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letters to nature
Nature 320,63 - 65 (06 March 1986): doi: 10.1038/320063a0

Nuclear transplantation in sheep embryos

S. M. WILLADSEN

AFRC Institute of Animal Physiology, Animal Research Station, 307 Huntingdon Road, Cambridge CB3 0JQ, UK

Nuclear transplantation and cell fusion techniques have proved valuable for embryological studies in several non-mammalian animal
speciml. More recently these procedures have been used successfully in small laboratory mammals, notably the mouse, to investigate

the ability of nuclei and cytoplasm from various sources to produce viable embryos when combined?~6. The use of a similar
approach to study the developmental biology of large domestic animals presents a number of technical and practical difficulties, and
so far there has been no report of attempts to perform nuclear transplantation in sheep embryos. Here I describe such a procedure
and its use to investigate the development of embryos in which whole blastomeres from 8- and 16-cell embryos were combined with
enucleated or nucleated halves of unfertilized eggs. The procedure involves bisection of single-cell eggs in a medium containing
cytochalasin; fusion of egg halves with single blastomeres, induced using Sendai virus or an electrofusion apparatus; and embedding
in agar, followed by culture of the reconstituted embryos in the ligated oviducts of ewes in dioestrus. I show that fully viable embryos
may be obtained by this procedure.




Cloning techniques by
embryonic cloning




Cloning technique by somatic
cell nuclear transter




Timeline of somatic cell nuclear
transfer (SCNT)

1997

First transgenic clone
1995 1999
Megan and Morag Goat

1998
1996 Cow
Dolly the Sheep Mouse

2002
Rat
Rabbit

2000
First gene replacement

cloned animal
Pig

2004
Sequential cloning

Cat 2006
Ferret

2003

First null animal
Mule

Horse




Publication in NT in mammals
excluding the mouse
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*Predicted number of publications




Geographical location of NT
activities

EU 24.2%

(primarily UK, Germany, France)
N Far East 33.5%

S (primarily Japan, Korea, China)
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Cell line effect on live birth
SUCCESS




Cell line effect on cloning
SUCCESS

Distribution of cell line efficiency in bovine cloning, expressed as number (%) of calves alive =150 days after birth over number of recipients
pregnant at 30 days (in three countries)

USA

Cell lines (n) 80 ) 97

Efficiency of a cell line (%) 19 (24) 23 (24)
10 (12) 12 (12)
23 (29) 26 (27)
28 (35) 36 (37)




Development of bovine nuclear transter
(NT) embryos derived from adult
fibroblasts, mesenchimal stem cells
(MSC) and osteocytes, differentiated
from MSC




Somatic cloning efficiency and
donor cell type

Oback, Reprod. Dom. Anim 43 (supp 2) 407-416, 2008

¢ antler
0 blood
A muscle
O neural
X skin

[ -, -2
_ > o« <
L L 1 J

"
(5]
'

-
o
=
2
S
5
D d0
£
S
=
(&
=

Antler Muscle
Increasing differentiation




Nuclear transter procedure




Bovine pre-implantation embryo
development after N'T

Galli et al, C&SC 4, 189-196, 2002







Use of zygotes as recipient
cytoplasts

Development Development Bewelopment (%)  Age at birth  Birth weight
(%) to day 35" (%) to ter aningb (days+s.e.m.)  (kgts.em
8 (67)* 8 (67)* 27242 3943 Hereford X Friesian

17 41 4010/ 3(7)° 281+2°F 47421 Friesian
30 (61)* 9(18)" 6(12)° 277+11 494 2Y Friesian

N, Total number of independent NT or Al experiments; n, total nLryO transferred (nET) or artificially inseminated (nAl). *'Rows with

different superscripts differ significantly (P<0.05).
*Proportion of total number of nET or nAl that developed into fetuses and live calves at day 35 of gestation, term or weaning. "Only the four male

calves were included in the weight and age analysis.
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Horse cloning

sperm exctract activation
(Hinrichs et al, Reproduction, 134, 319, 2007)

Activation  No, Cleavage Blastocysts Embryos Live
treatment® cultured (%) (%) transferred Pregnancies foals

Ionomycin 86  67(78)  5(5.8) 1 (33%)° 0
2x1 68 (78) 4 (4.6) 2 (66%)° 1
I1+SE 77(93) 4(48) 1 (50%) 1
SE +1 7M@) 6(73) 3 (60%)°

Activation No. Cleavage Blastocysts Embryos Live
treatment®  cultured (%) (%) transferred Pregnancies foals

Sperm extract 40 (68) 2 (3.4)* i) 2 (100%)®

/6D/1 33(75) 2(2.8)* 1 (100%)°

4 (80%)

2

Ionomycin 52(80) 577yt 5 2 (40%)
1
5

SE +1 52(93) 7 (12_5)Jr




NT embryo development
Galli et al. 2002Cloning & Stem Cells 4, 189-196




Cattle SCNT success

Efficiency of cloning cattle, including calf survival, in three countries

USA ARG Total

. embryos transferred 2662 623 89 3374
. recipients 1760 617 89 2466
. (%) embryos at 30 days 1120 (42) 224 (36) 38 (43) 1382 (41)
. (%) twins 133 (13) 7(3) 0 (-) 140 (11)
. (%) singles 854 (87) 210 (97) 38 (100) 1102 (89)
. (%) pregnant recipients 30 days 987 (37) 217 (35) 38 (43) 1242 (37)
60 days 625 (23)° 93 (15)° 34 (38)° 752 (22)
90 days 475 (18)* 73 (12)° 32 (36)° 580 (17)
120 days 440 (17)* 72 (12)° 27 (30)° 539 (16)
150 days 411 (15)° 66 (11)° 26 (29)° 503 (15)
180 days 386 (15)" 63 (10)° 25 (28)¢ 474 (14)
210 days 360 (14)° 58 (9)° 25 (28)° 443 (13)
240 days 323 (12)° 51 (8)° 24 (27)° 398 (12)
270 days 304 (10)* 47 (8)° 20 (22)° 371 (11)
Term 294 (11)* 44 (M° 20 (22)° 358 (11)
. (%) calves born 326 (12)° 42 (M 20 (22)¢ 388 (11)
. (%) live calves 261 (10)* 38 (6)° 18 (20)° 317 (9)
. (%) calves alive 24 h after birth 229 (9)* 32 (5)° 17 (19)° 278 (8)
. (%) calves alive >150 days 182 ()" 30 (5)* 13 (15)° 225 (7)

Within a row, values with different superscripts letters (a—c) differ (P < 0.05). Values for twins and singles were calculated over the number of
pregnant recipients (N =987 and 217 in USA and ARG, respectively).




Cattle SCNT success

TaBLE 2. OVERVIEW OF SOoMATIC CLONING SuccEss RATES IN CATTLE

Donor cells

Culture
condition

Pregnancy
established?

Development
to term®

Development
weaning®

Reference

Fetal genital ridge cells, fetal body/adult skin
fibroblasts (34 lines)* (TG /Non-TG)¢

Fetal lung fibroblasts (5 lines)
(TG/Non-TG)

Adult skin fibroblasts and follicular cells (6 lines)
(Non-TG)

Fetal fibroblasts (at least 3 lines) (TG)

Fetal lung /adult skin fibroblasts (7 lines)
(TG/Non-TG)

Fetal/newborn /adult skin fibroblasts; adult cumulus,
oviduct, uterine cells (20 lines)
(Non-TG)

Fetal fibroblasts (TG /Non-TG) (4 lines)

Fetal/adult skin fibroblasts (at least 5 lines)
(Non-TG)

Adult skin fibroblasts, cumulus cells, oviduct,
uterine cells (4 cell lines) (Non-TG)

Fetal/adult skin fibroblasts (number of lines not
reported) (Non-TG)

Adult skin fibroblasts, Leukocytes, follicular cells
(3 cell lines) (Non-TG)

Adult skin fibroblasts (1 line)
(Non-TG)

Adult cumulus, oviduct cells (2 cell lines) (Non-TG)

Confluent

Serum-starved
or proliferating
Serum-starved

Proliferating
Serum-starved

Serum-starved
or confluent

Serum-starved
Serum-starved

or proliferating
Serum-starved

Confluent or

proliferating
Serum-starved

or confluent
Serum-starved

or proliferating
Serum-starved

535/2170 (25%)
128/318 (40%)
72/165 (44%)

110/247 (45%)
92/194 (47%)

50/134 (37%)
49/103 (48%)
56/173 (32%)
23/44 (52%)

44/100 (44%)
70/141 (50%)
15/36 (42%)

5/5 (100%)

117 /4340 (3%)°
55/318 (17%)
32/165 (19%)

30/496 (9%)
27/194 (14%

24/172 (14%
25/208 (12%
15/173 (9%)
12/59 (20%)

5/200 (3%)

82/4340 (2%)°
33/318 (10%)
26/165 (16%)

24/496 (5%)
17/194 (9%)

13/172 (8%)

11/208 (5%)

10/173 (6%)
5/59 (8%)

5/200 (3%)

6/141 (4%)
6/36 (17%)

8/10 (80%)

4/141 (3%)
4/36 (11%)

4/10 (40%)

(Pace et al., 2002)

(Wells et al., 2003)

Wells DN, unpublished data
(Lanza et al., 2001)

(Oback et al., 2003) & this

publication
(Kato et al., 2000)

(Zakhartchenko et al., 2001)
(Heyman et al., 2002a)
(Cho et al., 2002)

(Kasinathan et al., 2001b)

(Galli et al., 2002)
(Kubota et al., 2000)

(Kato et al., 1998)

developed to calves at term or weaning; “number of independently derived primary cell lines or clonal strains; 9T

#enic. “Exact number of embryos is

Proportion of total number of recipients that were classified pregnant between D17-D40 after ET; Pproportion Wﬂbef of embryos transferred that
G\ tra

uncertain since on a few occasions 1 or 3 instead of 2 embryos were transferred.




Horse embryo development after

transfer (zona free)
Lagutina et al. 2005 Reproduction 130: 559




Pig nuclear transter







Why SCNT work the way it
works




Comparison of pegnancy losses

% pregnant

Gestation (d)




Active chromatin Silenced chromatin

Chromatin chemistry. Chemical modifications—acetylation (Ac) or methyl-
ation (Me)—of histone proteins determine whether genes on the surrounding
DNA are active. HP1 is a transcription-inhibiting protein.




x-acH3-K9

Santos F, Zakhartchenko V, Stojkovic
M, Peters A, Jenuwein T, Wolf E,
Reik W, Dean W.

Epigenetic marking correlates with
Developmental potential in cloned

bovine preimplantation embryos.
Curr Biol 2003; 13: 1116-1121
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Methylation pattern at the
pronuclear stage




Most common abnormalities 1n
cloned calves

Most common abnormalities in cloned calves during the perinatal
period (in three countries)

Syndrome or illness USA ARG BRA Total
(N=36) (N=20)

No. (%) with respiratory ~ 22/98 6(17) 1 (5) 29/154
problems (22) (19)
No. (%) with hyper/ 17/88 7(19)  0(0) 24/144
hypothermia (19) (17)
No. (%) calves treated 72/96 18 (50) 7 (20) 64/172
with antibiotics (75) (37)
No. (%) with enlarged S50/116 8(22) 6 (30) 64/172
umbilical cord (43) (37)
No. (%) depressed/ 21/87 7(19) 1 (5) 29/143
prolonged recumbency  (24) (20)
No. (%) with contracted 22/109 9 (25) 0 (0) 31/145
flexor tendons (20) (21)
No. (%) with persistent  4/95 8 (22)" 3(15™ 15/151
urachus @ (10)

Within a row, values with different superscripts letters (a and b) differ
(P < 0.05). Data from USA is shown according to number of cases
studied for each parameter.
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Animal weltare guidelines

Health Assessment and Care for
Animals Involved in the Cloning Process

A consensus recommendation from the International Embryo Transfer Society
Draft # 3, May 2007




Genetically modified animals
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Cloning technique for
transgenesis

DNA transfection R
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Transgenic engineering of male-specific
muscular hypertrophy

Dimitrl Pirottin®, Luc Grobst!, Antoina Adamantidis®, Frédark Famnirt, Christian Harans?, Hanrik Daa Schroder?,
and Michal Georgas*!

*Unitofr I and Mobecudar Genet b, D wrt of Animal Preduction snd "Unk of Ermbryo b artrrant of Fathobo gy ard Mo 3
l'ulrc;ofmhl.‘ Il-d:lng.’lhmtyﬂ « D49, 20 Boulerard de Colorater, 53000 LI lz Dq hc-n-fv}’c-lduu'#' -
Melecule Neurch 'L l.hMyo“l I’I‘k.thh:nr 54020 Libg e, Belghun; "Center mnln Gennt ry

of Udge, Cenire Hosp umm- 'I'eud-hﬁohg 023, Zart Tiiman, 59000 Ukge, Delghume nmdmﬁ-olﬁlh’by
Unheratty llqm DK-2000 Oderas €, Derenark

Comemanicated by Jame £ Womeck, Teom ASN Un

Uslrg a m.mp poadun ImoMlg Ireart
: SRR RESEARCH ARTICLE

Cloned transgenic cattle produce milk with higher
levels of B-casein and x-casein

Brigid Brophy', Grant Smolenski', Thomas Wheeler', David Wells', Phil U'Huillier'2, and Gétz Laible™

Published online 27 January 2003; doi:10.1038/nbt783

To enhance milk composition and milk processing efficiency by increasing the casein concentration in milk,
we have introduced additional copies of the genes encoding bovine B- and k-casein (CSN2 and CSN3,
respectively) into female bovine fibroblasts. Nuclear transfer with four independent donor cell lines resulted in
the production of 11 transgenic calves. The analysis of hormonally induced milk showed substantial expres-
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ARTICLES

nature
biotechnology

Genetically enhanced cows resist intramammary
Staphylococcus aureus infection

Robert J Wall!, Anne M Powell!, Max J Paape?, David E Kerr?, Douglas D Bannerman?, Vernon G Pursel!,
Kevin D Wells%, Neil Talbot! & Harold W Hawk!

e.com/naturebiotechnology

Mastms the most consequentlal disease in dalry cattle cos!s the US dalry |ndustty billions of dolla:s annually To test the




Artificial insemination results
with frozen semen from Mtoto
clone 2




Progeny of clones

distibution of calvings from clone's progeny

Birth weight distribution of clone's progeny

21-25 26-30 31-35 36-40 41-45 46-50 51-55  56-60
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Final considerations
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