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HE PEERIVE (Chinese hamster ovary, CHO) Ailfifg [FH: R U iR e . WS B 1MiRE 01 DL K B AT Jiiqk
Fetk, OOV EAE AW A M E S ERG, )20 TR EPUARLE ™ | BERPURFRIA I Foml & 8 A 45 A Yl
ik, SR, FE LR R R, CHO 4UMEAFHIG = KA PR . % BRI S RO ORI A — B &
KRBT, XA S | AR R IR | FLRR A E S5 FR =R R, I S e a8 % o) F 7= i o it 5
bk, FREICAE R o™ IR ARG AT H W e . A SCIRISE CHO UM R IR REEA CEM I, I s B B Ay . o
FALY— VR A I Sk R e M4 3 I T R G EL, H RS TR . IR TR S T 2T itk TR
W S ) B SO R I, JT A Rl S ) R AR DLARRESE . IbAh, S5 A EEESIE . A EY S 5 AN TR RREARR

BT AR, R HARSCI S AL, Fa e M8 i CHO A0 ML LT R v it 1o FHT 5%

Pt RG2S % .

R —REED T 252 7R R AT S 1

KR PECRINSEgRIR RS, UG, BB, RIARENE, U

FESES Q81, Q78

H 1957 4F Puck 7 K & 37 1 [H £ R o8 &
(Chinese hamster ovary, CHO) ZHid R LIk, CHO
g DS EERT oy AE L L NI BTl [V = e 3 L1 D)
KBS R e R P R B S B R ), &
T Ry Ak e A T AR B 25 A e A A
M. B4R R g, fTAH T CHO-K1, CHO-S,
CHO-DG44 ., CHO-DXBI11 524N AL, |z [
TR TCREUIA . FeRl &8 H . i LS A i 5
LGAEYIHI A U, HAET, CHO4IMFRBIRR
TERDIAGAE = b g N RS S T2 i 2
fbrs E RS, WoheREHEA RGN FE S
-, JEBRAEYH 25 A 0] sl B DI R B
UTAEkK, Bl P B AR A2 7 M R PR R
CHO 4fi it R FEA LA 2500 2 5 77 Ml Ak v 1) % s
M7 H 2™ o

JXAE CHO Rk 1A R T B TR M8 1 o e
WA ERES, TR A= h R Y
P AR, (HHASZ B S JORBIRRE .
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[ SRR R PRFEEALE] , JFIA90 1 SR
F 5 R . S CHO 41 R IA TR R I &
AR AR S HIE S %

1 BEEEFHPOREZIEMLL

CHO 20 Mg 75 A= 7 v il B I A vy 2 S
FEIGSR, DISiBlm B E ARk . R, i
R PEREAR LA g I . FLRRR R . & FEE L
THA R RE A ZE AL AR A X SE AR ™ AT
SAMHI M R B TR IR, TR H AR
U i MR — k. Rt 5 2t 275

RIS HEA T AL, LRGSR 28 IR
TEA L DLGE A TR T B a SR
7, DR R4z, closan e A H
R, T2 55 CHO 21 (% 35 33 52 e PR A 20 2R
BT )7 i 5 o
1.1 ZARaEFRRIMREH

CHO #i s 5% 54 = it B b s T I 4e M T
FALNFL . ARBE YRR RAERIE, BRI T B
FE = a A . Gl OGRS R (IR |
AL HEEAZLR KA i S W e,
IEFR AT R R S -8, K1 T
CHO 4 AE 7= i B v i B35 72 55 AL SR g

Table 1 Strategies for optimizing CHO cell culture conditions in biopharmaceutical manufacturing

#®1 CHOREF IR E AREFRFHMIAL KRR

E A T VLT Rl A A

UREEVE S SCHR

IR% (temperature)

%)% (pondus hydrogenii, 6.8~7.2
pHD

R4 (dissolved oxygen, 50%~100%

DO)

BiEE (osmotic pressure)

PR BO
A (lactic acid) <3.5¢/L
Hi%EBE (glucose) 3~6 g/L

37°C (EKEBD; 33°C (=B

300 mOsm/kg (EKETED, 410~470 mOsm/kg

BE TR ARE B GERGo/GD, fRfiidni [9]
AR ) R i i, R R A

fipH b BHLi 41 B I GO/G L BRARIE T {5 5 AdE [10]
EN-FEEEAL Y — s mpHAMINE A&, 1

S IR R AR 2 o

TEM AR (DO) KF (W13%85200%) 4644 [11]
T, MMAEKERE RS EE T, E50%-~
100% (1756 6l 4 D) 2 B HH A a7 AR e . DO Bl 2%
TR SRS I, HET S B0 R B TR

B R T AT A B R B, (F R I S A B AR [12]
WA, MA@ T8 A 200 M 2K 19 )5t

FURR RS R0 IR B B AT G, o A7 e 2B [13]
i A AR

15 95 0 R A B IR T AR R T 3~6 g LA Bh T A [14]
B, HRAPURIEY BRI T 2~4 g/LW A B H L8R
AR, SESR =IRIRIEHE (TAC) EVEIFIRTHE [
FrE

mOsm/kg: ZZEFERFERURIE, Fonad T 3i o) i BT 2o i UL A0 28 e v B2 A0

1.2 HRmFIEER

CHO 41 fits n] DA 7E JC I V5 15 #7 & (serum-free
medium, SFM) HSCiflE B RE: %), SFM 18
W adEmAKAEY . ZER . AR, MEdE

JURMERIS, XTAMME G 2 G BREA
G, —Sed T A 43R r] A i PR A G Rk
i R, o — 4 E R R g R e
g (£2).

Table 2 Mechanisms and effects of additives in reducing metabolic burden and enhancing expression performance
in CHO cells
F2 AT ER S AIEFRACHOMM R I EEE IV HI 5 R

BRI RR

TERIHL ROR SCHR

THREN (sodium butyrate) FIHLPEARIE (Decitabine)

3% 3% M BHL KT GO/G1 41 Hu & 31 ;- ##1 CHO
AT

TR AE I, qPHE [16]
H143%; &N, qP
FR212%
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IIER S

BYE S SCHR

EFHiBH (Suramin)

% % (Baicalein)

4-(2,5- " H B TH-MEI%-1-38)-N-(2,5- AR i Je- 1-55) 2
Bt (4-(2,5-dimethyl- 1 H-pyrrol-1-y1)-N-(2,5-dioxopyrrolidin-1-

yl)benzamide)
M (violacein)

JLZZE (catechins)

W% (valproic acid)

(E)-N-(2-24 FE 2R FE)-3-[ 1-(4-(1- F S A -4 5t ) 25 ) b T bk g

S3-E P -2- M B e (-

4((E)-N-(2-aminophenyl)-3-[1-[4-(1-methyl-

pyrazol-4-yl) phenyl] sulfonylpyrrol-3-yl] prop-2-enamide))

A-( LB HE)-N-(2- 8 5 25 358 2K HH It /i (4-(acetylamino)-N-

(2-aminophenyl)benzamide)

WRAATER] (Palbociclib)

S-IRTF AR RS (SAM) FMHEAHREF (MTA)

7S G G2/MIFH 7

e V) S A A 2 4 ) 3
HEAS CBALISIR, SR OFRL  RakEyUAR - &g m20%  [22]
Rk G, 398 2005 PR RIRE R e ot
©ENINAE A H3W SBEL A R A E EAPUAR T R 4143% [23]
i, SSRGS, HREE) T

TR N B 5t

00400 200 PO O R SRR R, BEIE Femb & E A EIEES2%  [17]
S A AT 3

FHRRIETEASS (ROS), ZFENTIMBIEL  HodREdid =it m70%  [18]
MH A A K SRS ATP 5 HodREdUR - EiRmed%  [19]
BHREL, L

IeGHEFE A mRNAZ [20]
EAKFMNEEAEGT
47.3%~71.1% 1 44.4%~
46.4%

HodEDUAT S ERm50%  [21]

T S 9345 T

HINANEHNESE (CMV) a3 FIXI  qP#FH£1200%, f Kk [24]
HEAH3 AL, R ER O, IRERIZ130%

BERTE B AR E A FImRNARIZ K

04 200 M S0 40 b AR 11 B (CDK4/6)  qP#RETH100%~214% [25]
, HES5GO/GHE i

SAM{E#E AL &1, MTARERHERH  SAMAIMTA (7 I qP 4 [26]
BAEIR, RN FAREEAGU, WD m50%, A R A i g
A%, BLZRESRAEARE™ 4RGSR

qP: AHAEALE 3 (specific productivity) , Jed F A0 MUK 7RSI ) P9 A2 0 BIAREE (i, MRS SRIAAE T, 19 DRI
IZNEELY 0k SRR SUD IS &SN

1.3 EFRIEME

TE CHO #iJifg T2, i o 3k iE 4 7
(n B AR A O A LR T L A AR AR
AR T SRR g

55 B EUCE MR A . AR
FEHR A 5 R30S T OCHBIT & HAEN]
BLA- S50

Table 3 Effects of genetic modification of positive and negative regulatory factors on metabolic burden and recombinant

protein expression in CHO cells

®3 CHOAMYIE/GFERFEEMENR G HIESEAERRANZN

R eI =0 1EFIBLI FIERIM SCHR

MPC1/2 WL BRRARARAR, PRACALIRAA 2 LIRS PR £950%, gifigttA: [27]
KR TH20%~30%, FiLER
F+40%

HSP27 i IE GELECaspaseldiE HAMHIE TS WS RBUE K48 h, FILEIRTF [28]
130%

SarlA L IR P T - e R AR VA B A qPIETI£480% [29]

SIRT6 HRIE  BISHUH T Bl-2, ##lCaspase-3 FKIEFETFT0%~180% [30]

YTHDF3 HhFRIE RHEN-HILERTE (mOA) B HimRNARI R qPHETH50%~100% [31]
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WERET (M YEFHLH FIEA JCHk
YAP5SA WL W RAN N GU/SAN LA WA BINAE R ~F, BINANI AR KOHE  qPIRTHAIS0%, MeEiEES [32]
Ky BER Yes Ml S S MHIBax Rk, @AM, I 200%
ik eann-rd
IGF-1R bR EARFRAUAARY, FRACKT A KAF S FILHIRTF600% [33]
ATF6B I WFS1  Bflk 2RI & E A RBGEE, AR &5 i PR TF30%~50% [34]
MAT2A FEAlR s dni A, BecR E R 59 v AR ARLIEIRTF30%~40%  [35]
Apafl ik CHO-SH M BE 755 3% 5 BRI A, A Re A 2K BH BT Caspase-911)  HEZH 25 (1R A HE FH68%~116%;: [36]
Ak PR CHOZH ML 1 ¥ T2 il
Bakl. BaxfiBok  FiBx  REBR/GPHBTANILA B (ABE IR, ARUEMR R, pHIE S 51k PRI T£410%~30% [37]
TR S5 S

MPC1/2: ZRiRNEIRR %A 1/2 (mitochondrial pyruvate carrier 1/2); HSP27: UKW 127 (heat shock protein 27); SarlA: 43l K RasH
FGTPiff 1A (secretion associated Ras related GTPase 1A); SIRT6: PLERIAHEH6 (Sirtuin 6); YTHDF3: YTH Z5#H K #EH3 (YTH
domain-containing family protein 3); YAPSSA: Yesi#(HfHHoCH 45 SA (Yes-associated protein 5SA); IGF-1R: Z&Piis RFEAE K H T 152k
(insulin-like growth factor 1 receptor); ATF6B: G4 HF6 B (activating transcription factor 6 beta); WFS1: JK/RKKHLWIERES M
(Wolframin ER transmembrane glycoprotein) ; MAT2A: S-fi4f % Z iR & il 2A (methionine adenosyltransferase 2A); Apafl: JHT-FEH
fiff#% K71 (apoptotic protease activating factor 1); Bakl: Bel-2[RJEF5H1/Z 75 H F1 (Bcl-2 homologous antagonist/killer 1) ; Bax: Bcl-2

FFEXFE (Bel-2-associated X protein); Bok: Bel-24H5CHN A% KT (Bcl-2-related ovarian killer) .

1.4 /NES

TEE B R D, AR O 2 SC R
A5 R/ ME . B 2 AREE T AT,
AU IR S R v R R IR A, Al PR ek
HAMACHPIRAS, ] E S A IR E A R .
MR T, B TR RS 5 19 CHO 20 it 31 RE4E 47
AR SR FRIR, Hd a4 LX) v 25 B PR 1Y 3
NAEFBER AR . KR, 456 ZH 73Rt
WA S N T2 A8 (artificial intelligence, Al) il
W, ATk R AR A R - F R BB T
FEECHOANML T, SCIAREYI R . mRERSY
B S R G sh it HeshEEFw - i AR
K&

2 PEEEm—E

WL 2 40 20 AN T e 35 18 32 B AN [t T =2 ]
P IR AR S 22 S, 5 L g S R 24 A
PE B Ol BB Y — PRI R 32 SR A
5 38 o JE R TR Bl CHO 4l . IR Ak B 37 5%
5T
21 NEHEELARIRESUE

BT NBEARHERALRL K, X CHO 40 i kA7 Ak
PR Rk I AT A AR T i NI 507
M BB R OC AL RS W SRk K, AT
fit CHO 4t i B B Ah 3 s 4223 A KRR i
N e I A i B L L A i 8 (fucosyltransferase 8,

FUTS) . 3 % ik ST6 B - FL A H o-2, 6- ME W
R % % B 1 (ST6 beta-galactoside alpha-2, 6-
sialyltransferase 1, ST6Gall) . a-1-$i I & [ i
(alpha-1-antitrypsin) I ST3 B-2FFLHHT a-2,3-
I W TR % #% [ 4 (ST3 beta-galactoside alpha-2, 3-
sialyltransferase 4, ST3GAL4) 5577 =% CHO 41 fifd
WEIALBR AR VA TSR T ARG, vl AR
FREET DR e e, IR AR RREE . Y
TEYERZE T 2E ek, DTS FH 4™ i i B
ST PEBUIARFIE R 1 25 o
22 RALEFREH

I LA SRS, FTAROA AL
B, TR S B k. TR A
TSI H SR AR, W] E T e b
AT A AT P 52 e N-G% e A, SCP
AR R R AR S IR R (M)
GRS SR e s A N v e Sl 2 S
RV R AL, DA TTTARAS B35 5) H A= W Mo = i
WG, eah, R FRIE I 8ok KB B 27
A JIE K 1 BT PN T I - 5 R A A 452 B s ) L B
TRARIE AR, I el A8 b L 7% Wl A K e Tl ) R
IKGIEE, EEARTEIANIE R, HEATRER
B2 = e A p A 1. Bl RGP 2R AR
IR R I K JE, B TR TN Ak )k IR AR
el 28 50 T 20 9 1) A 3K B ) B v B
A%, A CHO 4= i ot i — 3k S oh gt fb 4
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HE TR A A
23 RSvEEALEE

R RIS G RS M i e S e B
NIERBERE, 2o IRARFLA RN AR R I 2301
JENTERERY, SRR i 525108 )2 22 7
M ZERMG . 2O R RO IR . Bk
FILH N ORI 25 bR R S oo, B 1 Bleleids
JE PRSI 5 A5 U TS A AEA, FEAR ST
SEPAE AL BB AR N-FE G F s ), ARk,
W — T R 1 Tl Ak i 2L iR &
4e, AR R T N EIE T, AR
— R Z AT 5E L A . PRI S R v M VR R Ak
G, MmN ERE T RV ST EE M,
JIAR =R Y — BT AR,
UE 7RSI NI R e 5 T 2ok
WAERTATPE 7
24 NG

FERESAL — B A D, RE AR s R
TEPEFRBA ) 2 N, 2R ) Sk 25
SRR, BRE T EAE Tk e RrgE
PR E R, RSB T S 1 1E
s PERR T, (EATSZ BR T HEE AT . SRR ek
i AHEHZT, BEP gl g i) A Jr 2= AR A
SCERRA AR, H AT E Rk A ) CHO 4 i i
SR B O I R I R, S T AR
TS EE 1 BRSSP E OB B . Aok, AR
B AR A A S AT R R R, e i i
Hh I e S L M S 8 B Am, AT IR E
WAL 25, DT LR 0 Z e A i 38— 5 2
RefaE k.

3 KEARERBMUKRE

MR i R T S D ARt 5 R Mgt
LR AR E T, WEiEEs A, e
LKA E YN DAY Ve B TR UK ) N7 S0y =4 NP I |
B R G BOR R QIR ZR , WA R TR
PRl ast AL A P S R R TR K-

31 SFHEmEMAK
3.1 g Fiifk

7E CHO 4l fl R ik iR &b, 8 3h 7 H4E R E
GOI K35 I BE Al /K F-, 2 3R IK SR 0 o
CHO £ AR F i I JE ) 16 46 A5 4i ik 7
(cytomegalovirus, CMV) 58 /J5 8. M
40 W1 5 81 F (simian virus 40 early promoter,

SV40) . CMV #5518 g lsh & H R 31 (CMV
enhancer/chicken B-actin promoter, CAG) ., AZEfH#
A 1a )i 3F (elongation factor-1 alpha promoter,
EF-la) & 42,

CMV J& 3l K H S 20U 3l GOL % s i 78 Rl
1 CHO # i ik A iz W . 4R, CMV Y
SFER IR D 5w P AL B A F s AL HIL
UUER, SEERIAACFRERTH R FE 5, £X%F CMV A
FIGE ST SOV T 2 R 1 BRI K
SREERP AR . FEORRASE N & IR
b SN AR oo i ) e e b 55 R A A
58, Jadh T AR, LR A CRISPR-Cas9
FOUEE A% G AR SEBLR ) &4, 4T+ CHO 48
Ji e IR AR R A RCR SRR T Y BB 5 T B T
WA, CHO 4 i A JE 305 R R A 0 14 5 41
MR A Bh AR, B RBAERF R R R IA K
L IEAERAZENTZ R BTN CHO 4
TR F R Kl 5 e 4% B 5 5% 1) CHO 4 ML) RNA-
Seq U4 23 Bt He CMV 238 7K 7 B8 /5 BE RSO 1Y Y
B+, Bl e A K% AR S (heat
shock protein family a member 5, HSPA5) . S100 %5
¢t & 5 1 A6 (S100 calcium binding protein A6,
S10046) FEHEYH T
3.1.2 Kozak/F4lfifk

Kozak J¥ %1 & {7 F mRNA # ¥ i I % % 1
(AUG) BT 09 w5 B2 L s7 7 41, B A 5 41 oy
GCCGCC(A/G)CCATGG, H:H-317 (A/G) Hi+4
i (G) WEIPERGHER 2 REZ ™, £ CHO 41
Mur, 28 Kozak J¥ 41 B 00 Ak AT I 25 4 s B3R 8
R0 522 M Kozak JP A AH L, fLAk 5 H Kozak
JF54E CHO Al iR E Al A i, v] g 42
HEHEARISE (R4)

Table 4
recombinant protein expression efficiency in CHO cells
#4 A Kozak FHIXCHOAMM P EHE AR RIENE

A

The impact of different Kozak sequences on

Kozak/7 %] FILfEH (L& MK ozak SCHR
TR R IARIB R 100%)

GGCCGCCACCATGG 100% /
CCGGCTGAAGATGA 129%~158% [60]
GGCCGCCGCCATGA 160%~172% [60]
GGCCGCGACCATGC 113% [61]
GGCCGGCGACATGC 117% [61]
GGCCGGAAGTATGA 130% [61]
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3.1.3 fF5ikfife

TE CHO 4fi Jifd e 15 53 W B 20 25 (1 Bl #
EREIN( RS e e 41N Su PN A P C Vi g
gt A SR iR E T R A B W AR
K= it . ARG S IRTE CHO 4 A iy i sk
FRAEE L 22 5, WO PR E 4 2R 1 Rk /K 1)
FREEZ— %, 20224F, Park % o gy 17—
BB 5 UG5 IO . A sE S &R
g 5 i =gl B 2¢ ot 4y ik £ R (fluorescence
activated cell sorting, FACS) 343 2H i A0 A& 7 i
W, Lo CHO#Muixit, HLLFHIEF ik
RORBIES IR, (AT S, JD4F O'Neill 5
ARG T i 37 AW EL S RKARAE 5 K5 SCkez
I N R N R WO N EIES IR RSN
Sl G E AR EE R e, ESE S ISR R

1B b e ik K- HA 35 52, S CHO i i %
KRR PG5 IR BE AL T 5 5 10 BRI 5 R AR
o DEAh, IESHTIREMIE R &, RIALES KN
DXIE HLfmg 7 i . H XK M5 K C X IR 51
(NS I AT i ) il = 5 105 ) /) S A B E
g T
3.14 HMIHEMA

T R B A2 GO 3k 1 iy ek ) 15
Z—, HACRZRE 5350 35 GOLZ [MAFLE
EHF M HmEZES A ™, REN, %1
DA AT LA dnb 25 4 5 M IR R 1B Y Rk KT 16 P
25 0 T W ST T H BB, Xt
T H AT CHO 41 () %5 F-mas . GC it K f
PRSI ZE 5 GO HEA T R4 B i

Table 5 Codon optimization tools and databases

RS FBHTFRAUITERKERE

Kl e 2 R B I
Java% i 7k A (Java Codon Adaptation Tool) https://www.jcat.de/ [75]
GenSmart™ 218 AL T (GenSmart™ Codon Optimization)  https://www.genscript.com.cn/tools/gensmart-codon-optimization [76]
IDT# 15744k T. & (Codon Optimization Tool-IDT) https://eu.idtdna.com/pages/tools/codon-optimization-tool [76]
TELR RS T4k TR (ExpOptimizer) https://www.novopro.cn/tools/codon-optimization.html [77]
TS 2dE)E  (Codon Usage Database) https://www.kazusa.or.jp/codon/ [78]
BN P38 N AR S HT (Codon Adaptation Index Calculator) https://www.biologicscorp.com/tools/CAICalculator/ [79]
ER A TR (Codon HARMonizING) https://github.com/wrightgs/ CHARMING [80]

315 RIRHEmESI

MR {55 (polyadenylation signal, PAS)
L E mRNA W 30T, S0 B P R A n AR
M RCRA R, LS 5 R R A PAS
(ansv40, A K E (bovine growth hormone,
BGH) M . P4l 2 95 % 00 1 J B (herpes
simplex virus thymidine kinase, HSV-TK) &)
gtk gl )z N . AR EYW, A[F T PAS
X CHO 2 L #M 528 1 5T 1) 22 28 7K P HAT i 2520
Hrr, SV40 PAS % BGH FI HSV-TK PAS &L i1 1T
SRATIREERLRE, BEREHR mARE GOLRIAACTIF IR
FIRAFSFME Y, AL, Omelina %5 ™ 38 12 KHAR
I 47 45 3 [ 4 B (massively parallel reporter
assay, MPRA) ZR4Gtfifivk i PAS Filf+17~+44 bp [X.
B Trich 4 7 B, W& R FASMEE A LIS,
eGFP 7£ HEK293T Wi i #2713 4%, 7€ CHO 41l Jifg

PRI TR, W A XU S R/ Nkl BT
& M0 DD E RN R OB A MR b (cleavage and
polyadenylation, CPA) & & 1&VEH K& mRNA £
P, TR s RIARCR . X — &N CHO ik &
Gepe it 1 IR BT S AR S s A AL S o A
PAS AL S W B A 55« . 3 FH B 2L PAS JC 4 (A
SV40); b. fEAL PAS T ifif+17~+44 bp X I il 4
A Trich RCRF A, et s 2 1k 5EIHICR,
3.6 SIAGL@R LI

FE R IR H AR G A T A X (matrix
MAR) . Z¢ {8 5t I il oo fF
(ubiquitous chromatin opening element, UCOE) .,
tRNA JE [H 5 B F A2 BT PHE o (stabilizing and
anti-repressor element, STAR) 5% FH 4L (0 Ji oA 45
Joff, AT R R A A R R R K 51 E
P (GRe6) ™,

attachment region,
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Table 6 Applications of chromatin regulatory elements in CHO cell expression systems
®6 FFIFARTHECHOMMRIE R % IR A
Jeft ik T &Ik SCHR
HEFMEX SR EALE G TIDNA B BN i 450 WA 7 AR, B AL B AR BECMV S [84-86]
78, 8 G R 77500 bpF1 000 bphf, GOIFKIE S LR T7%
a5 H56%
P RHBOCE IS FER, B JREFBE R, R MITREEEER UCOE R I 3 I mRNA [f) 7K~ R 5 B i ik [87]
IR W Al BAFS: G2 DNAHIELRI R RO R AN, N =&
R MICpG & M4EFFGOLT ERik
(RNAZER Bi b (RNAZE R AE A BE I, FRE GO J BBl S e (0 i X 3, 10 AR IR IR, (RINAZE IR B B 76 4] 4% 2 R 37T [88-89]
7 1k 5 e A K B T BT MR IM T UCOE, BeW 35 4EFF T i

FasEPubHiE o BH i BE & & H R0
AT

BRI YRR R R R A

eGFP 4 fifg Lt.f51] &xmRNA7ZKF-

eGFPRIAEIE H1200%, FPIRIAEIRF85%  [90]

32 EEESERE
f& ¢ CHO 4l il 3 ik & %t % K J pcDNA
pOptiVEC ., pEE fl pCAGGS %5354, {H 35 A H.
H R A ThRE . FEFLE S (random integration,
RI) SRESF GOIBEMLAA AL 2, Jf4 DL £
J1 (AnEEMR R R . RRUE R R SE) ik s Rk e
R, 2 HET) Iz N R R R e 2 — B R,
IZRMEFEN TN Z WPk . a. BT GO A
FBENL, AR vE B 2 ) Rk KA TE i 2 25 57
b. BEHLAR AT RE TP OGN, iR YL iR
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Table 7 Current applications and key features of common targeted integration tools

® FRENEBSIANNAARSEERHR

AR5
E2x i

F 2 A/
BAHE

WA

AL

AR

HARS

BRI

R T-CHO4H i ik

e =)

Cre/loxP  Cre®EZHHF  P1IWE H 44 1) 75 P9 AN 1oxP AL 14 18]

BHEMHTHE “Hh

Bt i, Eal

s 15 51 AloxP

2 & AT el

R4 CRETPINE &2 ¥ 7 B HSFEMSURAN  # (anding pad) 7 & E, EHT 68 {7 844 CHO-KI K
LR (locus of x- ff FHF S ML EH MWKRSHATEAR Fodtkha @£HE 2 HHE CHO-SHT 4 4
over in PI, CAlMER. @IALEk A & B0 & & X SEROFAS M H ARGk Mg i 2 fe
1oxP)(34 bp) ZZI:DNAF B (recombinase-mediated 1% WHEFIME RILTE
cassette exchange,
RMCE), W] 5: 3 &
SRR L GRS
[EES
FIp/FRT  FlpE4IEF FlpH 41EF N 5 Cre/loxP HLHI 2K # H FRMCE &£ 4 Kil¥wm, EMHT FRIFEMBET N H T £ # [97]
ARG CRETEIN 506 8 (ip- L, #EAPAFRT A HFRTREDE REEEEE. EHEHA R, £ CHORIZLZ RS,
FERE2WFRL) pase recogni- A7 mi[E]IDNAF B SkBiib a3k, $emfs £ A0 & % 07 AR & Crelig WGP, £
tion target, HJFERIEELL HE— Fo EEEZEI AL, BERRE KSaaER
FRT) (34~ FNFEWE A Kik
48bp)
©C31  C3VEAN attBSattP B /i atB Al attP £ A LGOI SAH% DU AR R IR, 6 A\ A7 25 ik 4t B2 F T CHO-S [98]
Integrase CRIFTHER (34~39bp) MM RAERTIY EaBs, S A BEMKR, & FhatPfr &AM Al CHO-DG44
R REEEMAO PG IR, B B PhanP i m SREAERRE W HME, FE P, i#id TAR-
attlL 5 attR, A7 #45 REMMR: FERNAYRZE GATTM ¥ &l
At - o] A7 PR A 1 bR
TR
CRISPR- CasOfZIRHG+ ¥E 47 ni 48 FIHCasOB I Arsedl sy DI, FpE B iR sm It S HDR AL R & H T # 2 [99]
Cas9  ML[FRNA IT ¥ Ji 0] BEWTREE G OMARE  foal. ARk rrohtk, &6 4 E 5 8T CHOKI. CHOS
ARG (singleguide K7 5148 WA SFEEH WES, E6WER WEEERTFE R, BA Ak, 8T
RNA, X & 5 (homology AH—. EREMAN 4IMFR, XHEL KB MTHE HASEMAE
sgRNA)  ¥i|+74i[F  directed repair, ik HERFBASFY 7FEE G R ARE
bt HDR) 3k 47 ¥ # P 4, FMER
A kRS
Table 8 Comparison of common transfection methods: applications, advantages and limitations
RS EHRAFHLFENFEERERES T
WARES JR 2 & =) JRIFR
ROIETWRE e TR EY SDNATE R E AW KR I e . h & RETH ROAMC: TR T Biggui, 54 e QLR IS AR
B gEAYH Ky LEHCR [ked

JE PR R g BT 16 R S DNATE U B Rl /N Sc i E 0L AR s R
WEs mOE R R

A k2 i
P e
DNAZA
=t

FRAEERE H PR IR D EE TG

ikt PR T T AR LR, 51 R A I B A S AT s

MR e

F{ICHOZ Jifd ¥ 7Y

Fa e RILAMMARAEE ;. shRNA/

CRISPRK R ik ; S84 H

Nl

FegeiAm, ERME

FRCR s TG T 2 T T

Rk RIBFFA

HAS T A& TR

G

BAER R TRES| R

AL 13

R itk

MR




2026; 53 (2) KimEA, &: PECRINEMMRIERGTEEY AR RRE -335-
Table 9 Key strategies for enhancing transfection efficiency
R REELUEHXBERE
AL ER PRAG T i ROR SCHR
MRES A0ML % FEAL TR EA A, ANHAE IS 26>95% YHH DR S T, e N A ST B ) L100]

gy TBKAFIHIF (BX795)
5% Caspasefliifil i) (Q-VD-Oph)

FNHIAMIEDNA WG, T Sk 35 PR TG e R [101]
B A Caspasedfi M, PRI MIAFIE, GFPRHMEZR [102]
PRI E>90%

ikt LRBEL T BRI (NDPK) MEBJR #5151 (Epstein- JFURIDNAGE T A% fL 5 &4 1m) 40 A% 1) e ig g s 4 [103]

BhFiki  Barr virus nuclear antigen-1, EBNAL)

HFBE A MR (PDD S5XHES & 81 (XBP-D

B AEZEEIK (cell-penetrating peptide, CPP)
He gl
WELAHEL FURIDNA 72°CIn#430 min
FB
AR (200g, 5 min)

7 JFUREAE 2T R AT A2 I [

H A R F89% [104]
RS SR, R EAREEEH TPEL[105]
(P<0.01)

T A 3 5 R DNA [ 5% G 0% 8 T R A B kL [106]
DNA (P<0.05)

BInEEmS ML, e ga, PEI-DNA% [107]
PR W ERTE (P<0.01)

FIR— BT AR — 2Pk zs A, AR AT
FEI BRI RSCRAE T . AMIEAL IR g2 I A il LA
N ia JORIG R AR AT, IR &R
B H AR ek =, DR |23 CHO 4
() G i 5 AN R R Rk K o
34 INE

MR E MDA AR 1 e FE 0 H AR )
A R M = I ARVCIE o 0P 56 uE PR 5% sl
WO B =, PR PEI-4 Bh 25 W% e 45 5 A3
SIS A B FOUCAESRMS , DATERCRE R [A] Py 4R
1A R RIA , 4ot & ROt T2 R
PEo MTERDME AR A = FR TR S
MEAE A STIEL TISRMG , LU E T RE bk | 35
fER e AR T E A M MIRIR R, Rk
FE T 1 T AN R AR B — P A T B, AR 7R
DNA %5t . e (o R A8 5 5L P 2 A o503 4> )2 5k
MR, W EA K S TE R e
M “FEAIG A" RIBEE . Kk, CHO4MER
KRG E PR HARTE KSR G+ R
77 B REER I, WS AN, Rl
T =508, WML 5 R G A Y a,
CIRESVA 737 o7 R 1 N 1D B B S
DX Sl P T 55 A2

4 REHREE

CHO 4iiJig %15 R G A iR 2 2 A Wy il 25 1
PO EIRZ OIS . B ERE, BB
WzE o A R AR TR RS
MR ZHEREIAIA R, S TR RO | B

PR BT PSR T . SR, BEXT R B R AR
PIACI T | SR A IS — M R I 2 58 5 0l A )
B, AP TT 1) iR T SRR TR LG

RfE HE D g . A AR AL EE D
CHO 4 il Rk RGe AT BAERUR | T 5 il ik
7 TR SE L ZE M

T, AR AKES) CHO 41 il Rk &
45 I\ B S ) BRI N R A .l i
CRISPR/Cas [m] ] 8 [r1] Z2 A~ A 53 388 JH6 11 3% 0L 35 1% 9]
Eoul, effm B R R R R, P At
TGS RERAa, PUIRE A, DU RS A o
WEEALTE R, WA AED IR DI aeRT oK . g
Me DAL . WAL AT 45 ST T 4¢P 1 CHO
i ZR . [FRS, LeWiiss “BMGEH” 5%
W 00 2 00 e A R i RN B A oAb 5 2
W, BEAGHER 22 5 IF ek Tolkfbf%1k.

HR, G lAYE o CHO 4l 3635 R G 1 #
BEEHE T RGEMHELL . BT A N T IR | A
YA A= Py A VR e i ] 2%, AT LASCEXT 4 LA 7
AT g, Dl 2 Tl Ak Re ok o BAA
T A BUEY A AT R S AN - N RS, R
T CHO 4 il N5 42 15 50 B 5 1 8+ S5 A%
JRRARABLE G, ol 20 LA T e i 7 D SR v
B, AR IFPLE Bl IR AN R Feak , kit
RAER RGN FRE TN Beoh, a5 A K
FFOC B H o ) A OB E 2 R R G
(tricarboxylic acid cycle, TAC), FFEALTLMR SR>
YRR B X SO AT Bl T i 3 R T B 48
w A WRBCRAERA T MR EE, N



*336- EMUFESEYIRHR

Prog. Biochem. Biophys.

2026; 53 (2)

CHO 2l L7 A5 4y il 245 58 ) B FH - RE BT R AT g o

e, ALRECAE DI RERTE CHO 41 My ik 1t
Az O A B T B S IR R 2 2] 5
G2, LIRS SRR, AL
RENE > F ol e S ek, MR8 b il
Kozak JF 91 . 15 5 KXW 7w bs, $2 i CHO 4
MLFIRRR, kG AL G e T A FERS o [FII
AL AR AR A0 T 22800tk P e AR 8
F& WKW, S B G (fed-batch) 5 #E U
(perfusion) B3I FR AL, WA E DI R
PRI i —EE, A, fEmE TR, AL
I REIE S TR LS R i 2 A, s 40 e
SRR, RPN E SIS, 5%
PSRN AT (24 A 7 B A BN
(Good Manufacturing Practice of Medical Products,
GMP) HYRUBL A AE 7= ) TCAE 1542 . AR 2Lk
PR F N i ORI D ALIR B R s ARk, SEE
HIEE SRR “ERe A T

Zi ik, CHO 4l 3Rk RGN AR LRt
e IEH GG RS- N LR Ak
PRGN o X R R B TR 2
TR AT AR AL A AR, e Pl Ak )2 1
HEZN AT R 5 W AR, NI ORBE IO LE 7 1
FErE. AL, K —C CHO 4 f-F & 45 iy
AL FRE L AL ERIAE I AR R AL |
2, AT AP A P 25 4 R A T )
S

z % x Wt

[1]  Sanchez-Martinez Z V, Alpuche-Lazcano S P, Stuible M, et al.
CHO cells for virus-like particle and subunit vaccine
manufacturing. Vaccine, 2024, 42(10): 2530-2542

[2]  Tu B, Lin Z, Moore J, et al. Recombinant antibody-producing
stable CHOK pool stability study. Monoclon Antib Immunodiagn
Immunother, 2024, 43(4): 119-126

[3]  Ying B, Kawabe Y, Zheng F, et al. High-level production of scFv-
fc antibody using an artificial promoter system with transcriptional
positive feedback loop of transactivator in CHO cells. Cells, 2023,
12(22):2638

[4]  sk¥imw, RICIC, A PR, 45 . 1A Exendin-4-Fe il & 85 11 Y
CHO 2 Jfd 3% 57 H& i 16 . 802 0 2 S 93 2 3, 2025, 53(3):
55-60
Zhang YL, Wu Y'Y, Ji DK, et al. Prog Microbiol Immunol, 2025,
53(3):55-60

[5] Tihanyi B, Nyitray L. Recent advances in CHO cell line

development for recombinant protein production. Drug Discov

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

Today Technol, 2020, 38: 25-34

Pereira S, Kildegaard H F, Andersen M R. Impact of CHO
metabolism on cell growth and protein production: an overview of
toxic and inhibiting metabolites and nutrients. Biotechnol J, 2018,
13(3): 1700499

Wang Q, Yin B, Chung CY, ef al. Glycoengineering of CHO cells
to improve product quality. Methods Mol Biol, 2017,1603: 25-44
Lam C, Sargon A, Diaz C, et al. Strategies to improve CHO cell
culture performance: targeted deletion of amino acid catabolism
and apoptosis genes paired with growth inhibitor supplementation.
Biotechnol Prog, 2024,40(5): e3471

ZhuZ,Chen X, LiW, et al. Understanding the effect of temperature
downshift on CHO cell growth, antibody titer and product quality
by intracellular metabolite profiling and in vivo monitoring of
redox state. Biotechnol Prog, 2023,39(4): €3352

Lee AP, Kok Y J, Lakshmanan M, et al. Multi-omics profiling of a
CHO cell culture system unravels the effect of culture pH on cell
growth, antibody titer, and product quality. Biotechnol Bioeng,
2021,118(11):4305-4316

Hippach M B, Schwartz I, Pei J, et al. Fluctuations in dissolved
oxygen concentration during a CHO cell culture process affects
monoclonal antibody productivity and the sulthydryl-drug
conjugation process. Biotechnol Prog,2018,34(6): 1427-1437
Alhuthali S, Kotidis P, Kontoravdi C. Osmolality effects on CHO
cell growth, cell volume, antibody productivity and glycosylation.
IntJ Mol Sci, 2021,22(7): 3290

Luo Y, Vappiani J, Orzechowski K, et al. Metabolic rewiring
revealed by cell-specific rate analyses from nontargeted
exometabolomics during simultaneous consumption of glucose
and lactic acid in a CHO fed-batch process. J Biotechnol, 2022,
359:161-175

Coulet M, Kepp O, Kroemer G, et al. Metabolic profiling of CHO
cells during the production of biotherapeutics. Cells, 2022, 11(12):
1929

Li W, Fan Z, Lin Y, et al. Serum-free medium for recombinant
protein expression in Chinese hamster ovary cells. Front Bioeng
Biotechnol, 2021,9: 646363

LiWF,FanZ L, Wang XY, ef al. Combination of sodium butyrate
and decitabine promotes transgene expression in CHO cells via
apoptosis inhibition. N Biotechnol, 2022, 69: 8-17

LimJH, ChaHM, Han H J, et a/. Evaluating the impact of suramin
additive on CHO cells producing Fc-fusion protein. Biotechnol
Lett,2019,41(11): 1255-1263

Ha T K, Hansen A H, Kol S, et al. Baicalein reduces oxidative
stress in CHO cell cultures and improves recombinant antibody
productivity. Biotechnol J,2018,13(3): 1700425

Aki Y, Katsumata Y, Kakihara H, et al. 4- (2, 5-Dimethyl-1H-
pyrrol-1-yl) -N- (2, 5-dioxopyrrolidin-1-yl) benzamide improves
monoclonal antibody production in a Chinese hamster ovary cell
culture. PLoS One, 2021, 16(4): €0250416

Kido M, Idogaki H, Nishikawa K, et al. Violacein improves

recombinant IgG production by controlling the cell cycle of



2026; 53 (2

KA, %: PECRINEAMREREEEDHZGHIALRRE

+337-

[21]

[22]

(23]

[24]

(23]

[26]

[27]

(28]

[29]

[30]

(311

[32]

[33]

[34]

Chinese hamster ovary cells. Cytotechnology, 2021, 73(3):
319-332

Toronjo-Urquiza L, Acosta-Martin A E, James D C, et al. The use
of catechins in Chinese hamster ovary cell media for the
improvement of monoclonal antibody yields and a reduction of
acidic species. Biotechnol Prog, 2020, 36(4): €2980

Yang W C, Lu J, Nguyen N B, et al. Addition of valproic acid to
CHO cell fed-batch cultures improves monoclonal antibody titers.
Mol Biotechnol, 2014, 56(5): 421-428

Han M M, Wang H T, Zhang H J, et al. A novel dual-epigenetic
inhibitor enhances recombinant monoclonal antibody expression
in CHO cells. Appl Microbiol Biotechnol, 2024, 108(1): 467

Kim D, Yoon C, Lee G M. Small molecule epigenetic modulators
for enhancing recombinant antibody production in CHO cell
cultures. Biotechnol Bioeng, 2022, 119(3): 820-83 1

Du Z, Treiber D, McCarter J D, et al. Use of a small molecule cell
cycle inhibitor to control cell growth and improve specific
productivity and product quality of recombinant proteins in CHO
cell cultures. Biotechnol Bioeng, 2015, 112(1): 141-155

Verhagen N, Teleki A, Heinrich C, ef al. S-adenosylmethionine
and methylthioadenosine boost cellular productivities of antibody
forming Chinese hamster ovary cells. Biotechnol Bioeng, 2020,
117(11):3239-3247

Bulté D B, Palomares L A, Parra C G, et al. Overexpression of the
mitochondrial pyruvate carrier reduces lactate production and
increases recombinant protein productivity in CHO cells.
Biotechnol Bioeng, 2020, 117(9): 2633-2647

Tan J G L, Lee Y Y, Wang T, er al. Heat shock protein 27
overexpression in CHO cells modulates apoptosis pathways and
delays activation of caspases to improve recombinant monoclonal
antibody titre in fed-batch bioreactors. Biotechnol J, 2015, 10(5):
790-800

Tsunoda Y, Yamano-Adachi N, Koga Y, er al. SarlA
overexpression in Chinese hamster ovary cells and its effects on
antibody productivity and secretion. J Biosci Bioeng, 2024,
138(2):171-180

Hashemi N, Tabatabaee S H, Shams F, et al. Overexpression of
SIRT6 alleviates apoptosis and enhances cell viability and
monoclonal antibody expression in CHO-K1 cells. Mol Biol Rep,
2023,50(7): 6019-6027

Cui ZM, Feng Y'Y, Gao Y P, et al. Overexpression of YTHDF3
increases the specific productivity of the recombinant protein in
CHO cells by promoting the translation process. Biotechnol J,
2024,19(4): €2400078

Roshanmehr F, Abdoli S, Bazi Z, et al. Enhancing the productivity
and proliferation of CHO-K1 cells by oncoprotein YAP (Yes-
associated protein). Appl Microbiol Biotechnol, 2024, 108(1): 285

Romand S, Jostock T, Fornaro M, ef al. Improving expression of
recombinant human IGF-1 using IGF-1R knockout CHO cell
lines. Biotechnol Bioeng, 2016, 113(5): 1094-1101

Rives D, Peak C, Blenner M A. RNASeq highlights ATF6 pathway

regulators for CHO cell engineering with different impacts of

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

(48]

[49]

ATF6p and WFS1 knockdown on fed-batch production of IgG(1).
SciRep,2024,14(1): 14141

Gao Y P, LuJ T, Zhang H J, et al. MAT2A knockdown enhances
recombinant protein expression in transgenic CHO cells through
regulation of cell cycle. Biotechnol Bioeng, 2025, 122(6): 1461-
1471

Zhang J, Du C, Pan Y, et al. Optimization of a novel expression
system for recombinant protein production in CHO cells. Sci Rep,
2024,14(1):24913

MacDonald M A, Nobel M, Martinez V S, et al. Engineering death
resistance in CHO cells for improved perfusion culture. MAbs,
2022, 14(1): 2083465

Croset A, Delafosse L, Gaudry J P, et al. Differences in the
glycosylation of recombinant proteins expressed in HEK and CHO
cells. J Biotechnol, 2012,161(3): 336-348

Wright H L, Evans C, Jackson P J, et al. Glycoprofile comparison
of the SARS-CoV-2 spike proteins expressed in CHO and HEK
cell lines. Mol Biotechnol, 2025, 67(9): 3737-3752

Glinsek K, Kramer L, Krajnc A, et al. Coupling CRISPR
interference with FACS enrichment: new approach in
glycoengineering of CHO cell lines for therapeutic glycoprotein
production. BiotechnolJ, 2022, 17(7): €2100499

Koyuturk I, Kedia S, Robotham A, et al. High-level production of
wild-type and oxidation-resistant recombinant alpha- 1 -antitrypsin
in glycoengineered CHO cells. Biotechnol Bioeng, 2022, 119(9):
2331-2344

Amann T, Hansen A H, Kol S, et al. Glyco-engineered CHO cell
lines producing alpha-1-antitrypsin and C1 esterase inhibitor with
fully humanized N-glycosylation profiles. Metab Eng, 2019,
52:143-152

Zhang L, Schwarz H, Wang M, et al. Control of IgG glycosylation
in CHO cell perfusion cultures by GReBA mathematical model
supported by a novel targeted feed, TAFE. Metab Eng, 2021,
65:135-145

Hossler P, Khattak S F, Li Z J. Optimal and consistent protein
glycosylation in mammalian cell culture. Glycobiology, 2009,
19(9): 936-949

Reddy J V, Raudenbush K, Papoutsakis E T, et al. Cell-culture
process optimization via model-based predictions of metabolism
and protein glycosylation. Biotechnol Adv, 2023, 67: 108179

Yang Q, Chen H, Ou C, ef al. Evaluation of two chemoenzymatic
glycan remodeling approaches to generate site-specific antibody-
drug conjugates. Antibodies (Basel), 2023, 12(4): 71

Hsu Y P, Verma D, Sun S, et al. Successive remodeling of IgG
glycans using a solid-phase enzymatic platform. Commun Biol,
2022,5(1):328

Katoh T, Yamamoto K. Innovative preparation of
biopharmaceuticals using transglycosylation activity of microbial
endoglycosidases. J Appl Glycosci, 2021, 68(1): 1-9

Poulain A, Perret S, Malenfant F, ez al. Rapid protein production
from stable CHO cell pools using plasmid vector and the cumate

gene-switch. J Biotechnol, 2017,255: 16-27



338

EMUFESEYIRHR

Prog. Biochem. Biophys.

2026; 53 (2)

[50]

[51]

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

Carswell S, Alwine J C. Efficiency of utilization of the Simian
virus 40 late polyadenylation site: effects of upstream sequences.
Mol Cell Biol, 1989, 9(10): 4248-4258

DouY, Lin Y, Wang T'Y, et al. The CAG promoter maintains high-
level transgene expression in HEK293 cells. FEBS Open Bio,
2021,11(1):95-104

Wang X, Xu Z, Tian Z, et al. The EF-1a promoter maintains high-
level transgene expression from episomal vectors in transfected
CHO-K1 cells. J Cell Mol Med, 2017, 21(11): 3044-3054

Moritz B, Becker P B, Gopfert U. CMV promoter mutants with a
reduced propensity to productivity loss in CHO cells. Sci Rep,
2015,5:16952

Xu T T, Wang Y F, Yuan J J, et al. Optimization of the intron
sequences combined with the CMV promoter increases
recombinant protein expression in CHO cells. Sci Rep, 2025,
15(1):3732

Brown A J, Sweeney B, Mainwaring D O, et al. NF-«xB, CRE and
YY1 elements are key functional regulators of CMV promoter-
driven transient gene expression in CHO cells. Biotechnol J, 2015,
10(7):1019-1028

Dahodwala H, Amenyah S D, Nicoletti S, ef al. Evaluation of site-
specific methylation of the CMV promoter and its role in CHO cell
productivity of a recombinant monoclonal antibody. Antib Ther,
2022,5(2):121-129

Marx N, Dhiman H, Schmieder V, et al. Enhanced targeted DNA
methylation of the CMV and endogenous promoters with dCas9-
DNMT3A3L entails distinct subsequent histone modification
changes in CHO cells. Metab Eng, 2021, 66: 268-282

Tossolini I, Gugliotta A, Lopez Diaz F, et al. Screening of CHO-K 1
endogenous promoters for expressing recombinant proteins in
mammalian cell cultures. Plasmid, 2022, 119/120: 102620

Kozak M. An analysis of 5'-noncoding sequences from 699
vertebrate messenger RNAs. Nucleic Acids Res, 1987, 15(20):
8125-8148

LiZ M, Lin Y, Luo C H, et al. Optimization of extended Kozak
elements enhances recombinant proteins expression in CHO cells.
JBiotechnol, 2024,392: 96-102

Blanco N, Williams A J, Tang D, et al. Tailoring translational
strength using Kozak sequence variants improves bispecific
antibody assembly and reduces product-related impurities in CHO
cells. Biotechnol Bioeng, 2020, 117(7): 1946-1960

Owji H, Nezafat N, Negahdaripour M, et al. A comprehensive
review of signal peptides: structure, roles, and applications. Eur J
Cell Biol,2018,97(6): 422-441

Srila W, Oli D, Yamabhai M. Codon and signal peptide
optimization to enhance therapeutic antibody production from
CHO cells. Methods Mol Biol, 2025, 2853: 33-48

Tr ik, B, B, S N IRIME S JIOW R R B0 25 11 7E HEK-
293F 4 vh 435 3% 7K 1 5 0 K BO-ELISA 5k i ety . vh [
R, 2024,54(9): 1195-1201

Fang Q, Luo Y, Liang T T, ef al. Chin Vet Sci, 2024, 54(9): 1195-
1201

[65]

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

(78]

[79]

[80]

Park J H, Lee H M, Jin E J, et al. Development of an in vitro
screening system for synthetic signal peptide in mammalian cell-
based protein production. Appl Microbiol Biotechnol, 2022,
106(9/10):3571-3582

O'Neill P, Mistry R K, Brown A J, et al. Protein-specific signal
peptides for mammalian vector engineering. ACS Synth Biol,
2023,12(8): 2339-2352

Guo H, Sun J, Li X, et al. Positive charge in the n-region of the
signal peptide contributes to efficient post-translational
translocation of small secretory preproteins. J Biol Chem, 2018,
293(6): 1899-1907

Inouye S, Soberon X, Franceschini T, et al. Role of positive charge
on the amino-terminal region of the signal peptide in protein
secretion across the membrane. Proc Natl Acad Sci USA, 1982,
79(11):3438-3441

Choo K H, Ranganathan S. Flanking signal and mature peptide
residues influence signal peptide cleavage. BMC Bioinformatics,
2008, 9(Suppl 12): S15

Kuhn A, Wickner W. Conserved residues of the leader peptide are
essential for cleavage by leader peptidase. J Biol Chem, 1985,
260(29): 15914-15918

Schorr S, Nguyen D, Haldenteufel S, ef al. Identification of signal
peptide features for substrate specificity in human Sec62/Sec63-
dependent ER protein import. FEBS J,2020,287(21): 4612-4640
Gustafsson C, Govindarajan S, Minshull J. Codon bias and
heterologous protein expression. Trends Biotechnol, 2004, 22(7):
346-353

Goulet D R, Yan Y, Agrawal P, ef al. Codon optimization using a
recurrent neural network. J Comput Biol, 2023,30(1): 70-81
SRARFY, T30 PH, B E, 55 AL ORI - O 8 P15
7 ORF2 AE K7 BRI B ek TP S B IRl 741, 2024,
40(4): 81-85

Zhang C L, Wang R Y, Qian Z H, et al. Acta Agric Shanghai, 2024,
40(4): 81-85

Dong R, Chu Z, Yu F, et al. Contriving multi-epitope subunit of
vaccine for COVID-19: immunoinformatics approaches. Front
Immunol, 2020, 11: 1784

Demissie E A, Park S'Y, Moon J H, et al. Comparative analysis of
codon optimization tools: advancing toward a multi-criteria
framework for synthetic gene design. J Microbiol Biotechnol,
2025,35:e2411066

Zaib S, Rana N, Areeba, et al. Designing multi-epitope
monkeypox virus-specific vaccine using immunoinformatics
approach. J Infect Public Health, 2023,16(1): 107-116

Holcomb D D, Alexaki A, Katneni U, et al. The Kazusa codon
usage database, CoCoPUTs, and the value of up-to-date codon
usage statistics. Infect Genet Evol, 2019, 73:266-268

Zhu F, Qin R, Ma S, et al. Designing a multi-epitope vaccine
against Pseudomonas aeruginosa via integrating reverse
vaccinology with immunoinformatics approaches. Sci Rep, 2025,
15(1): 10425

Wright G, Rodriguez A, Li J, et al. CHARMING: harmonizing



2026; 53 (2

KA, %: PECRINEAMREREEEDHZGHIALRRE

+339-

[81]

[82]

(83]

[84]

[85]

(86]

[87]

(88]

[89]

[90]

[o1]

[92]

[93]

synonymous codon usage to replicate a desired codon usage
pattern. Protein Sci, 2022,31(1):221-231

Wang X Y, Du Q J, Zhang W L, et al. Enhanced transgene
expression by optimization of poly a in transfected CHO cells.
Front Bioeng Biotechnol, 2022, 10: 722722

Omelina E S, Letiagina A E, Boldyreva L'V, et al. Slight variations
in the sequence downstream of the polyadenylation signal
significantly increase transgene expression in HEK293T and CHO
cells. IntJ Mol Sci, 2022,23(24): 15485

Guo X, Wang C, Wang T Y. Chromatin-modifying elements for
recombinant protein production in mammalian cell systems. Crit
Rev Biotechnol, 2020, 40(7): 1035-1043

Zhang J, Wang L, Zhang X, et al. Matrix attachment regions
enhance transgene expression by manipulating position-
dependent effects in stably transfected CHO-K1 cells. Biochem
Cell Biol, 2024,102(6): 526-534

Zhang J, Zhang J, Cheng S, et al. Enhanced transgene expression
using two B-globin MARs flanking expression cassettes in stably
transfected CHO-K1 cells. 3 Biotech,2019,9(11): 435

Zhang J H, Zhang J H, Wang X Y, et al. Distance effect
characteristic of the matrix attachment region increases
recombinant protein expression in Chinese hamster ovary cells.
Biotechnol Lett, 2020, 42(2): 187-196

Doan CC,Le TL,HoN Q C, et al. Effects of ubiquitous chromatin
opening element (UCOE) on recombinant anti-TNFa antibody
production and expression stability in CHO-DG44 cells.
Cytotechnology, 2022, 74(1): 31-49

Sizer R E, Ingram R M, White R J. Barriers composed of tRNA
genes can complement the benefits of a ubiquitous chromatin
opening element to enhance transgene expression. Biotechnol J,
2025,20(2): €202400455

Sizer R E, Ingram R M, Swan C, et al. Use of tRNA gene barriers
improves stability of transgene expression in CHO cells.
Biotechnol J,2024, 19(8): €2400196

Li Q, Yan R F, Yang Y X, ef al. Stabilizing and anti-repressor
elements effectively increases transgene expression in transfected
CHO cells. Front Bioeng Biotechnol, 2022, 10: 840600

Yang Z, Wang X, Luo S, et al. Efficient production of recombinant
human FVII in CHO cells using the piggyBac transposon system.
Protein Expr Purif, 2025,229: 106666

Balasubramanian S, Rajendra Y, Baldi L, et al. Comparison of
three transposons for the generation of highly productive
recombinant CHO cell pools and cell lines. Biotechnol Bioeng,
2016,113(6): 1234-1243

Yamaguchi K, Ogawa R, Tsukahara M, et al. Production of multi-
subunit proteins in CHO cells by transposase-mediated integration

of subunit-splitting vectors. Sci Rep,2025,15(1): 18512

[94]

[95]

[96]

[97]

(98]

[99]

[100]

[101]

[102]

[103]

[104]

[105]

[106]

[107]

Hilliard W, &amp; Lee K H. Systematic identification of safe
harbor regions in the CHO genome through a comprehensive
epigenome analysis. Biotechnol Bioeng, 2021, 118(2): 659-675
Tasan I, Eres I, Wei C, et al. ldentification of loci with high
transgene expression in CHO cells. ACS Synth Biol, 2025, 14(6):
1948-1962

Kim J, Lee Y H, Kuk M U, et al. Cre/lox-based RMCE for site-
specific integration in CHO cells. Biotechnol Bioprocess Eng,
2021,26(5): 795-803

HualJ, WeiY, Zhang Y, et al. Adaptation process of engineered cell
line FCHO/IL-24 stably rhIL-24 in
suspension culture. Protein Expr Purif, 2022, 199: 106154

secreted serum-free
Chen-Tsai R Y. Integrase-mediated targeted transgenics through
pronuclear microinjection. Methods Mol Biol, 2020, 2066: 35-46
Hamaker N K, Lee K H. High-efficiency and multilocus targeted
integration in CHO cells using CRISPR-mediated donor nicking
and DNA repair inhibitors. Biotechnol Bioeng, 2023, 120(9):
2419-2440

Rajendra Y. PEI-mediated transient gene expression in CHO cells.
Methods Mol Biol, 2018, 1850: 33-42

Tsuchiya M, Kong W, Hiraoka Y, et al. TBK1 inhibitors enhance
transfection  efficiency by p62/SQSTM1
phosphorylation. Genes Cells, 2023, 28(1): 68-77

Yoshida T, Yamasaki K, Tadagaki K. Caspase inhibition improves

suppressing

viability and efficiency of liposomal transfection. Sci Rep, 2023,
13(1):21868

Budge J D, Young R J, Smales C M. Engineering of Chinese
hamster ovary cells with NDPK-A to enhance DNA nuclear
delivery combined with EBNA1 plasmid maintenance gives
improved exogenous transient reporter, MAb and SARS-CoV-2
spike protein expression. Front Bioeng Biotechnol, 2021,
9: 679448

Zhang X, Wang Y, Yi D, et al. Synergistic promotion of transient
transgene expression in CHO cells by PDI/XBP-1s co-transfection
and mild hypothermia. Bioprocess Biosyst Eng, 2024, 47(4):
557-565

Porosk L, Nebogatova J, Hirk H H, ef al. Predicting transiently
expressed protein yields: comparison of transfection methods in
CHO and HEK293. Pharmaceutics, 2022, 14(9): 1949

Milani A, Bolhassani A, Rouhollah F, et al. Which one of the
thermal approaches (heating DNA or cells) enhances the gene
expression in mammalian cells?. Biotechnol Lett, 2021, 43(10):
1955-1966

Yang S, Zhang Q, Zhuang Y, et al. Plate centrifugation enhances
the efficiency of polyethylenimine-based transfection and
lentiviral infection. J Virol Methods, 2024,330: 115039



340~ EMUHESEYYIEHRRE  Prog. Biochem. Biophys. 2026; 53 (2)

Strategic Optimization of CHO Cell Expression Platforms for
Biopharmaceutical Manufacturing’

ZHANG Rui-Ming", LI Meng-Lin", ZHU Hong-Wei"*"", ZHANG Xing-Xiao"*""
(VSchool of Life Sciences, Ludong University, Yantai 264025, China;
Yantai Key Laboratory of Animal Pathogenetic Microbiology and Immunology, School of Life Sciences, Ludong University, Yantai 264025, China;
I Collaborative Innovation Center for the Pet Infectious Diseases and Public Health in the Middle and Lower Stream Regions of the Yellow River,

School of Life Sciences, Ludong University, Yantai 264025, China)

Graphical abstract

Optimization Strategies for CHO Cells

Challenges
* Metabolic regulation
¢ Glycosylation homogeneity

o Long-term expression stability
CHO cells

{){ o0 Future directions
Y5 e .

Gene editing

. e Al-assisted optimization
Key strategies

. e Synthetic biology
* Molecular design

¢ Cell line engineering

e Cell culture

o Gene integration —-'—c

o Transfection

Todoc

Abstract Chinese hamster ovary (CHO) cells are the most established and versatile mammalian expression
system for the large-scale production of recombinant therapeutic proteins, owing to their genetic stability,
adaptability to serum-free suspension culture, and ability to perform human-like post-translational modifications.
More than 70% of biologics approved by the U.S. Food and Drug Administration rely on CHO-based production
platforms, underscoring their central role in modern biopharmaceutical manufacturing. Despite these advantages,
CHO systems continue to face three persistent bottlenecks that limit their potential for high-yield, reproducible,

and cost-efficient production: excessive metabolic burden during high-density culture, heterogeneity of
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glycosylation patterns, and progressive loss of long-term expression stability. This review provides an integrated
analysis of recent advances addressing these challenges and proposes a forward-looking framework for
constructing intelligent and sustainable CHO cell factories. In terms of metabolic regulation, excessive lactate and
ammonia accumulation disrupts energy balance and reduces recombinant protein synthesis efficiency.
Optimization of culture parameters such as temperature, pH, dissolved oxygen, osmolarity, and glucose feeding
can effectively alleviate metabolic stress, while supplementation with modulators including sodium butyrate,
baicalein, and S-adenosylmethionine promotes specific productivity (qP) by modulating apoptosis and chromatin
structure. Furthermore, genetic engineering strategies—such as overexpression of MPC1/2, HSP27, and SIRT6 or
knockout of Bax, Apafi, and IGF-1R—have demonstrated significant improvements in cell viability and product
yield. The combination of multi-omics metabolic modeling with artificial intelligence (Al)-based prediction offers
new opportunities for building self-regulating CHO systems capable of dynamic adaptation to environmental
stress. Regarding glycosylation uniformity, which determines therapeutic efficacy and immunogenicity, gene
editing-based glycoengineering (e. g., FUT8 knockdown or ST6Gall overexpression) has enabled the
humanization of CHO glycan profiles, minimizing non-human sugar residues and enhancing drug stability.
Process-level strategies such as galactose or manganese co-feeding and fine control of temperature or osmolarity
further allow rational regulation of glycosyltransferase activity. Additionally, in vitro chemoenzymatic remodeling
provides a complementary route to construct human-type glycans with defined structures, though industrial
applications remain constrained by cost and scalability. The integration of model-driven process design and Al
feedback control is expected to enable real-time prediction and correction of glycosylation deviations, ensuring
batch-to-batch consistency in continuous biomanufacturing. Long-term expression stability, another critical
challenge, is often impaired by promoter silencing, chromatin condensation, and random genomic integration.
Molecular optimization—such as the use of improved promoters (CMV, EF-1a, or CHO endogenous promoters),
Kozak and signal peptide refinement, and incorporation of chromatin-opening elements (UCOE, MAR, STAR)—
helps maintain durable transcriptional activity, while site-specific integration systems including Cre/loxP, Flp/
FRT, ¢C31, and CRISPR/Cas9 can enable single-copy, position-independent gene insertion at genomic safe-
harbor loci, ensuring stable, predictable expression. Collectively, this review highlights a paradigm shift in CHO
system optimization driven by the convergence of genome editing, synthetic biology, and artificial intelligence.
The transition from empirical optimization to rational, data-driven design will facilitate the development of
programmable CHO platforms capable of autonomous regulation of metabolic flux, glycosylation fidelity, and
transcriptional activity. Such intelligent cell factories are expected to accelerate the transformation from
laboratory-scale research to industrial-scale, high-consistency, and economically sustainable biopharmaceutical

manufacturing, thereby supporting the next generation of efficient and customizable biologics manufacturing.

Key words CHO cell expression system, metabolic burden, glycosylation modification, expression stability,
optimization strategies
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