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Abstract.	 Zinc-finger	 nucleases	 (ZFNs)	 and	 transcription	 activator-like	 effector	 nucleases	 (TALENs)	 are	 new	 tools	
for	 producing	gene	knockout	 (KO)	 animals.	The	 current	 study	 reports	 produced	genetically	modified	pigs,	 in	which	 two	
endogenous	genes	were	knocked	out.	Porcine	fibroblast	cell	lines	were	derived	from	homozygous	α1,3-galactosyltransferase	
(GalT)	KO	pigs.	These	 cells	were	 subjected	 to	 an	 additional	KO	 for	 the	 cytidine	monophospho-N-acetylneuraminic	 acid	
hydroxylase	(CMAH)	gene.	A	pair	of	ZFN-encoding	mRNAs	targeting	exon	8	of	the	CMAH	gene	was	used	to	generate	the	
heterozygous	CMAH	KO	cells,	from	which	cloned	pigs	were	produced	by	somatic	cell	nuclear	transfer	(SCNT).	One	of	the	
cloned	pigs	obtained	was	re-cloned	after	additional	KO	of	the	remaining	CMAH	allele	using	the	same	ZFN-encoding	mRNAs	
to	generate	GalT/CMAH-double	homozygous	KO	pigs.	On	the	other	hand,	the	use	of	TALEN-encoding	mRNAs	targeting	
exon	7	of	the	CMAH	gene	resulted	in	efficient	generation	of	homozygous	CMAH	KO	cells.	These	cells	were	used	for	SCNT	to	
produce	cloned	pigs	homozygous	for	a	double	GalT/CMAH	KO.	These	results	demonstrate	that	the	combination	of	TALEN-
encoding	mRNA,	in vitro	selection	of	the	nuclear	donor	cells	and	SCNT	provides	a	robust	method	for	generating	KO	pigs.
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Gene	knockout	(KO)	mediated	by	homologous	recombination	
(HR)	has	been	utilized	as	a	standard	method	for	the	analysis	

of	gene	functions	and	generation	of	gene-deficient	animals	[1–3].	
However,	the	generation	of	KO	pigs	is	a	much	more	laborious	process	
than	the	generation	of	KO	mice	and	rats.	The	major	restraint	is	the	
unavailability	of	embryonic	stem	(ES)	cells	[4–6].
However,	the	development	of	somatic	cell	nuclear	transfer	(SCNT)	

facilitated	the	production	of	KO	pigs	[7].	This	technology	is	based	
on	the	use	of	HR-mediated	KO	primary	culture	cells,	followed	by	
nuclear	 transfer	of	 the	KO	cells,	without	using	ES	cells.	 In	fact,	

the	first	α1,3-galactosyltransferase	(GalT)	KO	pig	was	developed	
using	this	method	[4,	5].	However,	production	of	gene	KO	pigs	
using	the	combination	of	HR	and	SCNT	has	a	low	success	rate	and	
is	technically	challenging.	Therefore,	only	a	few	groups	around	the	
world,	including	our	laboratory,	have	succeeded	in	creating	GalT	KO	
pigs	[4,	5,	8,	9].	In	addition	to	organ	transplantation,	KO	pigs	could	
be	used	to	develop	models	of	inherited	genetic	disorders.	However,	
the	number	of	practical	models	created	so	far	has	been	limited	due	
to	the	largest	bottleneck,	that	is,	the	inefficiency	of	HR	[10,	11].
The	development	of	genome	editing	 technology	significantly	

advanced	the	KO	technology.	The	efficiency	of	creating	KO	cells	by	
genome	editing	technologies,	such	as	zinc-finger	nucleases	(ZFNs)	
[12–14],	 transcription	activator-like	effector	nucleases	(TALENs)	
[15–17]	and	clustered	 regularly	 interspaced	short	palindromic	
repeats	(CRISPR)/CRISPR-associated	caspase	9	(Cas9)	[18–20],	
is	significantly	higher	compared	with	the	conventional	HR	method.	
The	use	of	SCNT	for	production	of	genetically	modified	KO	pigs	has	
proven	to	be	a	highly	reproducible	technology	[21–23].	Therefore,	
a	realistic	of	production	of	gene-KO	cloned	pigs	is	possible	if	the	
efficiency	of	creating	cells	with	gene	KO	can	be	sufficiently	increased.	
In	fact,	many	groups	reported	the	development	of	gene-KO	cloned	

Received:	May	1,	2015
Accepted:	June	15,	2015
Published	online	in	J-STAGE:	July	26,	2015
©2015	by	the	Society	for	Reproduction	and	Development
Correspondence:	S	Miyagawa	(e-mail:	miyagawa@orgtrp.med.osaka-u.
ac.jp),	H	Nagashima	(e-mail:	hnagas@meiji.ac.jp) 
*	S	Miyagawa,	H	Matsunari	and	M	Watanabe	contributed	equally	to	this	
work.
This	is	an	open-access	article	distributed	under	the	terms	of	the	Creative	
Commons	Attribution	Non-Commercial	No	Derivatives	(by-nc-nd)	License	
<http://creativecommons.org/licenses/by-nc-nd/3.0/>.

Journal of Reproduction and Development, Vol. 61, No 5, 2015



MIYAGAWA et al.450

pigs	using	genome	editing	technology	in	recent	years	[14,	17,	24].
In	the	present	study,	we	attempted	to	create	genetically	modified	

cloned	pigs	by	combining	two	types	of	genome	editing	technologies,	
ZFNs	and	TALENs,	and	SCNT.	We	chose	the	cytidine	monophospho-
N-acetylneuraminic	acid	hydroxylase	(CMAH)	gene	as	a	target	gene.	
We	previously	reported	the	generation	of	GalT	KO	pigs,	in	which	the	
α-galactosyl	(α-Gal)	epitope	(Galα1-3Galβ1-4GlcNAc-R)	mediating	
xenograft	rejection	was	removed	[9,	25].	It	has	also	been	suggested	
that	removal	of	the	other	xeno-epitope,	 the	Hanganutziu-Deicher	
(H-D)	antigen,	is	also	necessary	[26,	27].	CMAH	is	responsible	for	
the	synthesis	of	the	H-D	antigen	[28,	29].	Therefore,	development	
of	pigs	with	a	double	KO	of	GalT	and	CMAH	could	significantly	
contribute	to	the	xenograft	research.

Materials and Methods

Animal care and chemicals
All	of	the	animal	experiments	were	approved	by	the	Institutional	

Animal	Care	and	Use	Committee	(IACUC)	of	Meiji	University	
(IACUC-12-0007,	-12-0008).	All	chemicals	were	purchased	from	
Sigma-Aldrich	Corporation	(St.	Louis,	MO,	USA)	unless	otherwise	
indicated.

Design of ZFNs and TALENs and mRNA preparation
Custom	ZFN	and	TALEN	plasmids	for	pig	CMAH	were	obtained	

from	ToolGen	(Seoul,	South	Korea).	The	design	and	validation	of	
these	ZFNs	and	TALENs	were	performed	at	ToolGen.	The	constructed	
ZFNs	and	TALENs	were	designed	to	target	exon	8	and	exon	7	of	the	
porcine	CMAH	gene,	respectively.	The	exon	numbers	correspond	
to	those	of	the	mouse	gene.	Each	of	the	ZFN	and	TALEN	domains	
recognize	12	and	20	DNA	bases,	respectively	(Fig.	1).
For	the	production	of	mRNAs	encoding	ZFNs	and	TALENs,	each	

of	the	plasmids	was	digested	with	the	restriction	enzymes	XhoI	and	
PvuII,	respectively.	The	linearized	plasmids	were	then	purified	with	
phenol/chloroform	to	generate	a	high-quality	DNA	template	for	use	
in in vitro	 transcription.	Capped	ZFN	and	TALEN	mRNAs	were	
produced	from	the	linearized	DNA	templates	via	in vitro	transcription	
using	MessageMAX	T7	ARCA-Capped	Message	Transcription	Kit	
(Cambio,	Cambridge,	United	Kingdom).	A	poly	(A)	tail	was	then	
added	to	each	mRNA	using	the	Poly	(A)	Polymerase	Tailing	Kit	
(Cambio).	The	poly	(A)-tailed	ZFN	and	TALEN-encoding	mRNAs	
were	 then	purified	with	a	MEGAclear	Kit	 (Life	Technologies,	
Carlsbad,	CA,	USA)	and	resuspended	 in	RNase-free	water	at	a	
concentration	of	400	ng/μl.

Establishment of CMAH KO cells
Skin	fibroblast	cells	were	isolated	from	female	GalT	KO	pigs	

as	previously	described	[25].	Male	fetal	fibroblast	cells	carrying	
homozygous	GalT	KO	[25,	30]	were	seeded	onto	type	I	collagen-
coated	dishes	or	plates	(Asahi	Glass,	Tokyo,	Japan)	and	cultured	in	
MEMα	(Life	Technologies)	supplemented	with	15%	fetal	bovine	
serum	(FBS)	(Bovogen	Biologicals	Pty,	Victoria,	Australia)	and	
1%	antibiotic-antimycotic	solution	(Life	Technologies)	 in	a	hu-
midified	atmosphere	containing	5%	CO2	at	37	C.	The	fibroblasts	
were	cultured	to	70–90%	confluency,	washed	twice	with	D-PBS(-)	
(Life	Technologies)	and	treated	with	0.05%	trypsin-EDTA	(Life	

Technologies)	to	collect	the	isolated	cells.	The	cells	(4	×	105)	were	
then	resuspended	in	a	mix	containing	40	μl	of	R	buffer	(supplied	as	
part	of	the	Neon	Transfection	System,	Life	Technologies)	and	2	μl	
of	ZFN-	or	TALEN-encoding	mRNA	solution	(400	ng/μl).	The	cells	
were	then	subjected	to	electroporation	under	the	following	conditions:	
pulse	voltage,	1,100	V;	pulse	width,	30	ms;	and	pulse	number,	1	
(program	#6).	Following	electroporation,	the	cells	were	cultured	at	
32	C	for	2	(ZFNs)	or	3	days	(TALENs)	(transient	cold	shock)	and	
then	without	antibiotics	for	24	h,	after	which	the	antibiotics	were	
added	to	the	media	[31].	After	the	transient	cold	shock	treatment,	the	
cells	were	cultured	at	37	C,	and	limiting	dilution	was	performed	to	
obtain	single-cell-derived	clones	in	five	96-well	plates.	At	14	days	
after	 limiting	dilution,	 the	cells	with	a	confluency	of	more	 than	
50%	in	each	well	were	selected	and	divided	for	further	culture	and	
mutation	analysis.	The	cells	with	a	low	confluency	after	 limiting	
dilution	were	not	used	in	further	experiments.

Analysis of ZFN- and TALEN-induced mutations in nuclear 
donor cells and newborn piglets
The	target	regions	of	CMAH	ZFNs	and	TALENs	were	amplified	

by	direct	polymerase	chain	reaction	(PCR)	from	the	clone	cells	using	
MightyAmp	DNA	polymerase	(Takara	Bio,	Shiga,	Japan).	The	primer	
sequences	for	ZFN	were	5′-TAGAATCCTGTAGTCTCTGC-3′	and	
5′-AGAGGCTATGCAAATGCAAGC-3′.	The	primer	sequences	
for	TALEN	were	5′-TGCCACAGGATGAAATCCAGAC-3′	and	
5′-TCAGGTTCAGTGCCTGGTCTG-3′.	Nested	PCR	was	 then	
performed	using	PrimeSTAR	HS	DNA	Polymerase	(Takara	Bio),	and	
the	appropriate	primers	were	5′-ACATCCTGAGTGAGTCCGCAAG-
3 ′ and 	 5 ′ -TACCTCAGAATGAGCAGTG-3 ′ 	 f o r 	 ZFN	
a n d 	 5 ′ - T GAACATCCAGCTCTCCCATG - 3 ′ 	 a n d	
5′-AGCTGAGATCCACATCAAGC-3′	for	TALEN.	Subsequently,	
the	PCR	fragment	 including	the	target	region	was	examined	us-
ing	 the	BigDye	Terminator	Cycle	Sequencing	Kit	and	an	ABI	
PRISM	3100	Genetic	Analyzer	(Life	Technologies).	The	sequencing	
primer	was	5′-TCTTGAGTCCTGTGTCATTG-3′	 for	ZFN	and	
5′-ATCTGCGATCTCATGAGTTC-3′	for	TALEN.
For	analysis	of	the	mutations	in	the	newborn	piglets,	genomic	

DNA	was	extracted	from	the	tail	biopsies	using	a	DNeasy	Tissue	
and	Blood	Kit	(QIAGEN,	Hilden,	Germany),	and	DNA	sequencing	
was	then	performed	as	described	above.

SCNT and embryo transfer
SCNT	was	performed	as	described	previously	with	slight	modi-

fications	[25].	Briefly,	in vitro-matured	oocytes	containing	the	first	
polar	body	were	enucleated	via	gentle	aspiration	of	the	polar	body	
and	 the	adjacent	cytoplasm	using	a	beveled	pipette	 in	10	mM	
HEPES-buffered	Tyrode	 lactose	medium	containing	0.3%	(w/v)	
polyvinylpyrrolidone,	0.1	mg/ml	demecolcine,	5	mg/ml	cytochalasin	
B	(CB)	and	10%	FBS.	CMAH	KO	fibroblasts	were	used	as	nuclear	
donors	following	cell	cycle	synchronization	via	serum	starvation	for	
2	days.	A	single	donor	cell	was	inserted	into	the	perivitelline	space	of	
an	enucleated	oocyte.	The	donor	cell-oocyte	complexes	were	placed	
in	a	solution	of	280	mM	mannitol	(Nacalai	Tesque,	Kyoto,	Japan)	
(pH	7.2)	containing	0.15	mM	MgSO4,	0.01%	(w/v)	PVA	and	0.5	
mM	HEPES	and	were	held	between	2	electrode	needles.	Membrane	
fusion	was	induced	with	a	somatic	hybridizer	(LF201;	NEPA	GENE,	
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Chiba,	Japan)	by	applying	a	single	direct-current	(DC)	pulse	(267	
V/mm,	20	μs)	and	a	pre-	and	post-pulse	alternating	current	(AC)	
field	of	2	V	at	1	MHz	for	5	sec.	The	reconstructed	embryos	were	
cultured	in	porcine	zygote	medium-5	(PZM-5,	Research	Institute	
for	the	Functional	Peptides,	Yamagata,	Japan)	supplemented	with	
4	mg/ml	of	bovine	serum	albumin	(BSA)	for	1–1.5	h,	followed	by	
electrical	activation.	The	reconstructed	embryos	were	then	washed	
twice	in	an	activation	solution	containing	280	mM	mannitol,	0.05	
mM	CaCl2,	0.1	mM	MgSO4	and	0.01%	(w/v)	PVA	and	were	aligned	
between	2	wire	electrodes	(1.0	mm	apart)	of	a	fusion	chamber	slide	
filled	with	 the	activation	solution.	A	single	DC	pulse	of	150	V/
mm	was	applied	for	100	msec	using	an	electrical	pulsing	machine	
(Multiporator;	Eppendorf,	Hamburg,	Germany).	After	activation,	
the	reconstructed	embryos	were	cultured	in	PZM-5	for	3	h	in	the	
presence	of	5	μg/ml	CB	and	500	nM	scriptaid	and	then	with	500	
nM	scriptaid	for	another	12–15	h.	After	the	treatments,	the	SCNT	
embryos	were	cultured	in	PZM-5	for	1–2	days	until	transfer	or	for	
5–6	days	for	 in vitro	development	analysis.	Embryo	culture	was	
performed	in	a	humidified	atmosphere	containing	5%	CO2,	5%	O2 
and	90%	N2	at	38.5	C.	After	reaching	the	morula	stage,	embryos	
were	cultured	in	PZM-5	supplemented	with	10%	FBS.
Crossbred	(Large	White/Landrace	×	Duroc)	prepubertal	gilts	

weighing	between	100	and	105	kg	were	used	as	 recipients	 for	
the	SCNT	embryos.	The	gilts	were	given	a	single	 intramuscular	
injection	of	1,000	 IU	of	equine	chorionic	gonadotropin	 (eCG,	
ASKA	Pharmaceutical,	Tokyo,	Japan)	to	induce	estrus.	Ovulation	
was	induced	by	an	intramuscular	injection	of	1,500	IU	of	human	
chorionic	gonadotropin	(hCG,	Kyoritsu	Seiyaku,	Tokyo,	Japan)	66	
h	after	the	injection	of	eCG.	The	SCNT	embryos	cultured	for	1–2	
days	were	surgically	transferred	into	the	oviducts	of	recipient	gilts	
53	h	after	the	hCG	injection	under	general	anesthesia.

Immunohistological analysis
A	homozygous	GalT/CMAH	double	KO	pig	(M129-2),	a	homo-

zygous	GalT	KO	pig	(M71-5)	and	an	age-matched	wild-type	(WT)	
pig	were	sacrificed	2	days	after	birth.	Harvested	samples	were	used	
for	immunohistological	analysis	of	the	H-D	antigen.	The	dissected	
organs	were	fixed	in	a	4%	paraformaldehyde	solution	(Wako	Pure	
Chemical	Industries,	Osaka,	Japan),	embedded	in	paraffin,	sectioned	
and	stained	with	hematoxylin	using	standard	methods.
The	fixed	sections	were	also	incubated	with	blocking	solution	

(2%	BSA/D-PBS)	for	1	h	and	then	treated	with	a	chicken	anti-H-D	
antibody	(a	generous	gift	from	Prof	N	Wakamiya,	Asahikawa	Medical	
University)	for	1	h.	After	removal	of	the	excess	antibody,	the	sections	
were	incubated	with	biotin-conjugated	goat	anti-chicken	IgY	(Abcam,	
Cambridge,	United	Kingdom)	for	30	min.	For	detection	of	the	α-Gal	
antigen,	the	sections	were	incubated	for	1	h	with	biotin-conjugated	
Griffonia simplicifolia	I	(GS-IB4)	lectin	(Life	Technologies).	Each	
section	was	also	incubated	with	Streptavidin-Horseradish	Peroxidase	
(HRP)	(DAKO,	Tokyo,	Japan)	for	15	min	and	3,3′-Diaminobenzidine	
tetrahydrochloride	(DAB)	(DAKO)	for	5	min.	The	slides	were	visual-
ized	using	a	Biorevo	BZ-9000	microscope	(Keyence,	Osaka,	Japan).

Flow cytometry analysis
Peripheral	blood	mononuclear	cells	(PBMCs)	were	harvested	

from	whole	blood	of	the	GalT/CMAH	double	homozygous	KO	pig	
(M129-1)	using	an	erythrocyte	lysis	solution	(Pharm	Lyse,	Becton,	
Dickinson	and	Company,	Franklin	Lakes,	NJ,	USA).	Cells	 (1	×	
106)	were	incubated	with	the	chicken	anti-H-D	antibody	for	20	min	
on	ice,	followed	by	incubation	with	a	solution	of	R-phycoerythrin	
(PE)-labeled	rabbit	anti-chicken	IgY	H&L	(Abcam)	as	a	secondary	
antibody	for	20	min	on	ice.	The	harvested	PBMCs	were	also	incubated	
with	GS-IB4	lectin	Alexa	Fluor	488	(Life	Technologies)	for	20	min	
on	ice.	After	incubation,	the	cell	suspension	was	washed,	and	the	
cells	were	then	resuspended	in	D-PBS(-)	supplemented	with	1%	
FBS	(w/v).	In	all	 instances,	 the	granulocyte	population	from	the	
peripheral	blood	of	the	GalT/CMAH	double	homozygous	KO	pigs	
was	gated,	and	the	gated	1	×	104	events	per	sample	were	acquired	

Fig. 1.	 Schematic	diagram	of	ZFNs	and	TALENs	targeting	the	porcine	CMAH	 locus.	(A)	Recognition	
sites	 of	 the	ZFNs	 (pig-CMAH-ZFN)	 and	 (B)	TALENs	 (pig-CMAH-TALEN)	 are	 indicated	 by	
underlining.	The	coding	and	intron	sequences	are	indicated	by	uppercase	and	lowercase	letters,	
respectively.	The	cleavage	sites	indicated	by	the	dotted	box	are	5	bps	and	12	bps,	respectively.	
Translated	and	untranslated	regions	in	the	porcine	CMAH	gene	are	indicated	by	vertical	bars	and	
white	boxes,	respectively.
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and	analyzed	using	a	Cell	Sorter	(SH800,	Sony,	Tokyo,	Japan).

Results

Generation of heterozygous CMAH KO cells
Heterozygous	CMAH-KO	cells	were	generated	by	introduction	

of	ZFN-encoding	mRNAs	into	the	skin	fibroblast	cells	of	a	female	
GalT-KO	pig	 (DK3-9)	 [25].	Of	 the	96	single	cell-derived	cell	
colonies	obtained	after	the	limiting	dilution,	6	clones	(6/96,	6.3%)	
with	heterozygous	CMAH	KO	were	established.	Cell	clone	#75	was	
selected	as	the	nuclear	donor	for	SCNT	based	on	cell	morphology,	
proliferation	ability	and	normality	of	 the	chromosome	numbers.	
Sufficient	numbers	of	heterozygous	KO	cells	were	prepared	for	
SCNT	after	3	weeks	of	culture.
DNA	sequence	analyses	showed	that	cell	clone	#75	carried	a	4	

base	pair	(bp)	deletion	(Table	1)	causing	a	loss-of-function	mutation	
of	the	CMAH	gene	owing	to	a	frameshift	mutation.

Production of heterozygous CMAH KO pigs
The	developmental	competence	of	the	SCNT	embryos	reconstructed	

with	the	heterozygous	CMAH	KO	cells	was	first	examined	in vitro.	
The	cleavage	and	blastocyst	formation	rates	of	reconstructed	SCNT	
embryos	were	81.4%	(48/59)	and	78.0%	(46/59),	respectively.	This	
blastocyst	formation	rate	was	comparable	to	values	found	in	our	
previous	studies	[32,	33].	Then,	the	65	embryos	obtained	by	SCNT	
were	subjected	to	transfer	to	an	estrus-synchronized	recipient	gilt.	
On	day	116	of	gestation,	4	cloned	pigs	with	heterozygous	CMAH 
KO	were	produced	(Fig.	2A).

Generation of homozygous CMAH KO cells
Skin	fibroblast	cells	were	established	from	one	of	the	heterozygous	

CMAH	KO	cloned	piglets	(female,	M71-1).	Homozygous	CMAH 
KO	cells	were	then	generated	in	precisely	the	same	manner	as	before	
using	the	same	ZFN-encoding	mRNAs	(Fig.	2B).	Out	of	the	177	cell	
clones	obtained	after	limiting	dilution,	9	lines	(5.1%)	of	homozygous	
CMAH	KO	cells	were	established	(Table	2).
To	generate	male	lines	of	CMAH	KO	cells,	TALEN-encoding	

mRNAs	targeting	exon	7	of	the	pig	CMAH	gene	were	introduced	into	
male	fetal	fibroblast	cells	(#158-5;	DK3-1	line).	This	resulted	in	40	
cell	clones	(24.1%)	with	heterozygous	CMAH	KO	and	5	homozygous	
CMAH	KO	clones	(3.0%)	among	166	cell	colonies	(Table	2).
Two	lines	of	female	GalT/CMAH	double	homozygous	KO	cells	

(Table	1,	#5	and	#85)	and	two	male	GalT/CMAH	double	homozygous	
KO	cells	(Table	1,	#115	and	#151)	were	used	as	nuclear	donors	for	
SCNT.	Sufficient	numbers	of	KO	cells	for	SCNT	were	obtained	after	
culture	for	3	weeks	from	both	the	female	and	male	cell	lines.	DNA	
sequence	analysis	showed	that	these	clones	carried	loss-of-function	
deletions	ranging	from	1	to	13	bps.

Production and analysis of GalT/CMAH double homozygous 
KO cloned pigs
In	total,	137	embryos	obtained	by	SCNT	of	the	above-mentioned	

GalT/CMAH	double	homozygous	KO	cells	(#5,	#85,	#115,	#151)	were	
transferred	into	a	recipient	gilt	(Table	3).	On	day	116	of	gestation,	
one	female	and	three	male	cloned	piglets	were	farrowed	(Fig.	3A).	
Analysis	of	genomic	DNA	isolated	form	tail	tissues	revealed	that	the	

female	piglet	(M129-3)	was	derived	from	cell	clone	#85	and	that	the	
males	(M129-1,	2	and	4)	were	derived	from	cell	clone	#151	(Fig.	3B).

Phenotypic characterization of homozygous GalT/CMAH 
double KO pigs
Histological	analysis	of	organs	collected	 from	a	male	piglet	

(M129-2)	showed	that	the	H-D	antigen	(Neu5Gc)	and	α-Gal	antigen	
were	absent	in	the	homozygous	GalT/CMAH	double	KO	pig	(Fig.	
4A	and	4B).	In	contrast,	expression	of	the	H-D	antigen	was	clearly	
detected	in	the	GalT-KO	pig.
A	blood	sample	was	collected	 from	one	male	cloned	piglet	

(M129-1).	Flow	cytometry	analysis	of	the	peripheral	blood	showed	
that	the	granulocytes	of	the	homozygous	GalT/CMAH	double	KO	
pig	(M129-1)	also	did	not	express	Neu5Gc	(Fig.	4C).	The	lack	of	
GalT	expression	was	confirmed	in	both	of	the	GalT/CMAH	double	
KO	pigs	(Fig.	4D).

Discussion

Recent	development	of	genome	editing	technologies	has	opened	
a	new	avenue	for	generation	of	genetically	modified	(GM)	pigs	[34,	
35].	Major	applications	of	GM	pigs	involve	research	and	development	
of	disease	models	[36,	37],	as	well	as	regenerative	medicine	[32]	
and	organ/tissue	transplantation	[38].	Use	of	pig-to-human	xenograft	
technology	is	considered	one	of	 the	most	practical	strategies	for	
overcoming	the	worldwide	shortage	of	organs.	Based	on	current	
evidence,	pig	islet	xenografts	appear	to	have	the	greatest	potential	
in	clinical	 transplantation	and	have	already	been	used	in	various	
human	clinical	 trials	[39].	Pigs	represent	an	ideal	animal	source	
for	xenografts	 for	a	variety	of	 reasons,	 including	 those	relating	
to	anatomical,	physiological	and	ethical	considerations	[40,	41].	
However,	severe	immune	rejection	of	a	discordant	xenograft	is	one	
of	the	major	concerns	in	clinical	application	of	pig-to-human	tissue/
organ	transplantation.	Such	rejections	are	strongly	related	to	 the	
presence	of	species-specific	glycoantigens.	The	major	xenoantigen	
is	 the	α-Gal	epitope	[27,	42],	a	carbohydrate	expressed	 in	most	
mammalian	cells,	 including	pigs,	but	absent	 in	birds,	monkeys,	
apes	and	humans.	A	number	of	attempts	have	been	made	to	produce	
GalT	KO	pigs	using	HR	[4,	5,	8,	9]	and	genome	editing	technologies	
[14,	17,	43].
Hauschild	et al.	first	applied	the	ZFN	system	to	knockout	the	GalT 

gene	in	pigs	[14].	The	ZFN	system	showed	superior	efficiency	in	
producing	GalT	KO	cells	compared	with	the	HR	system,	indicating	
the	emergence	of	a	new	stage	for	the	production	of	gene-targeted	
animals.	Luts	et al.	applied	the	ZFN	system	to	the	production	of	
GalT/CMAH	double	KO	pigs	[44].	On	the	other	hand,	Li	et al.	
focused	on	the	CRISPR/Cas9	system	and	succeeded	in	producing	
the	pigs	with	a	GalT/CMAH/iGb3	triple	KO	[20].
In	the	GalT	KO	pigs	with	the	eliminated	α-Gal	epitope,	however,	

many	non-Gal	antigens	remain,	including	the	H-D	antigen	[45,	46].	
The	H-D	antigen,	N-glycolylneuraminic	acid	(Neu5Gc),	is	widely	
distributed	in	mammalian	species,	including	in	pigs,	monkeys	and	
apes,	but	not	in	humans	and	birds	[47].	The	expression	of	Neu5Gc	
is	controlled	by	cytidine	monophospho-N-acetylneuraminic	acid	
(CMP-Neu5Ac)	hydroxylase	[28,	29],	an	enzyme	that	catalyzes	the	
conversion	of	N-acetylneuraminic	acid	(Neu5Ac)	to	Neu5Gc.	After	
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extensive	research	[26,	48,	49],	it	is	now	recognized	that	the	majority	
of	human	anti-non-Gal	antibodies	are	specific	for	the	H-D	antigen	[48]	
and	that	the	H-D	antigen	may	elicit	a	significant	humoral	response	and	
play	an	indispensable	role	in	a	delayed	form	of	xenograft	rejection	
[50].	In	addition,	the	silencing	of	pig	CMAH	by	siRNA	confirmed	
the	importance	of	the	H-D	antigen	as	a	major	non-Gal	antigen	[51].	
Therefore,	the	CMAH	gene	became	the	immediate	target	to	KO	in	
xenotransplantation	research.	In	this	study,	the	ZFN	and	TALEN	
systems	together	were	shown	to	be	effective	in	the	production	of	
CMAH	KO	pigs	using	fibroblasts	from	GalT	KO	pigs.
Direct	microinjection	of	ZFN-	and	TALEN-encoding	mRNA	into	

fertilized	eggs	has	been	used	for	the	creation	of	gene	KO	animals,	
mainly	because	of	the	simplicity	of	this	process	[12,	15].	However,	
drawbacks	of	the	microinjection	method	include	inefficiency	and	
occurrence	of	mutation	mosaicism	[52]	in	the	resultant	embryos	or	
fetuses.	Therefore,	the	SCNT	system	was	used	for	the	generation	
of	CMAH	KO	pigs	in	this	study.
In	some	reports,	SCNT	was	performed	without	the	selection	of	

targeted	cells	to	avoid	a	lengthy	in vitro	period	of	culture	for	the	
transfected	cells	[20].	However,	this	procedure	could	result	in	various	
types	of	offspring,	 including	homozygous	and	heterozygous	KO	
animals,	as	well	as	WTs.	In	this	study,	in	contrast,	nuclear	donor	
cells	were	examined	for	 the	presence	of	 induced	mutations	by	a	
DNA	sequence	analysis	before	production	of	the	cloned	animals	
by	SCNT.	This	prescreening	is	useful	to	avoid	the	wasteful	produc-
tion	of	undesired	animals.	In	addition,	 the	high	efficiency	of	 the	
ZFN-	and	TALEN-system	allowed	for	generation	of	CMAH	KO	

Table 1.	 ZFN	and	TALEN-induced	mutation	of	nuclear	donor	cells

ZFNs-induced	heterozygous	KO
Wild	type - TCGGTCCTGCTTTTGCGCGAGGATGGTGG

Clone	#75 (4	bp	del) TCGGTCCTGCTT****GCGAGGATGGTGG

ZFN-induced	homozygous	KO
Wild	type - TCGGTCCTGCTTTTGCGCGAGGATGGTGG

Clone	#5 (1	bp	del) TCGGTCCTGCTTT*GCGCGAGGATGGTGG

(4	bp	del) TCGGTCCTGCTT****GCGAGGATGGTGG

Clone	#85 (2	bp	del) TCGGTCCTGCTT**GCGCGAGGATGGTGG

(4	bp	del) TCGGTCCTGCTT****GCGAGGATGGTGG

TALEN-induced	homozygous	KO
Wild	type - ttctagTTGTAGAAAAGGATGAAGAAAATGGAGTTTTGCTTCTAGAACTAAA

Clone	#115 (1	bp	del) ttctagTTGTAGAAAAGGATGAAGAAA*TGGAGTTTTGCTTCTAGAACTAAA

(7	bp	del) ttctagTTGTAGAAAAGGATGAAGA*******GTTTTGCTTCTAGAACTAAA

Clone	#151 (4	bp	del) ttctagTTGTAGAAAAGGATGAAGGA****GAGTTTTGCTTCTAGAACTAAA

(13	bp	del) ttctagTTGTAGAAAAGGA*************GTTTTGCTTCTAGAACTAAA

The	deletion	(del)	mutation	is	indicated	by	an	asterisk.

Fig. 2.	 Generation	of	heterozygous	CMAH	KO	cloned	pigs.	(A)	A	ZFN-
induced	 heterozygous	CMAH	 KO	 cloned	 piglet	 (M71-1)	 at	 2	
days	 after	 birth.	 (B)	DNA	 sequence	 analysis	 of	CMAH	 in	 the	
cloned	pig	(M71-1)	showing	precisely	the	same	mutation	as	that	
of	 the	nuclear	donor	cell	 (clone	#75).	The	deletion	mutation	 is	
indicated	by	an	asterisk.

Table 2.	 Targeting	efficiency	of	ZFNs	and	TALENs

Target	cells Sex Genome	editing	tool Cell	cloned	with	mutations	(%) Heterozygous	KO	(%) Homozygous	KO	(%)
DK3-9 F ZFN* 6.3	(6/96) 6.3	(6/96) 0	(0/96)
M71-1	(heterozygous	KO) F ZFN* 5.1	(9/177) 5.1	(9/177) –
#158-5	(DK3-1	line) M TALEN 41.0	(68/166) 24.1	(40/166) 3.0	(5/166)

*	Same	ZFNs	used.
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cells	without	antibiotic	selection,	which	is	similar	to	our	previous	
work	on	production	of	interleukin-2	receptor	gamma	gene	KO	pigs	
[24].	In	fact,	sufficient	numbers	of	nuclear	donor	cells	for	SCNT	
could	be	obtained	in	a	short	time	frame	(approximately	3	weeks)	
in	this	study.	Furthermore,	the	TALAN	system	yielded	an	apparent	
higher	incidence	of	loss-of-function	mutations	compared	with	the	
ZFN	system,	although	the	difference	in	the	cells	used	needs	to	be	
considered.
In	this	study,	the	homozygous	CMAH-KO	cells	generated	by	the	

TALEN-encoding	mRNA	were	used	in	the	direct	production	of	a	
live	cloned	pig	without	rejuvenation	of	the	nuclear	donor	cells	and	
subsequent	re-cloning	[53].	An	additional	advantage	of	TALEN-
encoding	mRNA	is	 the	transient	TALEN	expression,	which	may	
reduce	the	incidence	of	off-target	mutations,	a	potential	limitation	
of	gene	KO	by	genome	editing	[16,	54].

Since	no	off-target	sites	were	analyzed	in	the	present	study,	we	
cannot	completely	eliminate	the	possibility	of	off-target	mutations	
affecting	 the	development	of	 the	KO	pig.	However,	given	 the	
growth	of	the	KO	cloned	pig	was	similar	to	that	of	the	wild	type	
(non-knockout)	clones,	we	believe	that	 the	CMAH	knockout	pig	
produced	in	the	present	study	was	not	adversely	affected	by	any	
off-target	mutations.
Recently,	remarkable	targeting	efficiency	has	been	reported	for	the	

CRISPR/Cas9	system.	This	system	may	be	useful	for	simultaneous	
KO	of	multiple	genes.	However,	the	possibility	of	a	high	incidence	
of	off-target	events	in	the	CRISPR/Cas9	system	needs	to	be	clarified.	
In	the	meantime,	the	TALEN	system	is	considered	a	feasible	option	
in	generating	gene	KO	pigs	without	genomic	integration.
In	conclusion,	this	study	demonstrated	a	strategy	for	generating	

KO	pigs	using	ZFN-	and	TALEN-encoding	mRNA.	The	combina-

Fig. 3.	 Generation	of	homozygous	CMAH	KO	cloned	pigs.	(A)	A	TALEN-induced	homozygous	CMAH	KO	male	piglet,	M129-1,	at	20	days	of	age.	(B)	
DNA	sequence	analysis	of	CMAH	in	the	cloned	pigs,	M129-1,	2,	3	and	4.	The	sequences	of	M129-3	(female)	and	M129-1,	2	and	4	(male)	showed	
the	same	mutation	as	the	sequences	of	the	nuclear	donor	cells,	#85	and	#151,	respectively.	The	deletion	mutation	is	indicated	by	an	asterisk.

Table 3.	 Production	of	homozygous	GalT/CMAH	double	homozygous	KO	cloned	pigs

Genome	editing	tool ZFNs TALENs
Donor	cell	clone	No. #5 #85 #115 #151
SCNT	embryos	cultured 50 49 47 47
No.	of	normal	embryos	transferred	(%)* 32	(64.0) 32	(65.3) 37	(78.7) 36	(76.6)
Recipient M129
Pregnancy +
Total	piglets	obtained	(%) 4	(2.9,	4/137)
Genotype	of	piglets 0 1 0 3

*	On	day	1–2.
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Fig. 4.	 Immunohistochemical	and	flow	cytometry	analysis	of	the	homozygous	GalT/CMAH	double	KO	cloned	pigs.	Tissue	sections	of	lung,	heart,	pancreas	
and	kidney	from	the	homozygous	GalT	KO	(M71-5),	homozygous	GalT/CMAH	double	KO	(M129-2)	and	WT	pigs	were	stained	with	anti-H-D	
antibody	(A)	and	GS-IB4	lectin	(B).	Absence	of	H-D	antigen	was	clearly	shown	in	the	tissue	sections	of	the	homozygous	GalT/CMAH	double	KO	
pig.	Scale	bars	in	(A)	and	(B)	=	100	μm.	Flow	cytometry	analysis	of	the	granulocytes	also	indicated	the	absence	of	the	H-D	and	α-Gal	antigens	in	the	
homozygous	GalT/CMAH	double	KO	pig	(M129-1).	The	granulocytes	were	stained	by	anti-H-D	antibody	(C)	and	GS-IB4	lectin	(D).
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tion	of	TALEN-encoding	mRNA,	in vitro	selection	of	the	nuclear	
donor	cells	and	SCNT	provides	a	robust	method	for	generating	KO	
pigs	in	a	short	time	frame.	To	our	knowledge,	this	is	the	first	study	
to	demonstrate	the	generation	of	CMAH	KO	pigs	from	gene	KO	
cells	prepared	in vitro	using	TALEN-encoding	mRNAs.	Although	
further	studies	are	required,	these	findings	represent	a	very	useful	
technique	that	has	a	great	potential	with	respect	to	development	of	
a	pig	xenograft	model	in	the	future.
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