG 1T X AEFE
homogenous distributiondle R o] 42 o]}, w9
YA AElE %5 AX 9] primary metabolismg ZA 3oz
AN 2389 4& St )24 GRP78EH-E] B A 9| &) g}
& proses®] RE QA Eo] oy oFEZo]7] uwjR|
[1023], Az N A & 59 H¥S £ ¢ gL ATP
s 878 . a8y gEE THEEAEAA glu-
cose pyruvateE $]3}o] AslE]o] HE 32 02 lactateR 5
0[36,76], tricarboxylic acid (TCA) cycleZ £33 ¢35 43}
Boh 8 A& ATP Aitstn 23& mediazt A€ot
[71]. AAo & duyA &7 =4 soME, $FHEE
CO%t HOE 913}9] glucoses] 43} Hbe 237 gluta-
mine?] 43lol] oA FrlHo2 QFHE JUAE A4
o ATHBLE4] oG BHAA, 2L FA 2HE
A TCA 329} 2 high-ATP-yielding metabolic
pathway & Al-8-8}= directing celle A 2u] 582 A4
3t7] 93 T2 8471 9 $ Aok £F AE Y cytoplas-
mic pyruvate carboxylase (PYC)e] =92 glycolysiss}
TCA 32 Ato]e] AAE d4¢ AFA Fo}50]. Z, PYC
& Hd3te A LE glucoses} glutamine S 2 HE & ] &
£39 oA E AAgth AEFH 0, o] 5 carbon source
9] A7} & o PolA o 24 lactates} ammoniad] AJAFS
Aarzez A WEseET YAl #49dnt. £8, am-
monia7} @A glycosylationd] 9 & 7}E hehlz 2[9,33,
34], medium tjo] ammonia FE 9] 74 E A2
FA43 F& FAA AT At} TCA 32 E nucleotide
A4S A% aspartateE FFT § 0.2 Z[21], glycosylation
processE 93X = nucleotide F&40] w9 Fasite
AEd =23 "o}

Z w43} ER stress signaling Abo]9] Azzhgo] i3t
perception B+ executiong W &3t= Aot} 18U} stress
A A& zAste AL BAHANE 2153 A 2o
GRP782 ER Wl #3534 o] 9l @ @S dxste 713
HEHA AMZ 2e)Ad dorw =3 IRE1S} PERKY in-
hibitor2 = 2}-4-31t}{8]. GRP78¢] #2+d = o] IRE17} PERK
2] lumenal domain ¥-9]¢} A%s}A =W o] & kinase?] &
ol gloiAlth. meby SN AFT A% o] GRP7SS)
ol F7hstd 9ud 2ul7k A A "ok

Stress signaling®] g #A= ] gl Bzl od)
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@M A3 & EARL ERY wgel gdHo] e #4
7} 5 Y3}A pro-survival 4135.9} pro-apoptotic NF o o] &
o= Aol & &4, folding-facilitating chaperone?)
Ao B4 ATF63} ATFAE FA|6) X A Ao} B
3 Ao 2 Ho|E gadd1539] ¥ Z7HAZILh Lo, A
Z3 9] QS ZaA)E dF 2EH 2 e AR
o A AE wFA] BAHA 9FE 7A £E Qi 9
& E9, PERKo| 93 A= AutEl gejdel Wy o
Ae 2EH2E B X9 BE 58S JI3ANE & o
[41]. Gadd1530]1} NF-kB9} Zo] ER stresso] 93 A&
e AAL JAAEY EEA] 9 gEd ¢Sy 189
z7Z} o] A|gdr}. ApoptosisE ZA8}H7) YA w3 =7
o] YaFAE U] 9% gadd153e} FFo] JFE W
downstream target$} 7|3l 3= A9 LA PA &
o} Eg NF-kB9] thF3t targetEo] WA A% 0|5 #
Az Az A3 A9 99 A U] watA
o2 AAE] hit AN AT E Y= #H cell lined)
o]l Aoz Fa s

ER stress responsec]]A] upstream signaling molecule2]
22 3 o) @3] Hely) &), o]F responsed] T}
3to] gut9] effector mechanism9] targeting 3} 284S A
Al & 5 A4S Zolth Apoptosise HEF AE wjY A
Aol A E 7}A)A) 8 ER stress 2 U2 Q) Ax
B 424 doh melA apoptosis BAZ Eoi7lA e &
7F9 Q1 gAY Fosle AE ATE 7Yske AL A%
g AAA g EHRE Ued RAojth Caspase 24 0] o] 9}
22 92s & 02 4ZH3 gk ERAM T 23 Hn
ER stresso] dh-5-5}¢] apoptosisE 9 0.7+ W49 cas-
pase-12& ArlElE AFE 4 U= 713F EAE REW
Caspase-129} [NK &4 257 @] 9l TRAF29 7|
© E 9& digte] AE &) a8} apoptotic stress
signalo] A\ 5o} Sl 4geld HE7} vlE necrotic path-
wayE AP T Z27] &) apoptotic effectors] ¢z
Mo g FESA Sh=rH[5483].

BEVSO] 1% #8317 ol §5)<%, BEVSS) 9|3 Azgw
A AR HY) 9HE TRFEATAAN Youh= post-
translational modification#}= thAh & BAL AR A=
g o] 4eTE AolH, oldd AxguuAe R
el M AFAE A3 Hol A4 2 A9 4l
B webd ol E dde TF A 2 HMILE o]ty
AABEE 7H AZFEN AL RFPAS St
EA] Ao od LA o)), Ao 1Y 4
Ae AL &3 2.
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@ Signal-sequence processing (SP) : signal peptidases}
chaperone?] &84 &4, signal peptided] w3t & co-/ov-
erexpression®. @ HEH|EA f%, AE A ZAd= hsp
(heat shock protein)2] W& ZZlof 2]§ translationf & 2
S}, SPe} #d® M EF/ER chaperones] A7} B 4.

@ Heterologous protein processing : <8 &2 chap-
erone®} T S1zME ] heterologous protein complexd A 4
#Asl2Z ER chaperone?] co-/overexpressiono] €3} 7
ZEoide] EulE, Fujdwd o] ERU Q] aggregation
WA gk #Hl 3, §839 7FE AdMe =HAA
£ &4 98, malfold @22 ERYA £ S A%
A)e) proteasomee] Sf3}Al 13, LlAAE BT
ERSD9] Ad @ A7 A . £3%¢] glycosylation path-
way7} mammaliano]| | 9} 2ol H o] S8, H-% F4 A
HAE Zo}A co-/overexpressionA| AA ZFol A 4t
FAE 713 AzFEAAd A f%, ER chaperoned)
co-/overexpressiond] &g+ ®u|£32, FRAH G4 BHd
a7 234 A7HY] AFRAE, 2FdAY 7)F
7 oby AARNLEE nEsH FlgxE AFE 4
4, glycosylation#&d &2:9] &4 I co-/overexpression 2.
2 344 FaaA A4t 7} chaperoned] Y7153 o] 59
4534 5td, 7+ chaperoned} co-/overexpression] &gt
Gl A Eu £ system 8, duld Ad g AFHRES
PEKE $4o2 1548 7139 41,

@ Mammalian cello] A 2] TH AT : MammalianA] X df]
baculovirus® A stA| gt 248 23, 2 H 9 mamma-
lian Eu]N 5732 A ZAA A9 FY, mammalian
AZS ZEA TN FA T3 sHE BEVSE ¢lE, mamma-
lianH o] dF& FA e AFEY 2L 23T 5+ A
£ 9A 24 (chaperone & folding& 4% 42 &), mam-
malianA] £ A BEVSE o] & AZ3Fdzd YA A
N, O F-FAALE o) &F 384 A5 vectorz o] -

@ DA gFAAE AT NeAdD AF : elF-209
pancreatic elF-2¢ (PEK)& F42.2 79, o8] $79 Y&
2E@ 2 &M eukaryotic A|E & dramatics}A elF-2¢
9] phosphorylationoll €82 protein synthesiso}] 724, 2
2o Zg]d PEK: ER transmembrane Yl 2 2 4] ERU] o]
Al ER stressel] t]-&-3te A2 <) protein foldings & 4=
AEE 3, PEKE A9 2E zF A L@3AN 53] se-

cretory tissuesiA )& &
7

& g8 ERY, ER stressol] <
& RHgwde ¢4 ZaE misfolding® AT Ao
secretory pathway® Eol7be AL w7) §id o] 7]A&
olsfshd kel A% g FY guledel 2

T
HEE 710 & s

2 o

post-translational modification ¥}3-& 3 A=%
o] Mg Huhglsle AL ER stress ¥H-3-o] I3 A
8% A7 Atk AEIE 2EHAE A g A
ER stress signaling A %3 @wjdo] gyasgs
F4E "ojzge o M4 208 UEA =

signaling & 2= o2} 72 WP Eo] AAEHL 9loH % 2
T ogd s F d5E Uiz gtk dutdeze
pro-survival 29 #A@AEo0] gl AAE £33 pro-
apoptosisel] FA o} A& AAE Azt AEolth 1¥
1} ER stress ¥h8-2 o9 BEasm 3em A 7|3}
(adaptation and elimination mechanism)9] %7+ 93-& 3}
7] W&ol ER stresso]] #HHAH F2 AAE AYHoZ &&
a7] Y3 ol 89 Y15l sl Bot 24L& A7) o] o)A
of gtet. AAAA AzFEAAY JIFS Aoz &
ol W& ER stress ¥hg-o] M7|A &%= fed-batch
processE RS AE Al 73S 2Esin @Al
glycosylation g & 3sh= 7ol

#Ate 2
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