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Abstract: This study was performed to examine whether adult fibroblast cells can be manipulated genetically and whether clonal
lines derived from those cells can support embryonic development. A primary adult cell line was established from the ear of an aged
cow. Adult cells with a plasmid containing the enhancer green fluorescence protein (EGFP) gene, and non-transfected cells were
used for cloning. Green fluorescence expression was observed in 35/49 (71.4%) adult clones. The developmental rates of embryos
were significantly lower for cell lines expressing EGFP (11.4%) than for non-transfected cells (20.1%, P < 0.05). However, there
was no decrease in nuclear transfer (NT) developmental rates (21.5%) when donor nuclei from EGFP transfected cell lines not
expressing EGFP but retaining neomycin-resistance gene expression were used as donor nuclei. The NT embryos from transfected
and non-transfected cell lines had similar morphology and cell numbers. The results indicated that adult cells can complete clonal
propagation including transfection and selection and can be used to produce transgenic NT embryos.
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Erigkin Viicut Hiicresi Hatlarindan Elde Edilen Transgenik Sigir Niikleer
Transfer Embriyolari

Ozet: Bu calisma olgun hayvandan elde edilen fibroblast hiicrelerinin genetik degisiklige ugratilip ugratilamiyacagini ve bu hiicrelerden
gelistirilen hicre hatlarinin embriyonik gelisimi destekleyip desteklemiyecegini arastirmak icin yapildi. Hucre hatti yasl bir sigirin
kulak dokusundan gelistirildi. Yesil floresan protein genini (EGFP) tasiyan hicreler ve transfekte edilmemis olgun hicreler klonlama
icin Kullanildi. Yesil floresanin expresyonu olgun hucre klonlarinin 35/49 (% 71,4)'inde tespit edildi. Yesil floresan proteini exprese
eden hicrelerden olusan embriyolarin gelisme orant (% 11,4) transfekte edilmemis hicrelerden olusanlardan (% 20,1, P < 0,05)
daha dusukti. Bununla beraber EGFP ile transfekte edilen ve EGFP’yi exprese etmeyen ancak neomisin direnclilik geninin tastyan
hicrelerin nikleuslar! kullanildiginda, nikleer transfer embriyolarinin gelisme oraninda azalma olmadi (% 21,5). Transfekte edilmis
ve transfekte edilmemis hucrelerden olusan embriyolar benzer morfolgji ve hiicre sayisina sahipti. Bu sonuclar olgun hiicrelerin
transfeksiyon ve seleksiyonu iceren klonal gogalmayi tamamlayabilecegini ve bu hiicrelerin transgenik niikleer transfer embriyolarinin
Uretiminde kullanilabilecegini gésterdi.

Anahtar SézcuKler: Sigir, nikleer transfer, olgun fibroblast, yesil floresan protein

Introduction

Transgenic farm animals have important applications
for research as well as for commercial purposes.
Genetically modified animals may be successfully
produced in a number of species by the injection of the
gene into the pronucleus of fertilized oocytes. However,
transgene DNA integrates into their genome in less than
5-10% of animals. In addition, transgenic animals
generated using pronuclear microinjection are commonly

mosaic, an integrated transgene is not present in all cells
because the timing of integration is random (1). The birth
of calves following nuclear transfer (NT) with cultured
transgenic fetal cell lines demonstrates the possibility of
producing cloned transgenic cattle (2). More recently,
genes were targeted to specific sites in the genome using
a homologous recombination in fetal ovine fibroblast cells
and live lambs were generated from these cells (3). A key
advantage of using NT to produce transgenic and gene-

* This study was performed in Department of Animal and Dairy Science, University of Georgia, USA.
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targeted livestock is the use of cultured transgenic cells as
donor nuclei. Genetically transformed cells can be selected
in vitro and cells only with stably integrated transgenes
are used as donor cells. All animals created from such cells
should be transgenic.

In animal agriculture, additional genetic selective
advantages are gained when genetic enhancements can be
made in already known superior genotypes. To gain this
advantage, adult, genetically enhanced donor cells must
be used in the NT procedure. The 3 galactosidase gene
has been widely used as a reporter gene for monitoring
gene expression but enhanced green fluorescence protein
(EGFP) is a more useful reporter system because it allows
the detection of gene expression in living cells (4,5).
Recently, several reports have described the use of GFP
variants on producing transgenic NT offsprings or
embryos in goats (6), pigs (7,8) and cattle (9,10).
Therefore, GFP was chosen as a marker gene for this
study.

In cattle, sheep, pigs and goats, fetal cells have been
used for transgenic livestock animal production because
of their rapid growth and potential for many cell divisions
before senescence in culture (2,11-13), whereas adult
somatic cell cloning has primarily been used to replicate a
particular female (14-16) or male (17,18) genotype. To
date, there are limited studies using adult transgenic
donor cells in the nuclear transfer procedure. Recently, it
has been shown that adult somatic cells could remain
totipotent for cloning after long-term culture suggested
the feasibility of genetic manipulation (19). In a previous
study, we demonstrated that genetically modified
granulosa cells could be used to produce transgenic NT
embryos after long-term culture (9). In this study, we
examined whether adult fibroblast cells after transgenic
clonal propagation in long-term culture can be used for
NT transfer and support embryonic development in vitro.

Materials and Methods

Genetic transformation of cells and establishment
of transgenic cell lines

A tissue biopsy was obtained from the ear of a 13-
year-old cow. Tissue explants were cultured in Dulbecco’s
Modified Eagle’s medium (DMEM) F-12 (Sigma)
supplemented with 10% fetal bovine serum (FBS, Bio
Whitaker Inc, Walkersville, MD) and 1% (v:v) penicillin
/streptomycin (10,000 U/ml penicillin G, 10,000 ug/ml
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streptomycin, Sigma) at 37 °C in a tissue culture plate in
a humidified atmosphere of 5% CO, and 95% air.
Fibroblast cells were transfected with a plasmid
containing EGFP gene under the control of the
cytomegalovirus (CMV) promoter and neomycin resistant
gene, which allows selection using geneticin, under
control of SV40 promoter (pEGFP-N1, Clontech
Laboratories, Inc. Palo Alto, CA) using a polyamine
transfection reagent (GeneJammer, Stratagene, CA)
according to the manufacturer’s instructions. After
transfection the cells were exposed to 600 pg/ml of
Geneticin (G418, Sigma) for 20 days and single colonies
were isolated in the presence of G418 and expanded.
Transfected cell colonies were picked up using round
paper membrane colony discs allowing the attechment of
cells on the surface of them (Fisher Scientific, Springfield,
NJ). The cells were examined for EGFP expression under
a fluorescent microscope using a standard fluorescein
isothiocyanate (FITC) filter set and marked as positive
and negative cell lines. A portion of cells from each EGFP
positive and negative cell line was plated for chromosome
analysis and DNA isolation. Genomic DNA was isolated
from each cell line cultured into 24-well plates using a
DNA purification kit (Wizard Genomic DNA kit, Promega
purification) and analyzed by PCR for the presence of the
transgenes. The chromosomes of cells were counted to
examine the ploidy of the transfected and expanded adult
fibroblast cell lines by using a standard preparation of
metaphase spreads (19). The population doubling (PD)
number of clonal lines was estimated using the formula
log10 (N/NO) x 3.33 (N: number of cells harvested, NO:
number of cells plated).

Recipient cytoplasm preparation and NT

In vitro maturation of bovine immature oocytes and
enucleation were performed as described previously
(2,10,16). In brief, bovine cumulus-oocyte complexes
(COCs) were recovered by the aspiration of small antral
follicles on ovaries obtained from a slaughterhouse. Only
COCs with a compact, nonatretic cumulus oophorus-
corona radiata and a homogeneous ooplasm were
selected. They were matured in TCM 199 (Gibco Inc,
Grand Island, NY) supplemented with 109% FBS, 50 pg/ml
sodium pyruvate, 1% v:v penicillin/streptomycin (10,000
U/ml penicillin G, 10,000 yg/ml streptomycin), 1 ng/ml
rIGF-1 (Sigma), 0.01 U/ml bLH and 0.01 U/ml bFSH
(Sioux Biochem. Sioux Center, IA) in four-well plates
overlaid with mineral oil. Maturation was performed at



39 °C in a humidified 5% CO, in air for 16-18 h. After
maturation, the cumulus-corona was totally removed by
vortexing COCs in TL Hepes medium containing 100 U/ml
hyaluronidase (Sigma). Oocytes matured for 16-18 h
were enucleated with a 15-pm (internal diameter) glass
pipette (Eppendorf, Westburg, NY) by aspirating the first
polar body and MII plate in a small volume of surrounding
cytoplasm in TL Hepes supplemented with 7.5 pg/ml
Cytochalasin B (Sigma). The oocytes were previously
stained in TL Hepes containing 2 pg/ml Hoechst 33342
and 7.5 pg/ml Cytochalasin B for 10-15 min. Enucleation
was performed under ultraviolet light to ensure the
removal of oocyte chromatin.

Two different EGFP positive cell lines, one expressing
a high level (AF1-gfp) and the other a low level of EGFP
(AF12-gfp), and one EGFP negative cell line (AF47-neo)
from transfected adult fibroblast cells, and non-
transfected adult fibroblast cells were used as donors.
The donor cells were cultured with 10% FBS. A single cell
was inserted into the perivitelline space of the enucleated
oocyte by using a 15-um (internal diameter) glass pipette
(2). For transfer, the brightest cells in each transgenic cell
line were selected under UV light using the FITC filter set.
Oocyte-cell complexes were placed in TCM 199 containing
10% FCS at 39 °C in 5% CO, in air until fusion.

Fusion and activation of oocyte-cell couples

Oocyte-cell couples were fused by using a needle-type
electrode (7,9) in Zimmermann'’s fusion medium (20).
The single cell-oocyte couple was sandwiched between
two wires arranged in a straight line and attached to
micromanipulators. A single direct current pulse of 40 V
for 20 ps was applied. The activation of NT units was
performed as described previously (9,21,22) after
modification. In brief, 2 h after fusion, nuclear transfer
oocytes were exposed to calcium ionophore (5 uM for 10
min, free acid, Sigma), followed by incubation in TCM
199, supplemented with 10% FBS, 2.5 pg/ml
Cytochalasin D (Sigma), 10 pg/ml Cycloheximide (Sigma)
for 1 h at 39 °C in 5% CO, in air and in TCM 199 with
10% supplemented FBS and 10 pg/ml Cycloheximide for
5 h at 39 °C in 5% CO,, 5% 0, and 90% N,.

In Vitro Culture of Reconstructed Embryos

Nuclear transfer oocytes were cultured in 50 pl
culture drops of BARC medium (9,22,23) containing
bovine serum albumin placed into a 60-mm culture plate
overlaid with mineral oil at 39 °C in 5% CO,, 5% 0, and
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90% N, for 5 days and cleaved NT embryos were
transferred in 50 pl culture drops of BARC + BSA
medium containing 5% FBS and cultured for an additional
2 days.

Blastocyst staining

Blastocyst stage embryo nuclei were stained on slides
in a PBS solution and 10% glycerol containing 100 pg/ml
of Hoechst 33342. A drop (~20 pl) of staining solution
containing 1-3 embryos was placed in the center of a slide
and a cover slip was placed over the drop and the edges
sealed. Nuclei were visualized and counted using UV light.

Statistical analysis

Experiments from all different cell lines were repeated
three times. Differences among the groups were analyzed
by one-way ANOVA. Data were analyzed after arcsin
square transformation (SigmaStat, Jandel Scientific).

Results
EGFP expression in fibroblast cells

The day after transfection with the EGFP gene using
a polyamine transfection reagent, green fluorescence was
observed in approximately 70% of fibroblast cells.
Following transfection and selection, 49 colonies from
transfected adult cells were picked up and expanded.
When examined under UV/FITC filter, 35 (71.4%) of
total colonies expressed EGFP. Visual observations
suggested that the expression level of EGFP differed
among the clonal lines. Sixteen (45.7%) clonal lines
expressing EGFP were classified as high expressing
clones, and 19 (54.2%) as low expressing clones. At the
time of NT, all cells from EGFP transgenic cell lines
expressed EGFP. Visually it was observed that each cell
line behaved differently in culture, and generally lines
expressing EGFP proliferated slower than lines not
expressing EGFP. Each clonal line had 1.3-1.8 x 10° cells
(estimated total of 20.3-20.8 PDs) when they were
frozen.

Characterization of donor cells and integration of
transgenes

A majority of cells showed a normal chromosomal
complement (60 chromosomes including XX
chromosomes) in non-transfected adult fibroblasts at
passage 4 (94.8%). Adult fibroblasts (at passage 4) were
used for transfection and all transgenic adult cell lines
were examined for chromosome numbers. A majority of
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the cells from each line (78.4-90%) showed a normal
chromosome number (60, including XX chromosomes).
Chromosome numbers of the lines used for NT are
presented in Table 1. The presence of both genes (Neo
and EGFP) was examined by PCR in all lines. The cell lines
from adult fibroblast expressing EGFP had both genes,
but lines not expressing EGFP only had the neo-gene.

EGFP expression and developmental competence
of NT embryos

The fusion rate for NT units was determined 2 h after
fusion pulse and green fluorescence was observed in all
fused NT units when examined under UV light. About
90% of cleaved embryos expressed EGFP after 3 days of
culture, and there was no evidence of mosaicism in any
expressing embryos. EGFP expression was observed in all
blastocysts from both transgenic cell lines. There was a
variation visually in EGFP expression between blastocysts
from lines AF1-gfp and AF12-gfp. Embryos from AF1-
gfp expressed a higher level of EGFP than embryos from

AF12-gfp. When the results were compared separately,
development rates of NT units from two different EGFP
positive lines (11.4% vs. 11.3%) and one EGFP negative
line (21.5%) were similar. However, when data were
combined there was a significant difference between NT
units from positive and negative lines (Table 2, 11.4% vs.
21.5 %, respectively, P < 0.05). The development rates
of NT units from EGFP negative and non-transfected cells
were similar (Table 2, 21.5% vs. 20.1%). Cell numbers
and the morphology of blastocysts from all experimental
groups were similar.

Discussion

This study showed that adult bovine fibroblast cells
can complete transgenic clonal propagation including
transfection and culture under antibiotic selection during
a long-term culture period and can be used for NT, and
support embryonic development in vitro. In agriculture, it
would be advantageous to use adult cells from progeny-

Table 1. Chromosome analysis of donor
Chromosome number
cells.
Cell <60 60 >60 no. of spreads counted
(%) (%) (%)
AF1-gfp? 4 (6.6) 49 (81.6) 7 (11.6) 60
AF12-gfp? 3(4.6) 57 (87.6) 4 (6.1) 65
AF47-nec® 5(8.3) 48 (80) 7 (11.6) 60
AF¢ 1(1.2) 74 (94.8) 3(3.8) 78
@ EGFP and neo-positive adult fibroblast
> EGFP negative and neo-positive adult fibroblast
¢ Non-transfected adult fibroblast
No significant differences (p > 0.05)
Table 2. Development of NT units.
Cell NT units NT units NT units Blastocyss Cell no.
fused (%) cleaved (%) (%) of blastocyst
AF-gfp? 641 368 (57.4) 181 (49.2)d 42 (11.4)d 874 +5.0
AF-neo® 140 79 (56.4) 61 (77.2)e 17 (21.5)e 92.6 + 10.9
AF€ 202 104 (51.4) 68 (65.4)e 21 (20.1)e 95.5+0.9

@ EGFP positive adult fibroblast (both AF1 and AF12 lines)
b EGFP negative (only neo-positive)
¢ Non-transfected adult fibroblast

d,e Values within columns with different letters are significantly different (p < 0.05)
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tested animals for the multiplication of superior
genotypes. Although not tested here, it is likely that adult
fibroblast cells can serve as a suitable donor for the
production of transgenic NT offspring. A previous study
showed that transgenic granulosa cells at a late passage
number can be used for producing transgenic embryos
(9). Adult fibroblasts can be an alternative cell type for
producing NT embryos since they can be obtained from
either sex.

We used EGFP as a marker to determine gene
expression into adult cells and NT embryos derived from
these cells. Although GFP is thought to be a non-toxic
biological marker, Hanazono et al. (24) reported that
high expressing cells (the brightest cells) died within a
matter of days after transfection. They hypothesized that
this was due to a deleterious effect of the gene product.
Hadjantonakis et al. (25) reported a variation of GFP
expression on transfected mouse embryonic stem (ES)
cells and interpreted this phenomenon as an effect of the
gene copy number or the site of integration. They did
not, however, report any deleterious effect of GFP on ES
cell viability. In the present study, the toxicity levels or
copy number may have affected the growth of the
transfected fibroblast cells expressing EGFP. Cell lines
expressing EGFP proliferated slower than EGFP negative
cell lines. However, the expression level of EGFP did not
affect the development of NT units or cells. Transgenic
mice and bovine embryos expressing the GFP gene have
been reported (1,25-27) but a systematic examination
for the toxicity of the gene product has not yet been
performed. In the present study, variations in the
intensity of EGFP expression were observed among clonal
cell lines. EGFP expression in blastocyst stage NT
embryos also differed between the two EGFP transgenic
cell lines. In a recent study (28), clonal lines of transgenic
fibroblast cells derived from the same fetus resulted in
different embryo development rates when used for NT in
pigs. In the present study, there was no significant
difference in the developmental rates between embryos
from the two EGFP cell lines (expressing low and high
levels of EGFP). However, the developmental rates of
embryos from EGFP-positive cells were lower than those
from EGFP-negative cells. The low embryo development
rate observed in this study might be the result of the
negative effect of EGFP on donor cells and the
development of transgenic embryos.

S. ARAT, S. J. RZUCIDLO, S. L. STICE

Generally early passage numbers (3-5 passages) of
adult donor cells have been used for nuclear transfer
(2,11,12,16,17,29). Although live clones have been
obtained from adult somatic cells in sheep (14) and cattle
(16-18,30), the production of transgenic animals by
cloning has been limited to fetal derived transfected
somatic donor cells (2,3,12). Kasinathan et al. (31) found
that cells from a 15-year-old animal had a life span of
about 18 PDs, and suggested that adult cells are likely to
become senescent before selection for transgenic clonal
lines would be complete. However, cells from a 13-year-
old animal could complete clonal propagation in this
study. Two studies (2,31) reported that fetal fibroblast
cells had 30 PDs; however, another study (32) indicated
that fibroblast cells of the same age had 60 PDs.
Therefore, PDs for adult cells might vary among animals
or with culture conditions. Although PDs were not
examined, two recent studies demonstrated that
developmental rates of NT embryos derived from adult
cells after long-term culture (10-15 passages) were
higher than those of embryos derived from shorter-term
culture (five passages) (9,19). In the present study, the
percentage of cells with normal chromosome numbers in
all experimental groups was similar to those obtained by
Kubota et al. (19), who used adult fibroblast cells at
passage 10 and 15. Developmental rates to the blastocyst
stage for transgenic fibroblast cell derived NT embryos
were similar to those obtained by Beyhan et al. (33), who
used adult bovine fibroblast and cumulus cells, and those
obtained by Shiga et al. (18), who used muscle cells as
donor material. Furthermore, NT embryo development
rates were similar to transfected granulosa (9) and fetal
fibroblast donor cells (2,10). Total cell numbers in
blastocyst stage embryos derived from transfected and
non-transfected donor cells were higher than those
reported by Akagi et al. (34) and similar to those
reported by Kasinathan et al. (31). Although the
blastocyst development rate from EGFP positive cell lines
was lower than that from negative cell lines, when
compared with other NT studies, the results obtained
from the present study indicate that the transfection and
selection of transgenes did not impair the developmental
potential of NT embryos.

In conclusion, this study demonstrated that embryonic
development is not affected in NT embryos derived from
adult fibroblast cells by transfection with a gene of
interest and selection with an antibiotic. The lower
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developmental rate of embryos produced from cells
expressing EGFP may indicate a deleterious effect of
EGFP. Therefore, adult cells can complete the transgenic
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