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

Sl 42 TR B B AL i
TR T AT AN ) CMARGO/GD), {2 4HH
W (C ) 37°C (KB 33°C (EF7FrBO 9
L% (temperature KorB PR B W K ) R TR B R P B 9]l
S Coondus hydrogeni  pHALFR B0 L T BIGO/G . A T (5 2 A1 42
AR )52 u ’ P —
“ P veroe 6.8-7.2 EAN-HEREAL b, BpHS M EF R, H [10]

pHD

R4 (dissolved oxygen,
DO)

50%~100%

SR A R 2 S 1
TEMIHDOKT (W13%88200%) T, 4L K3
S g BT, MmN ERNRE. DO

300 mOsm/kg (EKBTE, 410~470 mOsm/kg (A B33 T s ol S A0 3 5, A [R5 S5 4 A4 A

2iEE (osmotic pressure)

FEBO
A (actic acid) <3.5g/L
W% M (glucose) 3~6 g/L

e £ S BRI SRR, T SR
e

. o v [12]
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9 S0 MU 36 /L 47 BT

B, R EA T 24 gL SRR
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Table 2 Mechanisms and effects of additives in reducing metabolic burden and enhancing expression performance in CHO

cells
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KimfA, %: CHOMMRE RGEEMH PRI R °3:

VIR S

L BYE S SCHR

PP (Suramin)

%% (Baicalein)

4- (2, S-THFELIH-ME%-1-3E) N- (2, 5-HARMEE E-1-35)
ZKH B (4- (2, 5-dimethyl-1H-pyrrol-1-yD) -N- (2, 5-dioxo-

pyrrolidin-1-ylD  benzamide)

2R (violacein)

JLZZE (catechins)

W& (valproic acid)

(B) -N- -2 3- [1- 4- Q-FHmmk-4-5) 2R3 1
k1 mEng-3-JE-2-4 k% (1-4 ( (E) -N- (2-aminophenyl) -3-

[1- [4- (1-methylpyrazol-4-yl) phenyl] sulfonylpyrrol-3-yl]

prop-2-enamide) )

4- (LBEEH -N- Q-2 FRHEEL (4- (acetylamino)

-N- (2-aminophenyl) benzamide)

WRAHPEF] (Palbociclib)

S-IRTF AR RS (SAM) MEEAAMRTT (MTA)
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1 i R R AR LA 3 %
THERETEASE (ROSD, GRfif A UMM PR ST BE BT 4R =70% [18]

I K SN ATP A o
P 64% [19
FESRI, BRI £ 5 B AA RkiRR64% [19]

[gGE A mRNA
Vi SG IANG2/MI i RTINS ET [20]
T 47.3%~T1.1%F1
44.4%~46.4%
EAAEIEI R A SRRk R AL S0% [21]
P (1R BB, SRR AR N
Fb, MR TR R oo E20% [22]
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TE VAR R A SR 15 540 A SR T 143%
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10 4 L 99 4 4 2 S (CDRO
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FEAEIR, FIEESAMEANGII, b #550%, FINE40E [26]
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N i T 08 SRR 5B 1 S B ESSEN S € NIl A8
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Table 3 Effects of genetic modification of positive and negative regulatory factors on metabolic burden and recombinant

protein expression in CHO cells

PFER T eI 1E ML TR R SCHR
AR E PR L50%, tbA&
MPC1/2 MR BRRLRRARACHE, PRICILERR 2 R TE20%~30%, Fik BT [27]
40%
TR BE K48 h, ik E R
HSP27 Wik I CaspaseliE E VAT ﬁg*ﬁiﬁ RIRRITE e
SarlA TEFRIE IR P T R - R B AR A W R AR qPHETH£180% [29]
SIRT6 HRIE  BIS TR T Bel-2401#ICaspase-3 FIEIRTF70%~180% [30]
YTHDF3 HRIE fRHENC-FEIRTF (meA) BHimRNA KR 3 qPFETH50%~100% [31]
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RIERT (M e R FIEHRMRH SCHk
iﬁ.ﬁéiéﬁﬂﬁﬂﬂﬁm/séﬁﬂaﬂ}%]ﬁﬂ%%: S PNEN VNG S DINEN VRS PITHLI0%, 1 R
YAP5SA HRE . BUEN Yes X E A5 S MHIBax ik, @EAMMF T, 274l 200% [32]
A7 e
IGF-1R bR SRR, BRI AR KA S KIEEILTF600% [33]
ATFOB RIWFS1  Bft  ZMAARITEE A RN GER, TR S5 0 FHEARTF30%~50% [34]
MAT2A A JREANIRE AT, RRCE R B R 54 & TR R ARIEHTF30%~40% [35]
. CHO-SHT fits R 7 3% 5% J5 BN B A 1E F» AThBE A 24 BHL T Caspase-9 1) B 41 8 4 R IA L TH68%~116%; [+
Apafl i [36]

e

ik CHOAN M T Lk gsil

bR JE BT AT R Cngad s ARBRMAR R . pH WEh5E) 51k

Bakl. Bax 1 Bok  #ifR R
PR 55 S

FEEARTE T £110%~30% [37]

MPC1/2: ZRiKNEIRR 21K 1/2 (mitochondrial pyruvate carrier 1/2); HSP27: #UAK i 127 (heat shock protein 27); SarlA: 43 K RasH
FGTPfiff 1A (secretion associated Ras related GTPase 1A); SIRT6: PLERIAT A6 (Sirtuin 6); YTHDF3: YTH 25K G#EH3 (YTH
domain-containing family protein 3); YAPSSA: Yes#{iiAH G 15 SA (Yes-associated protein SSA); IGF-1R: ZEJES R KHF124
(insulin-like growth factor 1 receptor); ATF6B: #4745 %HF6 B (activating transcription factor 6 beta); WFS1: JK/RFHiM] ER #5510
(Wolframin ER transmembrane glycoprotein) ; MAT2A: S-Ji4f i 7% &2 & 5 fifi2A (methionine adenosyltransferase 2A); Apafl: JHT-FEH
%G F1 (apoptotic protease activating factor 1); Bakl: Bel-2[FURFEHT/ A F1 (Bel-2 homologous antagonist/killer 1); Bax: Bcl-2
MFKXEH (Bcl-2-associated X protein); Bok: Bel-2A56H L8473 (Bcl-2-related ovarian killer) .
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sialyltransferase 1, ST6Gall) . o-1-$i B & [ B
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sialyltransferase 4, ST3GAL4) %577 2%} CHO 41 fif
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TEPEFIRBA S 2 N, 2k ) Sz Rk 2%
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s PERR T, (EATSZ BR Tl AS . OB ek
o AHEZT, BEP g g o] A Jr 2= T AR A P
SCERRA AR, H AT E Rk AR ) CHO 4 fifg i i
SR BB O R L N, SEB T AR S A
T AR RRE B R A B 1 . Rk, FEE AR
WA A A S AT R, e i
HHE T SRR I S B B v, ShAS TN IR I
WA 22, DT LR 0 3R R TE] i 38— 5 2
Ak e k.

3 KEARERBMUKR

MR IR T R T S A R 5 R st
B2 AT E M, AEsFHEl, fLEms
PR S AR AN N A . B RIR AR . R
B B SRR M G R, AT AR TS A
B s e Aa e e S R IH R IR K
31 SFHEMmERAL
311 Jash it

76 CHO A Ml Kk K &R rp, B3l 1 Atk e
GOI 3k 1y Hfill K F-, & R IR AR 1 %0 e .
CHO ik & F i Y G 3h 45 N B 4 Mo 75
(cytomegalovirus, CMV) 58 F/J78IF . Wi eE
40 K1 )3 20 7 (simian virus 40 early promoter,

SV40) . CMV #4551/ B Jlsh EE H R 31 (CMV
enhancer/chicken B-actin promoter, CAG) . AZEfH#
A 1aJ3 81 (elongation factor-1 alpha promoter,
EF-1a) & 92

CMV Ji 3l P H R AU 3 GOLES s i 7 Rl
1k CHO il s K AR h iz i . 8K, CMV 3
SFAER IR D 5w P AL s A F s AL AL
UUER, FEERIRKERERTE TR > X CMV 5
FFAGE SIS SR A E RO S
ROEPEMME R A . EER AN S F AL
b G AR oo i D g i A 55 e 4 s X
5%, Jash T H AR, LA CRISPR-Cas9
FEUL5E % g LR S BRI 2 4, A 4R T+ CHO 3%
MR R IR TR B S B B Ab,
CHO 21 il N JEPE S5 21 PR 3380 Pk 5 Al i A 4
K ACH BhASARENE, HReERrE s Rk, iE
AERZ RNz O . BF5E N 51N CHO T4 P51 3k
KO 5 i B R (1 CHO 21 L fY) RNA-Seq 53 73
Hr i b CMV 2 3k 7K - 5 155 T8 A 1 TR 1 )i 30
T, Bl AR 8 5% A U5 5 (heat shock
protein family a member 5, HSPAS5) . S100 4545 &
i H A6 (S100 calcium binding protein A6,
S10046) FEHAYEET
3.1.2 Kozak F4lfiifk

Kozak J¥ %1 & {7 T mRNA # ¥ 2 I % 7% 1
(AUG) Bff i 0y BE O ~F e 4, i 38U % 41 2R
GCCGCC (A/G) CCATGG, H - 31{; (A/G)
Fi+afi (G) WEIFEBHBCRECEZLE ™. 1
CHO 4iiffirh , 23 Kozak [ 51l (15 4k 1T 2 35 42 755
BIERCR o, 54 Kozak P9 AH L, DEAbIE Y
Kozak J7-#1| 7 CHO 4 i 2 A F A SR Ny, ol 3%
fEmEAEARIEE (5R4) 0,

®4 A Kozak F 33 CHOMM P EHE B RIELEMN
2
Table 4 The impact of different Kozak sequences on re-

combinant protein expression efficiency in CHO cells

RIEATH R 22 JKo-

Kozak 7% SCHR
zak=100%)

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

fE CHO 4 i ik /b R d 2 8 o f b, [
FIKAE R 51 S8 A 2 i EE oE P Y Y
FI) e HGE R 5 D) B AR E TR A RO
A&7 ANEME S IKTE CHO 41 H B B 850%
FATER 255, WO PRI H A 8 1 kAR F
RIZ Z— [ 20224, Park 55 ' HES7 T —MH
BB G UG S IR . ALAUEn G RAS
AR DR (fluorescence activated cell
sorting, FACS) —#B4r2l kst V-5, %
i CHO 4 i i1, HLLF-HRAETFH R NG5
JRo (EAFRE AR, JT4F Pamela 55 " REME T
1 37 DI FL B RIRAT 5 K5 SCERIZ 48 7 571 20 1k
ME S IR, JFEE XA RSB BB HT A S G

FERE R R E , UESE S IS AL R 5 i 3R
KK BA B0, S CHO 4l =k ik R 01
SRR HE T S IR S SRR . Ak, A
STRe M L, ARLE S IR N IXOE A g
. HIXEKPESRIE & C XAEIN SRS, I8
FCAFET R 12 MK T I SR
3.14 HMEHEMLA

T B B SE GO A 15 Ay ek ) J5
Z—, HECRZIRE 53R 35 GOLZMIAELER)
W 2E 25 55 A 00 7 R R, H T
Ak Tl LA S 2 4 v AR AR I 2R R KO [ P
5 0 T W RN BT T H R, Xt
T HAJET CHO 4l 2% i . GC % 1 M
PR S % GOI #7751 T 4miY .

RS FHEFRUIERYEE

Table 5 Codon optimization tools and databases

Kol B2 R Tz Fj i

N

Java #1574k T (Java Codon Adaptation Tool) https: //www.jcat.de/ [75]
GenSmart™ 7ML T E (GenSmart™ Codon Optimization) ~ https: //www.genscript.com.cn/tools/gensmart-codon-optimization  [76]
IDT# 05744k - E (Codon Optimization Tool - IDT) https: //eu.idtdna.com/pages/tools/codon-optimization-tool [76]
TEE L TR (ExpOptimizer) https: //www.novopro.cn/tools/codon-optimization.html [77]

B ST 2R % (Codon Usage Database) https: //www.kazusa.or.jp/codon/ [78]
BN 35 N AR ST (Codon Adaptation Index Calculator) https: //www.biologicscorp.com/tools/CAICalculator/ [79]
AT L E (Codon HARMonizING) https: //github.com/wrightgs/CHARMING [80]

3.1.5 RIREmRETIL

FIAFR 55 (polyadenylation signal, PAS)
i A PR mRNA Y 35T, 50 P Rk R
FEME . BRI R, LS 5 0 BRI PAS
(4n Sv40, 44K i ZE (bovine growth hormone,
BGH) B:[A . B4l 92 9 75 M 1 8 (herpes
simplex virus thymidine kinase, HSV-TK) E[A)
Homaw) . SRR, ASFEPAS
X CHO 21 i A0 IR AR 11 0 235 /K1 B i 2552
Hrdr, SV40 PAS 3 BGH il HSV-TK PAS R I H 5
SRAVIERLRE, BEMEHR SR E GOLKIA KV IFF#(IR
FIRARSFHE B KAk, Omelina 25 ) 38 3 KRR
I 47 8 45 36 H 40 #1 (massively parallel reporter
assay, MPRA) ZR4tiiik it PAS Tiif+17~+44 bp X
I Trich /R By, WFRTHMNEEFRLE, eGFP
FE HEK293T i i Tt 13 4%, 78 CHO 4 427+
274, B I XEUT S RNk sl BV AT I R o
Y E|F1 R R R 1k (cleavage and polyadenylation,

CPA) EAMWAE & mRNAFEENE, Mt m#EIL
RO, X — KK CHO Fik REARAE T 1 5 A 2L
MR T u AL S ms . . PAS AL SR 7 £
Feoa RIS B PAS JTF (W1SV40) 5 b. 78 AL
PAS T UjiF+17~+44 bp XI5 [l P94 A T-rich B0% )7
B, PRkl 2R SUIRIROR.
316 GIARE BT

EF R BRG] A& X (matrix
MAR) . % {4 J5i JF jik ot 1
(ubiquitous chromatin opening element, UCOE) .
tRNA K BB AR PiBHE Jo i (stabilizing and
anti-repressor element, STAR) 254 FH 4L o it 7 #2
JUft, AT B R A R R AR 5 R E
P (Re) ™
3.2 EEESKE

& 5t CHO 41 Jif % 35 & 4t # K ] pcDNA
pOptiVEC. pEE #l pCAGGS 25 # {4 , {H %3k K~ H.
R AR . BEVLEE S (random integration,

attachment region,
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KimfA, %: CHOMMRE RGEEMH PRI R -7

x6 FERIPETHE CHO BRIRIZ RS HHIR A

Table 6 Applications of chromatin regulatory elements in CHO cell expression systems

P ik Tise #E JCHR
55 1% i 45 I DNA WA T RO, EA AL E AR FECMVIR 3]

EFWEX A, HR GO BN AR g

1

F500 bp F11 000 bp I, GOIFKIEZHIFEFE77%H [84-86]
56%

WHEFRER, OF RIMITRG O, R4 HHE 2 K
POFITIOCH 46 2R 2540 HAF4E a2 DNA WU AR et iz N, N [87]
=

He % K1 CpG By MAERFGOIN R ik

tRNA F KA B bR, BB GOLY ) [l e (R X dsk, 5 e

RNA K] 7 f&
N
B [ BH. 3 e
Fusesumm e PR EORI b 2

AL

UCOE (¥ I\ 34 ImRNA [1) 7K 7 A1 5 50 [ Hi 44 7=

AR R, tRINAJE B 57 [ 40 81 4 5 PR 2R
FHHRIL FUCOE, AEWS 53 4 F7 5 & e GFP [88-89]
2 A8 LA 2 mRNA /KT

eGFPIKIE B F200%, FAFIRIE R HS85% [90]

RI) SRWEH GOLBEALIA ASE 4, JF4 DL £ T
J1 (UniERS R R . RRUE R R SE) ik s Rk
Be, J&HEEZ N H A E SRR 2 — B SR,
ZRMETE N Im 258k, . a. BT GOL4fi A
P REHL, AREpEZ R IAK P AER EE R
b. BEHUIS A RTRE TP 3 OCHER, fR Yk
HE. GOI Z K45 [, 52 4 A 3 A9 1 I RS0 1
IRk, o FFRFAWHK | Tk IR i
e & e DLRAS BIALSR K AR 2R, e
IR A, BRI, b TR AR EYE 51
AR, I AFE R P R B 4 (semi-targeted
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Table 7 Current applications and key features of common targeted integration tools
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Table 8 Comparison of common transfection methods: applications, advantages and limitations
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Table 9 Key strategies for enhancing transfection efficiency
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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
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,
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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., FUTS 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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