B E S 2026,57(3):1195-1204
Acta Veterinaria et Zootechnica Sinica

doi: 10.11843/j. issn. 0366-6964. 2026. 03. 003 (O} ¢k
o J-msn FF R (R RIRE) :‘f 3

#=1R %8 (OSID) :

NN REM R NF N AER LRI =

R R H'L,m BLLADNRLE ML BRERA RN
(1. T8 KW Be R EE b LR E 2 R, T8 214000;2. B 5t ERNR 22 @ FE ST E BE , FE 52 210006)

7 OE . SR A Y SR A R 5 T L 3 W R S R U AR 1 2R R B T IR L AR S AN R 2R D E (AR B
PR v S e A R 0 S A B T L S A LR B0 23 WA T T AR AR R . AR SCE EE RO S W FLIR A
Wy B g ) IO T Jo S W S 57, 1B 7 h 4 i 8l 0 U MR AR W S 35 B4 AR DRI 5 B 7 b A R T 4R BRI 2 A
i o SR GRS 2O S BRI B, AN Bl LR A W R A A D R L R S e B RO UK TR I Bk R e R i
S A JLr DT TR B4 3R o N TR 3l 4y LR A W SO e 45 F BV — 2 B D0 R e, P AR 2 PR A5 R R AR 7 S R
Bk AR sh Y. S ERGREB RGN, FLIRAEY) SR # ft — Mol B 32 i B, B 7 i By 4R Al Ol
A W R AN A R AR, T T R S W L e B A A R 2 IR DR D TR R
SF AU . R FL IR AR W) SN Y 1 22 5 R IR 31 R AT A T — S ) AR £ A e, L T I Bk A R B
CRISPR/Cas9 45 & [X 4 f £ AR B9 24k, FHUZER W in ok £ A B3 g B2 RE e A, HL R JH i+ 20 ) I

KRR - FUIRLEY SN G 5 B ERIA T Y AR 25 8 1 5 S TR G A

hESES: S814.1 LR ERS: A XEHS: 0366-6964(2026)03-1195-10

Application Progress and Research Prospects of Animal Mammary Gland Bioreactor
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Abstract: Animal mammary bioreactors utilize mammalian-specific lactoprotein gene promoters to
direct the efficient and specific expression of exogenous genes in the animal mammary gland,
ultimately obtaining protein expression products through the secretory function of the mammalian
mammary gland. This article focuses on the application progress and research prospects of animal
mammary bioreactors, providing theoretical reference value for future research and industrial
development of animal mammary bioreactors. Through literature review and practical research, a
brief overview is provided from the aspects of the principle, characteristics, target animal selection,
application fields, challenges faced, and development prospects of animal mammary bioreactors.
Different animal mammary bioreactors have their own advantages and disadvantages, and target
animals can be reasonably selected according to actual needs and production practices. Compared with
other traditional expression systems, mammary bioreactors are a novel expression mode with

advantages such as high yield, easy purification, low cost, high biological activity, and high safety,
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and are widely used in improving animal milk quality, producing recombinant pharmaceutical

proteins, making antibodies, synthesizing genetic engineering vaccines, and other fields. Although

many influencing factors of mammary bioreactors are still unknown, there are some problems that

urgently need to be solved, and challenges are also faced. However, with the rise of gene editing

technologies such as CRISPR/Cas9, as long as technological innovation and research and

development investment are continuously increased , their application prospects are very broad.
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Table 1 Comparative characteristics of mammary gland reactors in different mammals

Yy (/WS A W A {H

Species Advantage Disadvantage Research and development value
/N ORIV PR, PP o 2, 24 A, b i L LR A= ) R g A
Mouse 2 RAE R

4 Cattle FUBR SIS TN 7 0 AR PO RIHE A LR ERLA
WAL
W2k Goat  FUBRAMS MTUBNK PO K B, P PRS2 T CHOBE L AT-TTD)
KA IS
GuRabbit R U KRRV PR LI R E ELR A O A
WPl MORMIE KPR RS EERR BT A 1 CO
st
4% Sheep UK i LI A BRI IX ol B2 11




1198 R

SR S 57 %

4  FNYELRRE Y K A28 RO Az A i R

AR A8 P A0 1 K B SCER B 9 il L H G 3l FL
J A 0 SN i 1) g P 3 A B A o L R AR
Be 25 45 1 IR PUIR A SR R TR B AR LA
Mo 5 HE R IA RGO L, 1 3 88 45 3 v i L AR
YR A RIERGERA BB, Z 8 T
M EH W) Z I E A, JF R T K A
I MR M HE S T A ARl 2F 5 A W B 25 AT ) R R
R
4.1 BEIREK

L FH 3h W 2L AR AR W RN A R L A T R
3 o R TR R S BR 3  FL T v BB R R 1
I e SR AR S DT B v e FL sh W FLTE R
B L (I O N ) 1 T NG| N 8 ) 7/ B W £
CNTERAR TSR o H ET R B S R A R e
AT — 7 TR O @B BLG | R A — 2
FOHORE SE D AR Sh AL T R R A R A, il
HiE A NKEM R AR B, Wei
ZEUURI A TALEN AR B9 35453 7w bk g-FLER R
F1 (B-lactoglobulin, BLG) %% [H 4 X 45 {3 % [H 2 4
s Tara 2519 F] | CRISPR/Cas £ A XF 7K 4= 3L b i
R BLG 36 DR BB 5 i mT 457 ) Red [R) 6 55 4 &R
G T A B- W AR SR I Ak BR  Zhou A5UYRI H
CRISPR/Cas9 $ A 2E 7% BLG & & B 10 3 5 55
i 454 L T CRISPR/Cas9 £ G/ 511 45 B- 1% 4 1
FEP R BRIl 2 o X SRR 5 H Al Ty Ml B RN K TS
T A2 BOURE R A B T DARR AR & A EL
b U S R R H R A — P R A R FL I E R
Wi (8, A6 ZL T B 0 — 26 T 68 3 3% Ly, i L 2 0
F NI FLE S (AR RAR S . Bk, T4kt
AR 2 1 55— D5 S, R R e 3L AR
PR 45 7 8 T LR T s N FLERER T N R
185 F 2L Sh IR T R IR 2R R L 4R m sh W FL T
H B8 RN AE . BN, R G 0E &R 3L R 4T 50
AR B FE 1L BLG 56 R A 05 8 1) 5 AN FLE
EASE SN EP T NI C L L E STy K S . N '
S E A0 MK V- #E AT T 88 UE o Han 4570
CRISPR/Cas9 % R 755 o-s1 1% 2 1 3L 5 & 4
ANFLEREE (B, BT 348 T 3% 3 I 5 A 1k
W, B 5B AEAVE AR I, FLBR R B T LATE a-s1 g 2R
FUR 8T W, 78 5% 56 3% 2L IR b Re gk i 3k
ik, B LT BAT BUBE TG M B AE AR AT A S R

RAEAR B 2 WA, X FR 4 B T el i i s o A,
Peng % 1 CRISPR/Cas9 £ AR 75 5% 1184 11 5
JAE S KA A 2H NI 1 2R 1 (recombinant human
serum albumin, rHSA) B K, s gl Dy 45 1 % 3 A
S IFRE S EAT AN R 2R, Kim %77l
i CRISPR/Cas9 2 A 4 4 £ R A 3 N FL Bk 1 2
PR A 2R 3 - % AR 1 2 DR 6 e, 38 i ] DNA
MMR A J¢ 3 K (MSH2 , MSH3 . MSH6 , MLH1 Fl
PMS2) Fil i 3 ik DNA X4 Wi %4 (DNA double-
strand break, DSB) & &2 # 3¢ 3 [ (RAD51, CHK1 |
CHK?2) , TR 4 15 4 B~ A 1 Ak A e vy A 3Lk 2R
1 35 DT 1 A 803, 3K S BT R I o e e R L L
W RN A PR A T BRSO L bR X SR 5 R A
FH L A= W B2 7 e o835 3l ) L o B BEE T R B Y
SR, U R S EL AL N KRR FLITE
AH L ELA AR 0 AR 2 R AR T BN R R 2
R ARG Aot 5 s 1 1Y 2B 32 () s 3 AT DA s ALK /) 4
A PRI RE , B A R 09 LA R o
4.2 £ (EH)EHEAR

I TR FL 30 4 L A ) S s AR 7 Y BE 24 R
I 3 A 45 48 R 22 BT K2, B TAE 3 ) L
e GA By AR R 1 A N BE I B BE I
[ [N NN -G E WO | <=l /B S
(superoxide dismutase, SOD) . A £F ¥ i )5 i 16 4
45, HLAE 1997 4F , Schnieke %5 (8 3 1 4 2 FLAR 2L
Yy RN g A2 7 N EE IR, B E T S LR AW
B g A 7 A 26 B I ) 4G IE S Rl . 2006 4,
T B A RO 25 W s EMA ik i b i i) 7 56 1A
oI/ I N S I A e S Rl I N VS el S I
ATryn, IITTRLFF 1 % 35 KL AR A 00 B 0 s 2 7
AR H R RS R A R A R
FAEGEAL LN . Wang 50 & T A E4A
O 1M DS VI 5 DR /0N BRUEL R A 0 B iy i, JF TR LT
T KRR S PR AR RS MR R, AR IR KO B
s 2. 81 mg-mL ', 3X — &5 5L B LR AR W) R R
Al T A B N 7 . Carneiro 25l 25 T = 3L
38 41 A % 1 B (recombinant human lysozyme,
rhLLZ) 09 %% Je AL JF NI 2= FL it b e B R i T
rthLZ (& 224 pg-mL 1) 45380 T AN A0 3L (e
H 226 pg-mL "), H HAT R4 0 4K S 40 0 35 1 2
RE , AT T Rl R 2F A FT B A TR T OB B 37 (colony -
forming unit, CFU) Ji /> 7~8 i . Velander %" Fl
Park 25 23 Sl £ 1 % 5E DRV RN B, JF S B T 7



31 RGIAE S5 < Bh LR 2L ) T % 1 R P 0 B B 5% 1 5t 1199

FCFLMR AR SR AR N A C, Rk IKF 43 03
3380 pgemL .28 ng-mL ', ¥ — 2 E B TS [H] #;
HE R 3l ) 3L AR W S 0 s Y AT DL B AR 7 N R
C, AT K M 4 2l 1 22 Fh 2l 9 20 Bg 26 0 s g 4 A=
PPEAENEAN KRR I EOESE DO
B-M&#E H/CMV 2% & Ji 2 15 58 + #4 & SOD1 Al
SOD3 LA 45 5 Pk e 3k 20K, By b 78 e B 19 1L 3
FLMR ek B & 41 A SOD1(88.81 mg-L ") Al
SOD3(267.82mg-L "), JFUER] T H B A & 4
YA TE YD e (VS S 1432 U-mL '), AT & ST
TR A SO g A 7 2 AR R R Y T A
G, Ry B TR A SR SR AL TR W SR B AR .
Ah, Song FE R He 55 17 by 2 MY 3Rk B4 A &F
% B bR 3% 1S W (recombinant human plasminogen
activator, thPA ) B L1 2 ZL IR 2B W) B i # , SF 3L 3
ik thPA ZKSF AT 3k %) 78. 32 pg-mL ! AR AN 1 1
S5 % B R B (reteplase) B9 13. 345 , X — BF 5T
25 AR T R T FL R AR W) R LA L A chPA B
BP0 IR ROR M R g, JF T DURR E a8t 1%, X
I 7 & L= 3L AR ) SO0 A AT RE S R LA A
P R 24 ) Y B AR
4.3 HMERE

AE A= 4 B 2 VR Ml S5 88, PR o B BT AR O H R
Mg EERAMENEAEAZ —. FH3Y IR
A W) SO i, S T B A ) A PN A 0 2 A PR R
(AT R T AR B RS O BT Ak i
HEBUAAR B K aE AR P TR TR 97 I IR 2 g
W o B M R 2 R R LR 2B W IR i 1 )
7 TG 2 NIRHT Her2 B0 50 BE BT AR 9 5% 36 4 1L =
B2 % W 55 A7 78 — 8 1Y Jay BR M A2 3l 2 X 2 3k
40 H % 4 U BE AT BB 77 SRR L, 4 PCR AN ¥
PS8 G ) LT A8 s A Her2 iR BE A, I R b K
e BE AR 235 07 I I 5T, AR T 3k — &5 2R O Jig 2L
R AR Ry B T R e
fifh o [RIREAE 37 PN R 27, o 37 ) FH O 4t L A% % AR
AR E B I R R A PN R R /CD28 1
B, BOAR 2 TE #E G LS 5 b g 2 ot 5T RN
FH R AR AT BUARE 38 A (H R 5 — F 55 45 2R O R
JH 2 5 TR L 3 0 M A 1 T 0 A Dl R AR 7 I OBURR
SEPEPUR S E T IR IR . Ak N BRI
AT 2 BN R BF S R B, W el A A A
ikl g 1 e FLIE b s BE SRk T Rt /N B ik B P i
chHAD18 i) % 3 [H /I BRUFL IR A= W S0 i, S B 77

Hh 58 B 1 3 RN B A, chHAD 18 7 /)N BUFL R
FIRAK PG R 1. 1~7. 4 mg-mL ', 4 5 g 2 K
FW, FLRR A W BN % R R Y chHAD18 BE % 45 57 15
R4 A oA B B0 CED HADLSG) a6 I 96 40 i, 5
CHO 4 itg 5% J8 19 chHAb18 H- A3 JLF A1 45 1y 3% Al
71, H M) R e A IR SR HADL8 1) 68 % . 4T
HADI18 T B i 1 IR, 12 B 5% 45 S o e 55 TR/
UL AR Hh e 3k chHAD1S, 38 Bz o A4k i 7= A HL AR £k
A EE L, BRIZ AN, B H Gong il
75 5 3L /N BRURL IR v 638 AL\ HT PD-1 PR 1 1
K3k 80. 52 mg-L ', N A PD-1 HLIRIG YT i
SE 4R HE T SR IR E . Zhang S0 ST T Rk BT
HBV B B B 44 (14 5 3 B/ B, 3L R 28 38 7K O ]
KE17. 8 mg-mL ', X N PR YIRIT M BT £
IR AE W T B 7 I RUE . R DL X SR 5
AL KB A 7= e IR T LR 2 ik T =
AR T LR T e 35 TR Sl ) LR AR A BN 4 TE
oA = e E R .
4.4 EREBERIREHE

FIH DNA 5 4 47 AR Az 7= 1) 3 TR 92 1 o IR
T AL G e v 7 O SR A G IR AR R B L
PRI AE i A R 2 3 e A P TR R A
R 988 1 2t DA — /N B 3 50 28 11 BT IR AR PR S Bt
JEHEAT B, AF AR A A A PR A R AR
T BRSNS R Z A, SR, B AR AR
Wy RN g A 7 R R TR E L AT 5 Ao R M 42
1o E B AR 7 R AR AR, mT DA E Aot
A A P R e R AT e B R R
o, BRI I R EZER Mz —. 7
At A MR B R 2 8 4 W 45 VR TALEN 26 4T
RO H R, BB R 1B 22 9 5 (FMIDV) 8% 98 0 25
(CSFV) [ 5 2 9 2 45 # &5 F 5L (P VPL #LrE2)
K vE I & F 12 BLGIE N —Ah 8 7, 13
i 3Gk rVPL ORI rE2 MR B 43 O 1,02 mg e mL !
11,46 mg-mL ", H % Balb/c /NS, AT 7E /D B
T PRI B R S M TR A E AR AT Y % SRR L
FFLAR RO oy wh th B R A e R AL
Xk ) A ik R 3 L B A 0 BT 2 R T A I PR
DLREW BE T B AR SR AL . A, Guo 5T AL
Ty Ae £ T 2 3k 5 RO 7 E 2 A 1Y W B A A o 2R
FI R A 27 AR 0L Y % 6 /N R, S5 SR R I &t ik
J& 04998 75 4% G ORE AT ZE /D BUAR 935 3 7 A R S
ok SN, JF Btk BAT — 5 0 b RS PR DD RE L X



1200

& oMn

SR S 57 %

R I #e 5 T s W L i A ) B T 4 3 O e RO 7
PR A i T — i B AT W A Il R (B A 5 v OB
W Hg e w i A 7 Oy SR TR iR AR
4.5 HEFEHINA

BR 1 L3 B ATk A, Bl LR A W BN s b
18 J7 A 2R BRI A (. AR RR
M — Ay Ry e AA AR, BLA R IR A2
P, P, 2B 77 T 5 R R A L AR 1 0 B 2
. Ma 557"k | CRISPR/Cas9 & 4t 5 i 1 55 4
S5 G W BOR  WESETT At — Bl e & R B R A Uy 47
FFUMR AW SR g, R ARAT 34 R BE R 3 R 7R 25
LR b R A A X R U KT R Kl R
PR LI Y B ik IR 3l R Y B BIF SE AR E o Jeong
ZEUAH CRISPR/Cas9 & 48 5 1 410 Mo #% & i 4
AR T — A 3~ I 1 A PR AR R T8 AT 2
4 g A < K7 2(fibroblast growth factor 2, FGF2) 1y
A= LR AR W R W SO g L R B S A - R A
A5 R TR P RIBANFGF2 8 H R 5L
PR E BEE T LAERAL . N5 R Xy
HENL T — A B AR AL B R A THE N w-3 Z NI
NI 15 2 M % B (human w-3 polyunsaturated fatty acid
dehydrogenase, hfat-1) B W% 111 3¢ FL AR A= W 5L 2%
SRR RAE 5 FE A S ) SR h B (H R RT3 T 59 Bk
hfat-1 7 508 & 40 2R, 3T #ERI0CR R 3k 74. 2906, X
N S B AR 2 A% RS A ) A S DX s ) S R i T
R AT A A A 0 G TR B B 1 3R AR A R a5
[e] RO B~ T A 1B AT A Afae -1 % DAY 5 1 2
Fift, AT RLSCGE 2L o, B CE W e 4
B . A, T4 R B 5T KL 41 i 4E 7% 0 8
- (human granulocyte colony-stimulating factor, hG-
CSF) iy 42 1 L 8Ok 8 £, hG-CSF J& —Fh i ifi A4
R, T v PR A D R DA R
I B 2 DY) 240 T S R 04 EL S ) 40 M A 77 Batista
SOV FH e B DR L A LR AR W RO 4% 3R 3K hG-
CSF, 7 W FL W 301 o hG-CSF R Bk ml ik
F] 360 pg-mL ", ik FL A W) I #3235 hG-CSF
X — 7K P 5 Rl AR R A B e A
. Ganguli %77 R H B~ 2 11 5 S 2 7 45 %
T8 N y- TR AR B N L IR 80 e sk
Tk R TR TS BRI 5E N A Y 4
AT B, T sk Ty 2 Bl R A
F18 L A S P R Tk AR R o ik N LR L )
FHIK 2 B~ 25 H IR 3l 52 90 2L IR S 1k R R 3R 5K

MG ad 1 A G 200 0 DR 5, b 4 1 il i 2 7 4
Jif0 e AL o 5 7 A Bl AR ) O A T R 9 R O IR
B, X D 7R FLIT P A R T R A TR A T A
oo B XS AU R 2 LR AR W S g
JO7 AR — 4> 2 52 5 1 B 25 1), L 9 R R
2 2l Wy LR AR ) SBE A A 7 AR O T R 2 e ) S
TE TS LA

5 YA REYREFEERNORESII=
RE

Bl Wy 7L RR A W SR A AE Ry — BhOE 2, BLAR
Gt 2K, OIS T — S 58 B 1 i R R R
AR A AR AR 2 R KB Z Ab R 5 fff T o 3 T/
BB A5 /N AU G 5 DY) Sl s 7L I L L M DLl
JE AT R A T A R S IR Bl 7L R A
W B2 IO ) B R R M B RCRAR AR
b, Bt 3 DR Bl W 2L MR A 0 R A A 7 A IR A AR
FEFE“AE T AL ", AR B Y 3 K 7E 3h 4 14 ) 3 5
2 ) A0 RN R RN A 2, — L
B PR B AR HE DL e s s LR A ) R 2 AR AR 1 B
s 2 A7 B3R 5 8 1 i T Rn 43 5 2l Ak, DA T 5 3
HRREWE ARG — & 22 50 W A =
A TR B R B AR i B AT BB A A — a2
(22 4 B iR o b A 3 2B 5 ) L R A ) S N 2 R
i 2 R HE 2R % H0 S AN AT 200 0 0] 8, A 1F
HE— PR AW 5T 5 ik Dk, THI I o ™ 02 1 R

FI N 20 T 20 5, % B PR/ BRUEL MR A= 0 g 4%
B R # T A 7 A DOk & BT AR R IR
NIRRT 3 1 B 1 2L B A ) I 0 s 1) 0F 92 2 3k A5
R R T AR B A R AT R A g
A KR, L HE S =% CRISPR/Cas9 £ 4t 3£ K &
T F AR I DR R ), Ay R DR 2 4 FLNR A
i R A8 TR T AB I SR B TR R T RE
R FH 5 DR AT 0 R 5 DA g i B R RT D AR TR R 2R
EESE WO YNGR RAIEY P/ S B 9 SE S
B, AR 77 0 B R DR Bl 0 a8t A% St T I I e, 7
R OL T AN IR A A s Y AR S
AUFR ML, NI A SRS T RARALE AW ITAH
R Aot i M = RO 97S K o R VA G VA
WA B TR R LR R R HARE (I RE T, HAR
1519 B 11 23K 7 W AE S5 R R TR b R T R AR
AR, 31X H S B L IR A RN A AR TR R E L AL
H A8 AR T SR, A R IR A oY



339 R BAEEE - Sl U AR AR W S R s B4 o7 P 0 B I 5t

1201

KEMENMADKE, S AEYWELEA S FRE
F AN ARZL S 0 T 3 75 oK BRI AR
Wy RN g i SRR PR, WO LIS . E I
BRI, B W L IR A W) SN A AR SR — Tl s
HGHEAA TR, BAGTI s, o f 3k
E GTC biotherapeutics, fif 2= Genpharm F1 % [F
Piramal Pharma Limited 5 K 8 il 25 24 7] 7= & bl .
28 2 WO, AE R ok U R kB A R & 2
F5, FLMR A= W) BN s T8 A A Bk A S 8 KA AT
R AR R T B N A BN AT A A

g5 LRIk, s LA B IO A A 7 AR B Y
L, BA R SR R R A Y TR
Ve MRS TR AL B AR E R
Ml VEHTIA  A B 3 R R A A A T I B K
J& NS R AT S o AR, LR AE W) SN A o a8 3] —
R 291 [5) R, 5 5 FR AT AN T DR AR B g B ABE
TN, DL FE DR S o 48 1] 44 8 R R 45 4 1A 4 i A% A%
YRR R W ARZ OB G A B R AL
Ji A ) SN A ) OGS L AR S B . TR, 7 R AT
MHTHLE 407 W R, R SR AR R AR
JC R e 77l o FRATIRAT L AEAS A B HE R B A2 )
AR AW 58 3, — 7 AT DL S R L s L AT
SE LA R i B TR Bl ) 3R AR ) R A R AR & R
G AR I 2 BRI 7, O N 2SI i R A
e TR AR ML, B ET ST R

5 % 3Lk (References) :

[1] LID,GUO R,CHEN F,et al. Genetically engineered
goats as efficient mammary gland bioreactors for
production of recombinant human neutrophil peptide 1
using CRISPR/Cas9 [J]. Biology (Basel) , 2024, 13
(6):367.

[2] GORDONK,LEE E,VITALE J A, et al. Production
of human tissue plasminogen activator in transgenic
mouse milk[J]. Biotechnology,1987,5:1183-1187.

[3] ZHOU Y, LIN Y, WU X, et al. The high-level
expression of human tissue plasminogen activator in
the milk of transgenic mice with hybrid gene locus
strategy[ J]. Mol Biotechnol,2012,50(2) : 137-144.

[4] LUR,LIX,HU J,et al. Expression of a single-chain
monellin (MNEI) mutant with enhanced stability in
transgenic mice milk[ J]. Transgenic Res,2024,33(4) :
211-218.

[5] SONG S, GE X, CHENG Y, et al. High-level

[6]

[7]

[8]

[9]

[11]

[12]

[13]

expression of a novel recombinant human plasminogen
activator (thPA) in the milk of transgenic rabbits and
its thrombolytic bioactivity in vitro[J]. Mol Biol Rep,
2016,43(8):775-783.

TARA A,SINGH P, GAUTAM D, et al. CRISPR-
mediated editing of B -lactoglobulin (BLG) gene in
buffalo[J]. Sci Rep,2024,14(1) : 14822,
UIRTE L BERERE, X B, A B A ) N A B Y
PEIR S RE[T]. B R ,2025,70(25) 1 4223-4231.
JIXY,AN Z K,LIU Y, et al. Research progress and
prospects of animal bioreactors [J]. Chinese Science
Bulletin,2025,70 (25) :4223-4231. (in Chinese)
SONG N, LUO J, HUANG L, et al. miR-380-3p
promotes [ -casein expression by targeting aS1-casein
in goat mammary epithelial cells [J]. Anim Biosci,
2023,36(10) :1488-1498.

RAE 5k W, 4258, %5 . CRISPR/Cas9 RGN 7
B9 N TR HE 1 A A A LU - FL R 1 A PR AR S R
A LT] A Al R 2244, 2020, 25 (7) : 111-119.
SONG S Z,7ZHANG T, PAN S Q, et al. CRISPR/
Cas9 system mediated knockdown of human lactoferrin
gene at goat B -lactoglobulin locus [J]. Jowrnal of China
Agricultural University, 2020, 25 (7) : 111-119. (in
Chinese)

JIM R,LEE S I,JANG Y J, et al. STATS plays a
critical role in regulating the 5'-flanking region of the
porcine whey acidic protein gene in transgenic mice
[J]. Mol Reprod Dev,2015,82(12):957-966.

HUA R, LIU J, LI Y, et al. Novel functional
recombinant human follicle-stimulating hormone acquired
from goat milk[J]. J Agric Food Chem,2021,69(9) :
2793-2804.

JIANG X, YANG H, JING Q, et al. A "selective
secondary tissue attachment" method for isolation and
purification of mammary epithelial cells [J]. Acta
Histochem ,2022,124(8) :151972.

HU G,SONG M, WANG Y, et al. Using a modified
piggyBac transposon-combined Cre/loxP system to
produce selectable reporter-free transgenic bovine
mammary epithelial cells for somatic cell nuclear
transfer[ J]. Genesis,2023,61(3-4) :e23510.

YUAN M, YANG L, LI C, et al. Competent
expression of effective and long-acting human o« -Gal
A-Fc fusion protein in the milk of transgenic mice[J].
Transgenic Res,2025,34(1) :33.

HOUDEBINE L M. Production of pharmaceutical

proteins by transgenic animals [J]. Rev Sci Technol,



1202 oMM OBE ¥ i 57 %
2018,37(1):131-139. [J]. Biochem Biophys Res Commun ,2024,728 : 150346.
[16] ZHANG T, ZHOU M, CAI H, et al. Identification, [26] YAN L, WU H, GUAN S, et al. The effects of
purification, and pharmacological activity analysis of mammary gland ATIII overexpression on the general
Desmodus rotundus salivary plasminogen activator health of dairy goats and their anti-inflammatory
alphal (DSPAal) expressed in transgenic rabbit response to LPS stimulation[J]. Int J Mol Sci, 2023,
mammary glands [J]. Transgenic Res, 2022, 31 (1) : 24(20):15303.
149-163. [27] MONZANI P S,SANGALLIJ R,SAMPAIO R V,
[17] RAO Y, YU S, WANG B Z, et al. Production of et al. Human proinsulin production in the milk of
Fc-fused receptor agonists for glucagon-like peptide-1/ transgenic cattle [J]. Biotechnol J, 2024, 19 (3) :
glucose-dependent insulinotropic polypeptide (GLP-1/GIP) €2300307.
in the milk of transgenic mice [J]. Transgenic Res, [28] YAO Y, YANG A, LI G, et al. Melatonin promotes
2025,34(1):38. the development of sheep transgenic cloned embryos
[18] LU R, LI X, HU J, et al. Expression of a triple by protecting donor and recipient cells[J]. Cell Cycle,
mutational des-pGlu brazzein in transgenic mouse milk 2022,21(13):1360-1375.
[J]. FEBS Open Bio,2022,12(7):1336-1343. [29] ZHANG C, WANG X, SUN S, et al. Fat-1
[19] R, Frarek, XK A, % . AR IRAY IR expression alleviates atherosclerosis in transgenic
JOF A A S HE AR R WE Tt e [T ], v [ AR TR 28 A rabbits[J].J Cell Mol Med ,2022,26(4) :1306-1314.
2015,35(2):92-98. [30] SMITH S, STONE A, OSWALT H, et al
LIANG Z X, YIN F Q, LIU Q Y, et al. Related Evaluation of early post-natal pig mammary gland
technologies and research progress of transgenic animal development and human breast cancer gene expression
mammary gland bioreactor [J]. China Biotechnolog, [J]. Dev Biol,2022,481:95-103.
2015,35(2):92-98. (in Chinese) [31] WEIJ,WAGNER S,MACLEAN P, et al. Cattle with
[20] sk &, U= Mg, SO, 55 . shal it Nk iy w a precise, zygote-mediated deletion safely eliminate the
SEFRE(T]. LR Rl 2023,40(5) :95-100. major milk allergen beta-lactoglobulin [J]. Sci Rep,
ZHANG R, WU Y P, WU W Q, et al. Research 2018,8(1):7661.
progress on humanization of animal milk [J]. Laboratory [32] ¢ W72 W, BuM, 55 R Red IRl R 5 240 R 4t
Animal Science,2023,40(5) :95-100. (in Chinese) AT R G E AR [T]. 38 fL , 2007, (5) - 570-
[21] TO B, BROEKER C,JHAN J R, et al. Insight into 574.
mammary gland development and tumor progression in XUE K, LI F, LUO G B, et al. Knockout of bovine
an E2F5 conditional knockout mouse model [J]. B -casein gene using Red homologous recombination
Oncogene,2024,43(46) :3402-3415. system [ J]. Hereditas ( Beijing) , 2007, (5) : 570-574.
[22] SMIRNOV A V,SHNAIDER T A,KORABLEV A (in Chinese)
N, et al. A hypomorphic mutation in the mouse Csnlsl [33] ZHOU W,WAN Y,GUO R, et al. Generation of beta-
gene generated by CRISPR/Cas9 pronuclear microinjection lactoglobulin  knock-out goats using CRISPR/Cas9
[J]. Vavilovskii Zhurnal Genet Selektsii,2021,25(3) : [J].PL0S One,2017,12(10) :e0186056.
331-336. [34] BURMS, W8, 5k W, 4 . CRISPR/Cas9 RGN 7
[23] HUANG K, YAN X, LI Z, et al. Construction and IR CSN2 405 1 2 iy JL IS 2T 24 2 A5 240 Jifd #) ] 45
identification of a breast bioreactor for human-derived [T]. A=¥¥ AR ,2017,33(9):131-138.
hypoglycemic protein amylin[J]. Life (Basel) , 2024, JIA Q P, SHEN P L, ZHANG H, et al. CRISPR/
14(2):191. Cas9 system mediated knockout of CSN2 gene in dairy
[24] REGUA A T, ARRIGO A, DOHENY D, et al. goat fetal fibroblast mutant cells [J]. Biotechnology
Transgenic mouse models of breast cancer[J]. Cancer Bulletin,2017,33(9) :131-138. (in Chinese)
Lett,2021,;516:73-83. [35] HAN X, GAO Y, LI G, et al. Enhancing the
[25] HATTORI K, KOBAYASHI K, AZUMA-SUZUKI antibacterial activities of sow milk via site-specific
R, et al. Nicotinamide phosphoribosyl transferase in knock-in of a lactoferrin gene in pigs using CRISPR/
mammary gland epithelial cells is required for Cas9 technology[J]. Cell Biosci,2020,10(1):133.
nicotinamide mononucleotide production in mouse milk [36] PENG J, WANG Y, JIANG J, et al. Production of



3

R BAEEE - Sl U AR AR W S R s B4 o7 P 0 B I 5t

1203

[37]

[38]

[39]

[40]

[41]

[46]

human albumin in pigs through CRISPR/Cas9-
mediated knockin of human ¢cDNA into swine albumin
locus in the zygotes[J]. Sci Rep,2015,5:16705.

KIM S Y,KIM G Y, YOU H J, et al. Relationship
between DNA mismatch repair and CRISPR/Cas9-
mediated knock-in in the bovine f -casein gene locus
[J]. Anim Biosci,2022,35(1):126-137.

SCHNIEKE A E,KIND A J,RITCHIE W A, et al.
Human factor IX transgenic sheep produced by transfer
of nuclei from transfected fetal fibroblasts[J]. Science,
1997,278(5346) :2130-2133.

WANG Q, HAO S, MA L, et al. Comparison of
human coagulation factor VIII expression directed by
cytomegalovirus and mammary gland-specific promoters
in HC11 cells and transgenic mice [J]. Blood Coagul
Fibrinolysis,2015,26(7) :755-761.

CARNEIRO I S, MENEZES J N R, MAIA J A,
et al. Milk from transgenic goat expressing human
lysozyme for recovery and treatment of gastrointestinal
pathogens| J]. Eur J Pharm Sci,2018,112:79-86.
VELANDER W H, JOHNSON J L, PAGE R L,
et al. High-level expression of a heterologous protein
in the milk of transgenic swine using the cDNA
encoding human protein C[J]. Proc Natl Acad Sci U
S A,1992,89(24):12003-12007.

PARK C W, KANG M H, MIN K S. Secretion of
human protein C in mouse milk [J]. Inz J Mol Sci,
2015,16(3) :4904-4917.

JR BB & LIk L5 FZH N SOD1/3 5 A
L = A A K 3R 3K 7 W B A [T ] A A AR
2019,35(5) :85-92.

ZHOU M Y,LU R,ZHANG T, et al. Preparation and
expression product detection of recombinant human
SOD1/3 transgenic goat [J]. Biotechnology Bulletin,
2019,35(5) :85-92. (in Chinese)

SONG S, LUO Y, LIU Z, et al. Double-gene
copromoting expression analysis in tPA/GH transgenic
goat mammary epithelial cells and thrombolytic activity of
tPA in vitro[ J]. Biomed Res Int,2022:6484073.

HE 7Z,LU R,ZHANG T, et al. A novel recombinant
human plasminogen activator: Efficient expression and
hereditary stability in transgenic goats and in wvitro
thrombolytic bioactivity in the milk of transgenic goats
[J]. PL0oS One,2018,13(8) :e0201788.

BE R A N Her2 B v BT M5 B B 1L 2 1 )
# D] M M KE,2019.

SUI C. Preparation of transgenic goat with whole

[47]

[48]

[49]

[50]

[51]

[55]

human anti-Her2 monoclonal antibody [D]. Yangzhou:
Yangzhou University,2019. (in Chinese)

HOBE . LIRS R A P R A R/ CD28 XU 5+
PP B KL R B SE (D] Bl K
2018.

SHEN Y. Study on transgenic goat with breast specific
expression of anti human melanoma/CD28 bispecific
antibody [D]. Yangzhou: Yangzhou University, 2018.
(in Chinese)

WEIJ, YANG X,ZHENG M, et al. The recombinant
chimeric antibody chHADb18 against hepatocellular
carcinoma can be produced in milk of transgenic mice
[J]. Transgenic Res,2011,20(2):321-330.

GONG G,ZHANG W, XIE L, et al. Expression of a
recombinant anti-programed cell death 1 antibody in
the mammary gland of transgenic mice [J]. Prep
Biochem Biotechnol,2021,51(2):183-190.

ZHANG R, CUI D, WANG H, et al. Functional
recombinant human anti-HBV antibody expressed in
milk of transgenic mice[J]. Transgenic Res, 2012, 21
(5):1085-1091.

E2R N7 DEERITIE SE W 3 ob 7/ Dk o3 RS SR R Il
PERS RS M R A A SR (DL B - 8 Jb AR AR R
2% ,2016.

GE H T. Research on the preparation of immunogenic
viral structural proteins using a goat mammary gland
bioreactor[ D ]. Xianyang: Northwest A&.F University,
2016. (in Chinese)

GUO Y, GUO R, MA Y, et al. Chimeric virus-like
particles of universal antigen epitopes of coronavirus
and phage Qf coat protein trigger the production of
neutralizing antibodies[ J]. Curr Top Med Chem 2021,
21(14):1235-1250.

MA T,TAO J,YANG M, et al. An AANAT/ASMT
transgenic animal model constructed with CRISPR/
Cas9 system serving as the mammary gland bioreactor
to produce melatonin-enriched milk in sheep [J]. J
Pineal Res,2017,63(1).doi:10. 1111/jpi. 12406.
JEONG Y H,KIM Y J,KIM E Y, et al. Knock-in
fibroblasts and transgenic blastocysts for expression of
human FGF2 in the bovine B-casein gene locus using
CRISPR/Cas9
recombination[J]. Zygote,2016,24(3) : 442-456.

X % . CRISPR/CAS9 5 TALENs /> & 45111 3¢ 8-
Wi £ L 5 AT 3R ORI e AR S [ D] 0 3
o NS R, 2016,

LIU C. Comparison of CRISPR/CAS9 and TALENs

nuclease-mediated homologous



1204 BoMom OE ¥ R 57 %
mediated B - casein gene targeting efficiency in dairy proteins by gene targeting [J]. Methods Mol Biol,
goats [D]. Hohhot: Inner Mongolia University, 2016. 2019,1874:391-401.

(in Chinese) [60] TIAN H,NIU H,LUO J, et al. Knockout of stearoyl-
[56] BATISTA RI,MELO C H,SOUZA-FABJANJ M, CoA desaturase 1 decreased milk Fat and unsaturated
et al. Phenotypic features of first-generation transgenic fatty acid contents of the goat model generated by
goats for human granulocyte-colony stimulation factor CRISPR/Cas9 [J]. J Agric Food Chem, 2022, 70
production in milk[J]. Biotechnol Lett,2014,36(11) : (13):4030-4043.
2155-2162. [61] ABOELHASSAN D M, ABOZAID H. Opportunities
[57] GANGULIN,GANGULI N,CHANDRA S, et al. A for CRISPR-Cas9 application in farm animal genetic
combinatorial approach for robust transgene delivery improvement[J]. Mo/ Biol Rep,2024,51(1):1108.
and targeted expression in mammary gland for [62] URBAN W, KROPACZ M, LACH M, et al
generating biotherapeutics in milk, bypassing germline CRISPR-Cas9 in the tailoring of genetically engineered
gene integration[ J|. Appl Microbiol Biotechnol, 2018, animals[ J]. Curr Issues Mol Biol,2025,47(5) :330.
102(14):6221-6234. [63] RAZA S H A,HASSANIN A A,PANT S D, et al.
[58] I, MLHRsE, S0 5, 4 . FUIRAE W) N & 19 R 35 Potentials, prospects and applications of genome
itk sdkimg [J]. AW ARE R ,2023,39(5):77-91. editing technologies in livestock production[J]. Saudi
LIU X Y, ZHU Z L, SHI G Y, et al. Expression J Biol Sci,2022,29(4) :1928-1935.
optimization strategy of mammary gland bioreactor [64] CHENM M,ZHAO Y, YU K, et al. A MSTNDel73C
[J]. Biotechnology Bulletin, 2023, 39 (5) : 77-91. (in mutation with FGF5 knockout sheep by CRISPR/
Chinese) Cas9 promotes skeletal muscle myofiber hyperplasia
[59] AN L, YANG L,HUANG Y, et al. Generating goat [J]. Elife,2024,12:RP86827.

mammary gland bioreactors for producing recombinant

(G )



