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Research progress on pigs as human disease models

CHEN Yurong'-**, AN Xinglan'", WANG Zhengzhu', ZHANG Sheng', ZHAI Yanhui', DAI Xiangpeng' ", LI Ziyi'"*
(1. National & Local Joint Engineering Laboratory for Animal Models of Human Diseases, First Hospital, Jilin University,
Changchun 130021, China. 2. College of Veterinary Medicine, Jilin University, Changchun 130062 )

[ Abstract] Animal models of human disease have an important role in elucidating the pathogenesis of disease and
exploring therapeutic method in basic medicine and pre-clinical research. Compared with rodents, there are many
advantages to the use of pigs as animal models of disease because of their anatomy, physiology, nutrition metabolism, and
for ethical reasons. A variety of human disease model pigs have been produced using method such as gene editing and
somatic cell nuclear transfer. This paper reviews the research progress made on pig models in the fields of diabetes,
cardiovascular disease, neurodegenerative disease, genetic disease, and tumors in recent years, and discusses the
phenotypic instability of different models that could not accurately simulate human disease. We discuss important references
for understanding and promoting the application of pigs as animal models of human disease.
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RARNT I T B 24 BIF 5T 10 25 A~ G i 15 26 3h
s FRTECR R OR ) 2 A s R i 2R T
WREY S NSRS RBGE, Jas e AR LA KT
TS N B2 Wt 2 Sl W B B A7 A 1Y
R BRI TSN B AP | 259 T e LA SR
PRI T RIS, IEARKIESNY 5 ALK KL
KFT AR I N RGBS WY (EAF A S
P& B LR HR S Ik | B BT R 5 = A4 BHAE
R KRB R, 5 A SR R ]
84. 1%, TEfHIZEN AR BRI LA B 90 & A L PR
LS AHMREARMZ AL, FEE R NS 5T
RSP S5 22, FL Tl 3B 9 21 1 ka2 L+
AR S LU R Sy N 269505 o0 Wy A6 7 11 F 5 5
FEDR O MU B P B AT PR |8 15 1R e
T R LA R H A U, ok A TR 6F T 485 7R S K
AL | 2 P A T R 2 ) 0 A A 2 5
W RENGRST L2 Wr i 19 7 5 58 B B2 3
H T8 B b AR A AR IR B9 Tk A R ARG T 48 AR 22
S5, i AR AR A 32 TR RE 4 R 3 TN 2
DT AR ZE S TR R T 357 N 2R W 58 Hh
L o TR AR AR AN [R5 PR FE AL AN ] Tk
SRR RIAE RN B P A7 A2 (9 ) L, O B 4y
AR A AR D N S 0 1 B I 5 N 20 114 A
K SERARR YR T WG, A SORE i 2508 I AR oK
ARTF I SE R T NP IF 52 Hh 14 1 T SR A7
TE B IR) A, Ay DG A A9 A5 R 4 2 <7 RN 4 Bt e
2%,

1 AEERFREENTRHER

1.1 HERRT®

T BB R B FH B CRIA 1. 1442, = R
ST PRI 23 5 A I A A I AL I
JEES AR B S TR A 28905 7 DL K T B ki 7 4
SR L AES  BFIE R, MG O L R
BLRB KN BB S5 A K F DL A 7K
SO TS SR AL, ELWE PR 58 R TR 5
JEEE T N T BUBE IR (type 1 diabetes
mellitus, TIDM ) B9 ¢ fiF 2 B 5 R AR M, 202
T B 4 Mo T R 8 1) A IR 5| R IR 5 3R i AR
Z U I R VIBR AR IRAT A T s IR 5
() R 995 5 RN AU T R 55 ey HLRZ ) 1 R i 1 0 43 b g
AE , T8 2ok 7 Dk 1 5 5% IR 44 T8 3R ( streptozocin, STZ,
150 mg/kg) 5 5 A4 bR s 2l W) 47105 1) [E) 4, B3

FIF R B R w5t I BB IR (type 2
diabetes mellitus, T2DM ) 5 4 PR 3% 5L A ELH) 90% L
b R AR 2 R S AR BUEEY L 1979 4, Phillips
SEUYONEEE A K TR R < Low K" fh R,
it FRE 0 A 4 W O R R S AR, F-5 PR i
it 12t P I A 3545 22 20 0. 26, fH* Low K” it &
2 W T S PR 0 R P SR AR BB A4 T ok, Xi A5
A e i v WA 0] v [ SEH /NS AT 6 S A Y
VERIASRIG 20 BRI SR ARBT 8 B B T s Al
Sk RERE AL, A RS AT BE S AT 5 B R
P I 55 I & 3h Dk ok A B8 1k /Y R 4F sh A R A,
SEFEZEAEO SR v e v W AR L B IR 4 STZ Ty
PN 7 I /N AR T2DM AR 2R A
AR SRR , 1 e R AR A A A
M i SZ AR AEAE R . Renner 5517 RE 5 1 L B vh 3
ik AW s R R 5 E ( glucose-dependent
insulinotropic  polypeptide receptor, GIP ) 3% {K
(GIPR™ ) 1 kDR , 120 781 700 W T S22 401, B %
ROr WA, B4 i B s T A B
GIPR™ % B[R T I T-AF 9T GIP e A i e A e
BREBHEIER ., Uneyama 2" 555 H AT 415
1A F- (hepatocyte nuclear factor 1o, HNFla) 8 AE {4
B 20 SREESLPAFAE T 18 SLAEWH I RTAE T, HoA AT
WIS & B N 4, B 45 8 I I A = 1 IE K OF %
AL A T B 50 95 0 AR R e Y R B R IR
( maturity-onset diabetes of the young, MODY) , [
Z (insulin, INS) JE K 19 2248 & 5 | A2 7k A8 A= LA
JE % ( permanent diabetes
PNDM) "' Renner % 55 & H 7E 4 12 55 B 41 il
HRE SRR NS S AL S , 120 1 T B 2K
PR DTS R 28 U R g HLHCRE IR T 3 2ok B
FRIRIT UG, I 5 20 ST FIBR & RO AE A R4 52 58
BRI 1),
1.2 O mMEER

h kKRR RE L ( atherosclerosis , AS) 420> Il 45 95
I3 R 95 1) L B SR 7 R R N SRR
Prescott %7 & B0 T 55—~ H B A M v R [ i
FNEI KA FERE A A2 B R R, B IR B
FIZLAREE 1 U 19 LpbS A1 Lpul %07 568 & A4 28
TR SR T B AR S5t 2% 20 LA K 5 Ak IR BE i BREBR | 3%
B AR R 5 NS 1 10 2l ok ok A o A2 I AR
0 X1 S L A2 SR i i v L A e ( Bl et
+2% AR [EI B A 10% 35 ) RFE SN /NE A% 12 4 A

neonatal mellitus,
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Table 1 Pig models of diabetes

AEY S R R HE R/ 7 s M 275 3k
Year Laboratory Models Targeted gene/methods Phenotype References
oo FEREMIAE IR AT R A "
Colorado State University T2DM Artificial breeding Low glucose clearance
1A I A ] 4
1986 REINABER 1 BB IR bk TE ST STZ 2. R BB R I ARAE AR (12]
Woden Valley Hospital TIDM Intravenous injection of STZ 1. Long survival time
2.Clinical manifestations of diabetes
o IRHUIBIER: 1 RO RS S W TSR AR -
Woden Valley Hospital TIDM Pancreatectomy High morbidity and mortality
N, 1B R AkdT
Wit oz s e e i e B e "
[EErNES 11 A R s . ) 2. JIE i 5
2004 . High fat/high . . (3]
Nanhua University T2DM . 1.Insulin resistance
carbohydrates diet .
2.0besity
LR L BEAS
0o WAk WOERROR AR HNFl 242 W LA T -
Meiji University MODY Transgene HNFla 1. Islet hypoplasia
2.High blood glucose level when not fasting
N LB 5 53 Wh s b
J— - Wty
X . 11 28 bR s % GIPR 2.8 s 17
2010 Ludwig Maximilian . . . (7]
Uni N T2DM Transgene GIPR®" 1. Reduced insulin secretion
fversty 2. Decreased beta cells
. INL
FEBARE N I oy .
RIS v LIRS £ NSO 2B AL -
2013 Ludwig Maximilian ;
Uni i+ PNDM Transgene INS o4 1.Hyperglycemia
fversty 2. Normal beta cells
N , , LB B AR AT
. » ; = G e B LR B IR £ STZ Ity g
)R 1T B8 S5 PRI IR ESAR PRI 2 R 2 45 .
2017 . . . Combination of high fat/high . .
Guangxi University T2DM 1. Insulin resistance

carbohydrates diet and low-dose STZ

2. Impaired glucose tolerance

J5 R UHMARACT-BA Tk, JF B0 AS f AR BEHR
B 5 2 A R R WX SE B B B A S A
(R s EL AR 0 A e s 5 N8 AS A8 — B, 15
B AE R F S NE A SR FH B Bl K Bk 45 5
TERRE m g R 35 7 UL T AS /N ADRE R
YRR I A8 P S JRE 0T 30 s B ol 4 EE A
IS, Whyte 558150 N7 T 3 33k A i 01k Sl
(human catalase ,hCat) ¥ 3E K3 % FE AT 44 hCat
mRNA ik Fl hCat & HRILEX T, N A —
E AL B A A (endothelial nitric oxide synthase,
eNOS) A Bl — A AL A (NO) , P I8 7 1048 D fig
Z54E . Hao %51 W b A RS M A ST T G 400058 P9
P EFIR eNOS By 5L PR, BIF 98 N 51 Tl 32 45
RO AR R 2 B BB R (R 2) .
1.3 BENRR

BEPELFHE AL (cystic fibrosis, CF) 255 7 X Y4,
K b CF HER 58 5 R Ay # G R Mt & . CF
/NI TE v 2 I 5 N AR B9 JHF il | e 8 R

i A" 2008 4F, Rogers 45 5% IR AH G906
77 (adeno-associated virus, AAV ) A5 1) [5] J5 5 41 $7
ARIPAF T CFTR BUAFAL BRI R bR 4% . i CFTR™”
FERIm PR | H A BRAR BEZE SR CF B Az JLAHAL,
PGV o A BE | JBR iR Sb 23 W0 T RE R 4 S5 E R
2013 4, Stoltz 552 F7 i A %3k CFTR 19 CF 45
B, CFTR HE PR 2R5A AT 75 SOp AR AT48 [0l i 17 5 1
ia RG2S 7 A BHL 2R A (B JIC 1k 0 TR R A 43
Uitig, MAHE A J&—Fh X Gt A - myEE i K+ VI
SRS B0 AL B, 2012 4F, Kashiwakura
AUV T R R BRI AT A JERSIRL, IR
RA S5 AN AR A ZERIRY ™ 5 H i ), B
SN F8 EEIML K W] R 2R YT RCR . G i I [E
T |ff1. 5 (familial hypercholesterolemia, FH) = —fh g
DLR)H e R AR AL, IR IR & H (low
density lipoprotein, LDL ) 7K 34 &5 Jf- % £ A H & AU
509, Carlson Z5PY FIFH TALEN i Ryt T
LDL #Z/& ( LDL receptor, LDLR ) & [ @ Bk /NI | %
ARG T 9E FH A BRAR SC A0 SRR, G051 M
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Jed P B A% (familial adenomatous polyposis, FAP) J&
%%@%ﬁiW%@jﬁM%MA%E%ﬁ

TR/ — B BRI . Flisikowska 2512 38 338 5

[ Ji 9 P 2, IR 9 3 Al ((adenomatous polyposis Coh

APC) 7 i I A B BE 2 N 41 3R A FAP B8, BA S5 A

FEARMLRY A HERR LS N AR AL S, i A 1M A

% (von Willebrand disease , vWD) F2& IfiL 48 P4 1fiL A2 95 K1

I ) PP K R ™ R R . B A L af e b e
vWFE Hili . BE 2R MLAE 1 Y (hereditary tyrosinemia
type I, HT1) /&l T %E & 28 — 18 £ Bk & 2 /K fifk il
(fumarylacetoacetate hydrolase, FAH ) & [K 5& 2% ifif &
iﬂﬁFA}Iﬁkzi @kéiﬁﬁli LA™ 9 & B, 3 T 45
FRAEE Qe O A BRI L R . 8 R FAH JE
PRI 7 F) 38 %iHnﬁ%ﬁ”ﬁ%ﬁﬂPEﬁ

“F(von Willebrand Factor, vWF) 3 K] 2 4%
fEPE L PESR T . FIH CRISPR/ Cas9 H AR i bR 7
VWF B E AT RASRAS vWD SRR 205

AR | Y g

®2 LM

Wi 2k B o v A e IR
AT HT1 f g &M &
W67 R B I PR AT

Table 2 Pig models of cardiovascular disease

FAH 3 [ @ B 4 ml
P I o vl A 5% LA ST 4i i
% S FR I ( tyrosinase ,

g0 S EE R ey R/ 05 vk FA 27 30k
Year Laboratory Models Targeted gene/methods Phenotype References
1991 S B AR A Sk AL AS BHEH HARAZ Ellie SRy 1 (22]
University of Wisconsin AS AS lipoprotein natural mutation Arterial stenosis and fibrosis
SR BRI LI P S35
0 Mk SHIKHRER L e A 7 2 I 15 Ty -
Nanhua University AS Balloon hyperinflation and 1.Intimal thickening
hyper lipid diet 2.Pathological vascular remodeling
L il A
o0 Mt DI RER AL 5 L 2.AS Fi S BES -
Nanhua University AS High fdt and high cholesterol diet 1.Hyperlipidemia
2. AS lesions plaque
- ] e AL BN NOS )33k
T e onos e on0s ALK DA oNOS 95
2006 . i : . eNOS expression in placenta and [26]
University of Missouri Transgene eNOS Transgene eNOS . .
umbilical cord endothelial cells
A e : . A7 Y E 41 hCat J hCat mRNA 3Rk T T8
g e 5 hCat # hCat J5EHH P9 K 4 hCat K hCat m %‘?L;ﬂ‘m .
2011 . . : . Increased hCat and hCat mRNA expression in [2s]
University of Missouri Transgene hCat Transgene hCat . .
umbilical cord endothelial cells
®3 BB
Table 3 Pig models of hereditary disease
AFEY S P B RE R/ 05 v A S5 30k
Year Laboratory Models Targeted gene/methods Phenotype References
o B R B CFTR W e e .
University of lowa CF CFTR knockout Meconium intestinal obstruction
o fiRBER s AR A i 18 o 4 ) -
Jichi Medical University Hemophilia A F8 knockout Severe bleeding tendency
o e Ak A IR L iK% LDLR (AR B -
University of Minnesota Twin Cities FH LDLR knockout Healthy piglets
o BRI T LK RIEPERLRIHE LA Jerls APCIH I -
Technical University of Munich FAP Mutation of APC'"3!! Colorectal adenoma
ik CFTR - ;
7 » - ; ik CFTR X CF bED
BHEKS: AL UL e iApp-CrTR 0 IR CFIR X CRORATRIF IR
2013 . Intestinal expression of CFTR had [29]
University of lowa CF CFTR knockout and theraneutic effect on CF pies
transgene iFABP-CFTR erapeutic efiect on bigs
o o R B L A B vWE P -
Chinese Academy of Sciences vWD vWF knockout Severe coagulopathy
- LB 0 AR | i AT ety "
Mayo Clinic HT1 FAH knockout Severe liver injury
o s Bk B R ARG vh i R AR R
2015 PR B FI 175 RIETYR Disappearance of ]\?le]anin in the skin [35]
Chinese Academy of Sciences Albinism TYR mutation sappe : i B

hair and eyes
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TYR) 5 AEEK AR I A A A 5 . TYR XA
LD S RE WA B R | 6 R IR B v 9 PR A0 3R 5%
IHR ARV N2 PR AR AL R ik
YR AR (LR 3)
1.4 WMRRITHERR

MERAT IR & — KT MR e Bk, ™
A BB , H 3 BERRIE R e R 2 T R
HEAR W LA IR AT PR B B AT A B
5iE (‘huntington * s disease, HD ) | i /R 2% ¥ 2R 9%
(alzheimer disease,AD) \fpﬁff@\;ﬁ?,%%?ﬁ( parkinson’ s
disease, PD ) F1 JJL 2= 4 M & f fk 5 ( amyotrophic
lateral sclerosis , ALS) 55, HD J& H v T55 DU-5 4L 4,
IR I )= 4285 2 [A] (huntingtin, HTT) & 4 R 48 fr §
B Y IR AR B AL . 2001 4FEESL A hie™0 5
AREIE A B HD A0 hu™0 00 58 A5 i
PN Y72 S 2 AR R S b e U 1 E R R PR A
N PRI M | A7 B[] 27 2018 4F, 2T 2=
AR R A 5 YR CRISPR/ Cas9 HEA
JRI ST, HTT HE A R ASE R AY A AL e B fn A
HN R AT R S LN 2 ek 2 0™ E R AT R AR
45 HD FEMR, G B JEH 2 11 (amyloid B-protein,,
AB) UTBURTE A AD MR, AR 45 12 Hi JE M ik
AR ZE 1 (amyloid precursor protein, APP ) 7K i ;=
A, HATCE W R 2R 1 & (presenilin 1,
PSEN1) 3% % 2 3 A (presenilin 2, PSEN2) (APP
FERI AN AE & H E 3£ A (apolipoprotein E, ApoE ) &y
AD POREUEP ) 2009 4E, Kragh 2514 g7 T
APP™BEHLIR AD JERIRY H 1 2 AD 5% 5L K54
A 2R M IE 2 B R, #E O APPT A
PSENT"M XU K B e L AD #4578 10-18 H #Y
WAoo 2 B AB-42 IE AR, 2017 4,
Lee 55 Fl FH Z 0 | 7 5 Ge @51 T #54 hAPP |
hTau Al hPSENT =N AZFEN Y AD F2 RN 4%, 1%
T BEDARE R b B AB—40 Fl AB-42 HE R, PD
JEMA RGBSR | B T2 D i ph 22 0B A
T2 FEGEI 5 1 B parkin BEPR WA 46 AR AR
F1 7 BP9 (D= 1) FIw R K 5k ) 8 1 R IR 35
HY#E F 3 ( PTEN-induced putative kinase , PINK) f%)
A% HR] CRISPR/Cas9 F 458571 parkin ,DJ-1
FTPINK = 6 [H] BB 0 oK th 8L PD EBR W)
FE, PINK1 A PINK2 WU R @B gE B2 7 H S/
RFIH PD AEIR . Nielsen 5 R HIALIE 1-H
F-4-2KF-1,2,3,6-P0AME (1-methyl-4-

phenylL-1,2, 3, 6-tetrahydropyridine, MPTP) 11 Jif f¥)
Jrikafis 7 BA PD AR, sh i Bz sh iR 2% |
AFRLRE | IR R EL I DR XE S5 AE0IR . ALS S B GG A K
i3z Bl 2 70 S HE AR AT PR AR 1 5 R A A
oL M AL B fL B 1 (superoxide dismutase 1,
SOD1) | J % 16 v 2 DNA 454 25 H ( transactive
response DNA binding protein, TARTDP) | fill & [N J#%
FH A (fused in sarcoma, FUS) | Il & 4 il &
(angiogenin, ANG ) Fll F Wi 52 {4 25 - 3 [H] ( optineurin,
OPTN) 3 5 Bt H PN 52 242 J AT 51 SR 19 ALS B
FA SRR hSOD1 M e HE[H 5 R IUAT 32 B
M2 SZ 400, BB WLAS PR 55 ALS 1 Ji A R
TDP-43 "7 AR [y I 5 KR BB R A it 328 2y o
A AL T AR AR, A & B T PSF AH G 4
ZHBAE Y ALS B A 280 9 5 RNA 5Y
EI(WE4),
1.5 PhygiEsy

B LB ] T B 5 A [) 288 Y 4 e g 10 2 A=
MU, 25950 LK 22 38 5 vk & 3459 Sinclair /N
T BAT B e 1) BB PR LR R 3R, HLHL R A0 208
HANEBROREAAEBRE LA —E AR,
Sinclair % 1 1% ¥ 5 @ B K 200 3k B 1 MMS-
TROLL 4% A S 1 Libechov HF5E " ¥£ & 19 MeLiM
MR R A R R ORI, BFSE N Bk IR
R 55 L PR B A 1R (swine leukocyte
antigen, SLA ) | MR ERE R ZIKER
(melanocortin 1 receptor, MC1R) FI/)NAR W} JE #H 5 4%
5k PRl - (' microphtalmia-associated transcription factor,
MITF ) FE 2540 G2 2011 4, Luo 2503 ) #4H
A AH ¢ 5% B ( recombinant adeno-associated virus,
rAAV) A5 4 [ Y50 21 5 N TRE B0 R 375 BRCAL
HE R 24 A T (BRCAT™ ) FLISE Yucatan /N
¥ AW ER A 18 d INFETS, 2015 4, Donninger
LDV BRE LR b 40, i SVAOLT (simian virus
40 large t antigen ) ZAREE Ye3R15 7K A 40 B9 4 LR 96
AR, AH RNA T 40 £ AR BRCAT 3 [N K 95
(BRCAT™ ) S TSR — M FLIE M & %40
A ZL IR T 40 A R AE, 2012 4F, Leuchs
ESTEEE T TpS3™" (tumor protein 53 ) & K 98 78
W AR RALER . B, 2014 4F, Sieren %504l
HESL T Tp53 FEA S ARME A S & T A A T
WRLIRT RS PR A e 2 . RBR Tps3 B4 )
VIVE ]y A K i PR A AR HA B Ay et %2
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Table 4 Pig models of neurodegenerative disease

g0 S EE PRI AT B HE R/ 5 vk FA E= BTN
Year Laboratory Models Targeted gene/methods Phenotype References
o1 SLABFFLAT] F AR AT & HTT™¢ Ji HD ##! (36]
SLA Research Inc HD Transgene HTT™Y No HD phenotype
2009 BT R 2 BJ IR DI 3R e APPO e F B2 R g o)
Aarhus University AD Transgene APPo95su No phenotype of memory impairment
. L2 TE I T
ot FREEE e 5 M- 1050 2 A7 e -
¢ lz;;iiesje:my HD Transgene HTTV?08-105¢ 1.Neuronal apoptosis 7
- 2.Short survival time
. LEDHEER
2m4(wifi;$wﬂM%%%%@%E 5% 1SOD1 O 2 B -
Sciences ALS hSOD1%34transgene 1.Motor nerve damage
2.Skeletal muscle degeneration
N (=4
2015 Cﬁiﬁz&m W4 BREEBAE M PINK1 #1 PINK2 FREH [35]
. PD PINK1 and PINK2 knockout Phenotype normal
of Sciences
R L JRAN o 18 3 s i At T
2015 Chinese Academy HILEE 246 % BEE Al A % TDP-43"70 2.5 PSF HIRAY 57 H#M 20T RNA 5735 (48]
of Sciences ALS TDP-43"37V transgene 1.Sagging skin, dyskinesias, premature death
2.Abnormal neuronal RNA splicing associated with PSF
1LRBVER
2016 BT B 7 P e R & APP® 1 PSENY14 2RI AR42 E M (4]
Aarhus University AD APP®%w 4nd PSEN1M146! transgene 1.Phenotype normal
2.Accumulation of AB42 in brain neurons
BN
»ol6 Ch:fjiif:my 14 FRLEAE BB Parkin, DJ-1 il PINK1 FRER "
. PD Parkin, DJ-1 and PINKI knockout Phenotype normal
of Sciences
S A . N o LRRIEE
2017 Jeju National Bif IR DI SR %7 hAPP .hTau Hl hPSENI 2 AN ZIEAT AR40/42 YEFH (4]
University AD hAPP, hTau and hPSENI mutation 1.Phenotype normal
2.Accumulation of AB40/42 in brain neurons
e g g
P W1 B A W MPTP l'f‘:?jﬂ'ﬁi
2017 P AR Intramuscular 2. IELIR PR [45]
Aarhus University PD L 1.Slow movement
injection of MPTP 2 Dysmasesia
B , . e TR
A1 oy vy METEATE BAHITT 2.1 A £ 0T P TR T A -
PD Knock in HTT 1.Weight loss and abnormal behavior

of Sciences . . . R . K
2.Severe degenerative lesions in the medium spiny neurons

A RIS BRUS TR O R O R IR (Kkirsten rat
sarcoma viral oncogene, KRAS) &% X} F figi i g L F
JIN AR i R D K R M g ) R AR B G BV
2015 4, Li 551 £ 37 ) KRAS J [ 28 288 11 3 2
TFREA R A R . Schook %51 4 37 1) KRas®™”
TP53"™ 5 5 % 35 1Y 5 FE TR  oncopig” 1] & Az (1]
JE R, Callesen %510 3 3 ¥4 5% KRAS F1 cMyc
( cellular myelocytomatosis oncogene ) , 2% p53 FIAL
PRI 5 440 988 &% 1 3E A ( retinoblastoma  protein,
pRB) , H57 T S “ oncopig” Mg iR AL | 28455 4k
PG, =02 — BRI N+ 48 W &N o
IS R RN 3 A TP u R s N TiF S VA7 S e e

LR FEak | AT LSRR “oncopig” %K 2H 43 93 #7016
LR “ oncopig” JHRMR S48 I S AR AL S (LR S) |
1.6 HERMKEE

GBI W) T T IR AR A S b RS A DL A
N ARIERGENIRAL S YRR | Sy WF 58 hE 14 A0
B 1 ik 96 24 W Y 22 4 Pk S A A0k B e SR Al
SCID ( severe combined immunodeficient, SCID ) % A
H1 A SR 972 ml i it FE DA B T A5 5], 97 I Artemis JE
A E Z K y 85 5L A (interleukiN-2 receptor
gamma gene, [L2RG) FIH 41 i fb 5L [ RAG1/2 BE P
( recombination activating gene 1/2) 512012 4E K
B Artemis JEN [ ARRASFE I SNA ML P k= BT
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Table 5 Pig models of cancer

Ay S PRI AT AR RE R /05 vk A 225 30k
Year Laboratory Models Targeted gene/methods Phenotype References
PN PN . . e s
1974 fn?iersijt(?f REI A LIEF RS [49]
Mi i y- Melanoma Artificial breeding High spontaneous rate
issouri
EIE YN . s
I A AT T "
1986 Ludwig Maximilian o . .
Universit Melanoma Artificial breeding High spontaneous rate
niversity
R e
BT B o AT 5 o .
1999 Academy of Sciences o . . [st]
of the Crech Republic Melanoma Artificial breeding High spontaneous rate
. PAE LIRS B BRCAL {7398 18 K IET -
Aarhus University Breast carcinoma BRCA1" knockout Piglets died on day 18
AR p53 il AR 53T SN .
2012 Ludwig Maximilian . P [55]
University p53 knockout pig p53 knockout Phenotype normal
2014 PR PN p53 FFR RS ps3RIcT/RIGT RELET U AR | IR [56]
University of Iowa p353 knockout pig pS3RITH/RIETH | o ckout Lymphoma, osteogenic tumor, kidney tumor
s VR ey KRASE20,/p53071 e A B 2 K o o -
University of Illinois “Oncopig” ](RASGI2D/p53R167H mutation Stromal tumors growing at the injection site
NP . . BRCAT 7% 5878 Y WU 4 40D e e
o IR e =l Mg . "
2015 B T AR IR M AR BRCAL Fibroblast clone with a heterozygous [54]
University of Louisville Breast carcinoma BRCA1" knockout .
mutation in the BRCA1 gene
FEBARF . »
IR B 3R 53 KB R -
2016 Ludwig Maximilian
Universit Osteosarcoma p53 knockout Osteosarcoma of long bone and skull
niversity
i . y WL TS AdCre y
PR KA ILATEAS Adcre LSBT
2017 Intramuscular injection [63]
University of Illinois Soft tissue tumor £ AdC Tumor mass in hind legs
of AdCre
; . EWREES AdCre A
PR R B P R
2018 bRl S el Injecting AdCre into the main DR ih SR R [64]

University of Illinois Pancreatic carcinoma

pancreatic duct

Nodular tumor of pancreatic duct

ST NK 40 A IE R W g R 4 A 2
R R T S A0 N B e 2R 41 A R g A 40 B RE TR
R TL2RG FEH B BRIG I BR AN 42, T
NK ik = | B 40 A A 15 (H Jo3k 1 H o p A
IR 4 B s SEVE TS L R FHBE AR % R g 4 R
(zinc-finger nucleases, ZFNs) 375 1Y 1L2RG & A
AR R SCID FEERAI®) . CRISPR/Cas9 $ A
RIS TL2RG JE [N il o 1) 4 5 B 40 22 81 SCID
T JEE G T SRR 2014 4R R 2
PR RAGT LA Kz RAG2 W45 Ao HE F 98 7% By AT
WRPESE KRB AL, SME I = B B FT
AT RAG2 5 ARG R AL IE 7 . #E— Dbt
FERIL, RAGT 3 PR 4l 5 0 45 vl 53 5 1040 38 A A1 3 T
BRE B A HANE M A= 2 T B g™ K
NS LR T4 A RAG2 XS KL d 4 5% B-

BB E 2 AR T 12 47,5 RS AR A
TE R AU L Suzuki 250 #5719 RAG2 L
SN FE R RS e KR ATIG & 34 d, 1) RAG2 Al IL2RG
UL R A B A AP A W B 78 58, I I s =
MREVE) BLT 40 M, NK 40 jE 3 27 1L2RG Ml
ARTEMS B3 [H] @ B 46 09 A7 #% 6 = BT, NK 4
' T RR 2R — I e N P s WA R [ %
TS TR R 21 L k) B BABA Rk
B s BT R BT A, HRiTEL 3k45 RAGT F1 IL2RG U
FEH A5 (RAG1 ™ /IL2Ry ™) SCID ¥  AT34 2= M
I A SCID E AR, 33 26 4 328 6k [ 21 4 A5 780 X6 i
£ R G0 N IRALFERERL Y 7 B R S

2 RE
ibesetit N g R b e SR RPN S | o 1



rp [ H AR PR 2R 2 A 2020 4E 7 H A5 30 555 7 Chin J Comp Med, July 2020, Vol. 30,No. 7 117

3 2 TR 2 A8 iy BAR Sh i Al . 3R 1w
RO BERRICRE | TR0 280 S T S AR R ) = A
Jo T, TR 5 A R ) FRAE 5N 2 B R AE AR
18, R N2 A 2% DL o 8 S A 280 ) LA 2%
FAIZRCRE AR 7= A 1 5 0 A s R A %50 ) L A 0 4
JEUO X T RE R A AR SR AR DI BR B K, 3R
REAE, FIHAT®EE a2l T UK
SEPR TR 4 A 5T 1) A W PR B TR ) 8 45 A b A
PN PRI (4 15 RRE WK, B AT e 10 &5, (A Horp
4 K 2 BB TR AT e = 45 K 80 R T A,
GIPR™ £ % 9 FH - WF 5 R H & K36 97 5 2 4R
MODY 835 1% 0 A s se, A —E 0
MR T, X T AS B RS RO I R
GEARMIEE & 0 AS SR ELAT B4y (0 SR TH AR,
TOMASCRE ) FH 366 DR T R S o7 A 5 o A R 3
TR LA, — 3 e X S50 3k PR 0 A7 20 i D T 7
ST SRR BLAT S5 R85  nT LA R I 1
AN 2 (A TR RG R i AR AR B, AN BR CFTR LA
() CF SRR L) K o F8 PRI A Il AT A A5 7R 452
— SO [N TR AR AR ELAG 45 A0 34 B (R B = R R,
WG hee™C 9 HD SERALR KB HD # A
SR Y NSRS RISV N NS
SRR | ok AR A S BiF 9% N 288 EE R A L
il SR AA T A A R L, A —
SRR TE iR R AL TS JC VR A 0L N S5
DL ARE) 2 0 TR BE T 5 4, Ik, ZE A
KPR R T AT B EE X R A
WFSE TE I8 2 BB AR AR R | 5 952 05 31 ) 155 7 4
ST RV 93 AL T 5 Al BAF 5 A I S5 I R A X A
PLES G, M ARG I ST S IE A A shi B

SE 30K :

[ 1] #bk. AZpminyshmissy [1]. shf#mrse, 2011, 32(1) :
1-3.

[2] skffh shBEA 5 Sem s gk [J].
2003, 20(4) : 293-295.

[3] HEZE BREE. EARKIEMREERIAT IR (J30) [1].
sWEFsE, 2011, 32(1) : 70-80.

(4] WEMG, BB5%. AR KIS Y em e [1]. B2
5%t4, 2018, 8(2): 74-88.

[ 5] Fang X, Mou Y, Huang Z, et al. The sequence and analysis of a
Chinese pig genome [ J]. GigaScience, 2012, 1(1): 16.

[ 6] Sippel KC, Destefano JD, Berson EL, et al. Evaluation of the

A S AR IR,

human arrestin gene in patients with retinitis pigmentosa and
stationary night blindness [ J]. Invest Ophthalmol Visual Sci,
1998, 39(3) : 665-670.

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[22]

[21]

[22]

B, BUARF. P EE RO R RS A A (1], R
A AR, 2018, 48(8) : 3-5.

W SCHE. v R R B AT R R R (1], P ERLE
ARk, 2018, 48(8) ; 807-809.

Bellinger DA, Merricks EP, Nichols TC. Swine models of type 2
diabetes mellitus: insulin resistance, glucose tolerance, and
cardiovascular complications [ J]. ILAR J, 2006, 47(3): 243
-258.

Murakami T, Hitomi S, Ohtsuka A, et al. Pancreatic insulo-
acinar portal systems in humans, rats, and some other mammals ;
Scanning electron microscopy of vascular casts [ J]. Microsc Res
Tech, 1997, 37(5-6) ;. 478-488.

FRF, BRETE, SRR, 45, /DFFlE$T CD3 B s EH A 3
W I 1 B [J]. P E R E A8k, 2008,
(4) . 47-50,81.

Wilson JD, Dhall DP, Simeonovic CJ, et al. Induction and
management of diabetes mellius in the pig [ J]. Aust J Exp Bio
Med Sci, 1986, 64(Pt 6) : 489-500.

oM, ZFR e, BT, 5 KIN BL A K MERER R R
A8 G H MY R R E R (1], T E L33
4%, 2018, 26(4) ; 507-511.

Phillips RW, Panepinto LM, Will DH. Genetic selection for
diabetogenic traits in Yucatan miniature swine [ J]. Diabetes,
1979, 28(12): 1102-1107.

Xi S, Yin W, Wang Z, et al. A minipig model of high-fat/high-
sucrose diet-induced diabetes and atherosclerosis [ J]. Int J Exp
Pathol, 2004, 85(4) . 223-231.

RIEZE, FEEGG ) R, AF. R R DR A AR ) i
JURAR B3 (STZ) 75 5)" 0 B Eh /N 2 RN DR S A R 11
#Ar (1], HEEA SRR AW, 2017, 36 (6): 2393
-2398.

Renner S, Fehlings C, Herbach N, et al. Glucose intolerance
and reduced proliferation of pancreatic B-cells in transgenic pigs
with impaired glucose-dependent insulinotropic polypeptide
function [ J]. Diabetes, 2010, 59(5) . 1228-1238.

Umeyama K, Watanabe M, Saito H, et al. Dominant-negative
mutant hepatocyte nuclear factor la induces diabetes in
transgenic-cloned pigs [ J]. Transgenic Res, 2009, 18(5): 697
-706.

XIB, RARIE, M, A 2 IR A LIRS 8 0 B 8 R
Feg 7ot [J]. EETI, 2015, 50(8) : 63-67.

Renner S, Braun-Reichhart C, Blutke A, et al. Permanent
neonatal diabetes in INSC94Y transgenic pigs [ J]. Diabetes,
2013, 62(5): 1505-1511.

Laughlin MH, Overholser KA, Bhatte MJ. Exercise training
increases coronary transport reserve in miniature swine [ J]. J
Appl Physiol, 1989, 67(3): 1140-1149.

BRI, BRI, ZERYE, A o0 LB it R Bh koo R Ak BT
LT A XU /N BB Sy (0], vb I P R o Ak
2019, 29(2) : 32-36.

Prescott MF, McBride CH, Hasler-Rapacz J, et al. Development

of complex atherosclerotic lesions in pigs with inherited hyper-



118

I He R R AR AR

2020 427 AS 30 55 78 Chin ] Comp Med, July 2020, Vol. 30, No. 7

(23]

[25]

[26]

[27]

[28]

[29]

[34]

[35]

[39]

LDL cholesterolemia bearing mutant alleles for apolipoprotein B
[J]. Am ] Pathol, 1991, 139(1): 139-147.

Xl Bokat, R, G5 /NEUR Sl WK R A AL BE R TR
EMEBTIBE Y (1], EWes SRy YR, 2006, 33
(2): 196-200.

AW, B0, 30HE, & SHNNE SR S KR 240 1
BRI A ()], T E SR LR, 2005,
13(1): 20-24.

Whyte JJ, Samuel M, Mahan E, et al. Vascular endothelium-
specific overexpression of human catalase in cloned pigs [ J].
Transgenic Res, 2011, 20(5) : 989-1001.

Hao YH, Yong HY, Murphy CN, et al. Production of endothelial
nitric oxide synthase ( eNOS) over-expressing piglets [ J].
Transgenic Res, 2006, 15(6) : 739-750.

Guilbault C, Saeed Z, Downey GP, et al. Cystic fibrosis mouse
models [ J]. Am J Respir Cell Mol Biol, 2007, 36(1) . 1-7.
Rogers CS, Stoltz DA, Meyerholz DK, et al. Disruption of the
CFTR gene produces a model of cystic fibrosis in newborn pigs
[J]. Science, 2008, 321(5897) . 1837-1841.

Stoltz DA, Rokhlina T, Ernst SE, et al. Intestinal CFTR
expression alleviates meconium ileus in cystic fibrosis pigs [J]. J
Clin Investig, 2013, 123(6) : 2685-2693.

Kashiwakura Y, Mimuro J, Onishi A, et al. Porcine model of
hemophilia A [J]. PLoS One, 2012, 7(11) ; e49450.

Carlson DF, Tan W, Lillico SG, et al. Efficient TALEN-
mediated gene knockout in livestock [ J]. Proc Natl Acad Sci U S
A, 2012, 109(43) . 17382-17387.

Flisikowska T, Merkl C, Landmann M, et al. A porcine model of
familial adenomatous polyposis [ J]. Gastroenterology, 2012, 143
(5): 1173-1175.

Hai T, Teng F, Guo R, et al. One-step generation of knockout
pigs by zygote injection of CRISPR/Cas system [ J]. Cell Res,
2014, 24(3) : 372-375.

Hickey RD, Mao SA, Glorioso J, et al. Fumarylacetoacetate
hydrolase deficient pigs are a novel large animal model of
metabolic liver disease [ J]. Stem Cell Res, 2014, 13(1): 144
-153.

Zhou X, Xin J, Fan N, et al. Generation of CRISPR/Cas9-
mediated gene-targeted pigs via somatic cell nuclear transfer [ J].
Cell Mol Life Sci, 2015, 72(6) : 1175-1184.

Uchida M, Shimatsu Y, Onoe K, et al. Production of transgenic
miniature pigs by pronuclear microinjection [ J]. Transgenic Res,
2001, 10(6) . 577-582.

Yang D, Wang CE, Zhao B, et al. Expression of Huntington’ s
disease protein results in apoptotic neurons in the brains of cloned
transgenic pigs [ J]. Hum Mol Genet, 2010, 19 (20). 3983
-3994.

Yan S, Tu Z, Liu Z, et al. A Huntingtin knockin pig model
of neurodegeneration  in

Cell, 2018, 173 (4): 989 -

recapitulates  features selective
Huntington’ s disease [ J].
1002.e13.

radlh, B, 2, S BRSO B0 I A S T S

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

[53]

[54]

[55]

(1], sPEBFEEY:, 2017, 15(4) : 22-29.

Kragh PM, Nielsen AL, Li J, et al. Hemizygous minipigs
produced by random gene insertion and handmade cloning express
the Alzheimer’ s disease-causing dominant mutation APPsw [ J].
Transgenic Res, 2009, 18(4) . 545-558.

Sgndergaard LV, Ladewig J, Dagnes-Hansen F, et al. Object
recognition as a measure of memory in 1-2 years old transgenic
minipigs carrying the APPsw mutation for Alzheimer’ s disease
[J]. Transgenic Res, 2012, 21(6); 1341-1348.

Jakobsen JE, Johansen MG, Schmidt M, et al. Expression of the
Alzheimer’ s disease mutations ABPP695sw and PSEN1IM 1461 in
double-transgenic méttingen minipigs [ J]. J Alzheimers Dis,
2016, 53(4) : 1617-1630.

Lee SE, Hyun H, Park MR, et al. Production of transgenic pig
as an Alzheimer’ s disease model using a multi-cistronic vector
system [ J]. PLoS One, 2017, 12(6) : e0177933.

Wang X, Cao C, Huang J, et al. One-step generation of triple
gene-targeted pigs using CRISPR/Cas9 system [ J]. Sci Rep,
2016, 6(1): 20620.

Nielsen MS, Glud AN, Mgller A, et al. Continuous MPTP
the Gottingen minipig
parkinsonian deficits [ J]. Acta Neurobiol Exp( Wars), 2016,
76(3): 199-211.

Kiernan MC, Vucic S, Cheah BC, et al. Amyotrophic lateral
sclerosis [ J]. Lancet, 2011, 377(9769) . 942-955.

Yang H, Wang G, H, et al
neuropathology in transgenic SOD1 pigs [ J]. Cell Res, 2014, 24
(4) . 464-481.

intoxication in results in  chronic

Sun Species-dependent

Wang G, Yang H, Yan S, et al. Cytoplasmic mislocalization of
RNA splicing factors and aberrant neuronal gene splicing in TDP-
43 transgenic pig brain [ J]. Mol Neurodegener, 2015, 10
(1), 42.

Millikan LE, Boylon JL, Hook RR, et al. Melanoma in sinclair
swine: a new animal model [ J]. J Invest Dermatol, 1974, 62
(1):20-30.

Muller, Wanke, Distl. Inheritance of melanocytic lesions and
their association with the white colour phenotype in miniature
swine [ J]. J Anim Breed Genet, 2001, 118(4) . 275-283.
Horak, Fortyn K, Hruban, et al. Hereditary melanoblastoma in
miniature pigs and its successful therapy by devitalization
technique [ J]. Cell Mol Biol ( Noisy-le-grand) , 1999, 45(7) .
1119-1129.

Bourneuf E. The MeLiM minipig: an original spontaneous model
to explore cutaneous melanoma genetic basis [ J]. Front Genet,
2017, 8. 146.

Luo Y, Li J, Liu Y, et al. High efficiency of BRCA1 knockout
using rAAV-mediated gene targeting: developing a pig model for
breast cancer [ J]. Transgenic Res, 2011, 20(5): 975-988.
Donninger H, Hobbing KR, Schmidt ML, et al. A porcine model
system of BRCAT1 driven breast cancer [ J]. Front Genet, 2015,
6: 269.

Leuchs S, Saalfrank A, Merkl C,

et al. Inactivation and



A R 2 2R A 2020 4F 7 45 30 %55 7] Chin J Comp Med, July 2020, Vol. 30, No. 7

119

[56]

[58]

[59]

[60]

[65]

[67]

inducible oncogenic mutation of p53 in gene targeted pigs [ J].
PLoS One, 2012, 7(10) : e43323.

Sieren JC, Meyerholz DK, Wang X-J, et al. Development and
translational imaging of a TP53 porcine tumorigenesis model [ J].
J Clin Invest, 2014, 124(9) : 4052-4066.

Saalfrank A, Janssen KP, Ravon M, et al. A porcine model of
osteosarcoma [ J]. Oncogenesis, 2016, 5(3) : 210.

Karnoub AE, Weinberg RA. Ras oncogenes: split personalities
[J]. Nat Rev Mol Cell Biol, 2008, 9(7) : 517-531.
Pylayevagupta Y, Grabocka E, Barsagi D. RAS oncogenes:
weaving a tumorigenic web [ J]. Nat Rev Cancer, 2011, 11
(11): 761-774.

Li S, Edlinger M, Saalfrank A, et al. Viable pigs with a
conditionally-activated KRAS [T ].
Transgenic Res, 2015, 24(3) . 509-517.

Schook LB, Collares T, Hu W, et al. A genetic porcine model of
cancer [ J]. PLoS One, 2015, 10(7) : e0128864.

Callesen MM, Amadottir SS, Lyskjaer I, et al. A genetically

oncogenic mutation

inducible porcine model of intestinal cancer [ J]. Mol Oncol,
2017, 11(11): 1616-1629.

Schachtschneider KM, Liu Y, Makelainen S, et al. Oncopig soft-
tissue sarcomas recapitulate key transcriptional features of human
sarcomas [ J]. Sci Rep, 2017, 7(1) ; 2624.

Principe DR, Overgaard NH, Park AJ, et al. KRAS(G12D)
and TP53 ( R167H ) cooperate to induce pancreatic ductal
adenocarcinoma in sus scrofa pigs [ J]. Sci Rep, 2018, 8
(1) 12548.

Boeticher AN, Loving CL, Cunnick JE, et al. Development of
severe combined immunodeficient ( SCID ) pig models for
translational cancer modeling; future insights on how humanized
SCID pigs can improve preclinical cancer research [ J]. Front
Oncol, 2018, 8: 559.

Ozuna AGC, Rowland RRR, Nietfeld JC, et al. Preliminary
findings of a previously unrecognized porcine primary
immunodeficiency disorder [ J]. Vet Pathol, 2013, 50(1); 144
- 146.

Basel MT, Balivada S, Beck AP, et al. Human xenografts are not
rejected in a naturally occurring immunodeficient porcine line: a

human tumor model in pigs [ J]. Bio Research Open Access,

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[75]

[76]

[77]

2012, 1(2): 63-68.

Suzuki S, Iwamoto M, Saito Y, et al. I12rg gene-targeted severe
combined immunodeficiency pigs [ J]. Cell Stem Cell, 2012, 10
(6): 753-758.

Watanabe M, Nakano K, Matsunari H, et al. Generation of
interleukin-2 receptor gamma gene knockout pigs from somatic
cells genetically modified by zinc finger nuclease-encoding mRNA
[J]. PLoS One, 2013, 8(10) : ¢76478.

Kang JT, Cho B, Ryu J, et al. Biallelic modification of IL2RG
leads to severe combined immunodeficiency in pigs [ J]. Reprod
Biol Endocrinol, 2016, 14(1) : 74.

Huang J, Guo X, Fan N, et al. RAG1/2 knockout pigs with
severe combined immunodeficiency [ J]. J Immunol, 2014, 193
(3): 1496-1503.

Tto T, Sendai Y, Yamazaki S, et al. Generation of recombination
activating gene-1-deficient neonatal piglets; A model of t and b
cell deficient severe combined immune deficiency [ J]. PLoS
One, 2014, 9(12): e113833.

Lee K, Kwon D, Ezashi T, et al. Engraftment of human iPS cells
and allogeneic porcine cells into pigs with inactivated RAG2 and
accompanying severe combined immunodeficiency [ J]. Proc Natl
Acad Sci U S A, 2014, 111(20) : 7260-7265.

Suzuki S

, Iwamoto M, Hashimoto M, et al. Generation and

characterization of RAG2 knockout pigs as animal model for
[J]. Vet

immunodeficiency Immunol

Immunopathol, 2016, 178, 37-49.

severe combined
Lei S, Ryu J, Wen K, et al. Increased and prolonged human
norovirus infection in RAG2/IL2RG deficient gnotobiotic pigs
with severe combined immunodeficiency [ J]. Sci Rep, 2016, 6
(1).25222.

b, AR, TARAE SRR 5 S BIL ) B 5 ) 0
[1]. "PESEFYFR, 2016, 24(3) : 321-326.
Kumarathurai P, Anholm C, Nielsen OW, et al. Effects of the
glucagon-like peptide-1 receptor agonist liraglutide on systolic
function in patients with coronary artery disease and type 2
diabetes ; a randomized double-blind placebo-controlled crossover

study [ J]. Cardiovasc Diabetol, 2016, 15(1) : 105.

(Y7 HHEA)2019-12-26



