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ABSTRACT

Genetic modification of germline stem cells (GSCs) is an
alternative approach to generate large transgenic animals where
transgenic GSCs are transplanted into a recipient testis to
generate donor-derived transgenic sperm. The objective of the
present study was to explore the application of viral vectors in
delivering an enhanced green fluorescent protein (EGFP)
transgene into GSCs for production of transgenic gametes
through germ cell transplantation. Both adeno-associated virus
(AAV)- and lentivirus (LV)-based vectors were effective in
transducing pig GSCs, resulting in the production of transgenic
sperm in recipient boars. Twenty-one boars treated with
busulfan to deplete endogenous GSCs and nine nontreated
boars received germ cell transplantation at 12 wk of age. Semen
was collected from recipient boars from 5 to 7 mo posttrans-
plantation when boars became sexually mature, and semen
collection continued for as long as 5 yr for some boars. The
percentage of ejaculates that were positive for the EGFP
transgene ranged from 0% to 54.8% for recipients of AAV
vector-transduced germ cells (n¼ 17) and from 0% to 25% for
recipients of LV vector-transduced germ cells (n ¼ 5). When
semen from two AAV recipients was used for in vitro
fertilization (IVF), 9.09% and 64.3% of embryos were trans-
genic. Semen collected from two LV-vector recipients produced

7.7% and 26.3% transgenic IVF embryos. Here, we not only
demonstrated AAV-mediated GSC transduction in another large
animal model (pigs) but also showed, to our knowledge for the
first time, that LV-mediated GSC transduction resulted in
transgene transmission in pigs.

germ cell transplantation, germline stem cells, spermatogenesis,
spermatogonial stem cells, transgenesis, transgenic animal,
transplantation, viral vectors

INTRODUCTION

Large transgenic animals have been generated for a variety
of purposes, such as to produce large quantities of biopharma-
ceutical proteins, to provide tissues compatible for transplan-
tation in humans, and to generate animal models for biomedical
research. In this context, pigs are a popular large animal model
because of their similarities to humans in both physiology and
diseases, such as diabetes and cystic fibrosis [1].

For large animals in which embryonic stem (ES) cells are
not yet widely available, the most common approach for
generating transgenic animals is somatic cell nuclear transfer
(SCNT) [2–4]. Although SCNT has been used to generate
transgenic farm animals, such as goats [5], pigs [6], sheep [7],
and cattle [8], the method is inefficient, costly, and time-
consuming. Moreover, animals resulting from SCNT frequent-
ly suffer from developmental abnormalities associated with
nuclear reprogramming [9–11].

An approach currently being considered to complement
SCNT for producing transgenic animals is germ cell trans-
plantation using genetically modified male germline stem cells
(GSCs). GSCs are unipotent stem cells in the testis that self-
renew and undergo differentiation to form sperm [12]. When
exogenous GSCs are transplanted into the seminiferous tubules
of a recipient testis, they are able to colonize the recipient testis
and establish donor-derived spermatogenesis [13, 14]. This
characteristic of GSCs makes them an attractive vehicle for
transgene transmission. Previous reports demonstrated that
rodent GSCs can be genetically manipulated in vitro by a
variety of methods and transplanted into recipients to produce
transgenic gametes [15–19]. Those studies laid the foundation
for the potential application of GSCs in producing large
transgenic animals.

So far, long-term culture of GSCs has been achieved only in
mice and rats. Primary GSCs are quiescent or, at best,
proliferate very slowly in culture, making the use of standard
transfection methods difficult. Currently, the prevailing method
used to deliver a transgene into GSCs is viral vector-mediated
transduction. Transduction of rodent GSCs by lentiviral (LV)
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or retroviral (RV) vectors proved to be successful and resulted
in transgenic mouse and rat offspring [15–18].

In our previous study, we investigated the application of
adeno-associated virus (AAV) in GSC transduction [20]. AAV
is a small, nonpathogenic, dependent parvovirus with a 4.7-kb,
single-stranded linear genome [21]. AAVs are capable of
infecting nonreplicating cells, which makes them an attractive
delivery system for quiescent GSCs. Because AAV is a
dependent virus, it does not carry the same biosafety
restrictions as RV and LV vectors. Animals exposed to AAV
can be maintained under standard husbandry conditions. We
previously demonstrated that AAV is capable of stably
transducing both mouse and goat GSCs in vitro, resulting in
transgene transmission through the male germline [20]. That
research confirmed that germ cell transplantation-mediated
transgenesis through GSCs provides a feasible and important
alternative for generating large transgenic animals.

In the present study, we extended the use of AAV and LV
vectors to pigs and showed that viral vector-transduced pig
GSCs were able to colonize the recipient testis and generate
transgenic sperm. The transgene was detected in embryos
produced by in vitro fertilization (IVF) using transgenic sperm.

MATERIALS AND METHODS

Viral Vectors

The EGFP (enhanced green fluorescent protein) vectors used in the present
study (AAV2-CMV-EGFP, AAV2-PGK2-EGFP, AAV2-ACR3-EGFP, VSV-
G.HIV.PGK1.EGFP, and VSV-G.HIV.PGK2.EGFP) express the EGFP
transgene under the control of either a ubiquitous promoter, CMV
(cytomegalovirus) or PGK1 (phosphoglycerate kinase 1) or a cell type-specific
promoter (PGK2 or ACR3). PGK2 encodes the testis-specific phospho-
glycerate kinase 2 and is only expressed in meiotic spermatocytes and in
postmeiotic male germ cells [22]. The ACR3 promoter drives the expression of
Acrosin in spermatids and spermatozoa [23]. All the vectors were obtained
from the Vector Core of the University of Pennsylvania. The ACR3 promoter
was derived from mouse sequence, and the PGK1 and PGK2 promoters were
derived from human sequences. The PGK2 promoter was a gift from Dr. John
McCarrey (University of Texas, San Antonio), and the ACR3 promoter was a
gift from Dr. George Gerton (University of Pennsylvania).

Viral Transduction of GSCs

For GSC transduction in vitro, donor cells were collected from the testes of
10- to 12-wk-old piglets. Single-cell suspensions were prepared using a
sequential enzymatic digestion protocol as described previously [24] with
minor changes. Briefly, the tunica albuginea and visible connective tissue were
removed. The exposed seminiferous tubules were dissociated with collagenase
(2 mg/ml, Type IV; Sigma) in Dulbecco modified Eagle medium (DMEM) at
378C for 20–40 min with occasional agitation, followed by the addition of
hyaluronidase (1 mg/ml; Sigma) for 15–20 min. The tissue was then rinsed
twice in Dulbecco phosphate-buffered saline without Ca2þ and further digested
with 0.25% (w/v) trypsin and 1 mM ethylenediaminetetra-acetic acid at 378C
for 5–10 min. DNase I (7 mg/ml; Sigma) in DMEM was added as needed. Fetal
bovine serum was added to stop enzymatic digestion. The resulting cell
suspension was filtered through 100-, 70-, and 40-lm cell strainers sequentially
(BD Biosciences). The single cells were then collected by centrifugation at 500
3 g for 5 min at 168C, and the pellet was resuspended in DMEM. For AAV
vector transduction, 0.2–1.1 3 109 testicular cells were exposed to AAV2-
CMV-EGFP, AAV2-PGK2-EGFP, or AAV2-ACR3-EGFP at a multiplicity of
infection (MOI) of 0.3–8.8 3 103 genome copies/cell. Germ cells were
transduced for 3 h in vitro, washed twice in DMEM for 5 min each, and
transplanted. Because a high titer of LV is required for transduction of the large
number of cells, spermatogonia (including GSCs) were enriched from the initial
testicular cell suspension before LV transduction. The testicular cell suspension
(1.1–1.2 3 109 cells) was subjected to Staput velocity sedimentation as
previously described [25]. Briefly, testicular cells were loaded and subjected to
sedimentation in a 2%–4% bovine serum albumin (BSA) gradient in 25 mM
Hepes-buffered DMEM for 2.5 h, followed by collection of eighty 12-ml
fractions. Fractions were examined under a phase-contrast microscope to
identify those enriched for spermatogonia. Cell suspensions (1.2–1.6 3 108

cells) that were enriched for spermatogonia were collected and assessed for cell

viability and used for transduction. For LV vector transduction, 0.2–0.4 3 108

cells were infected by VSV-G.HIV.PGK1.EGFP or VSV-G.HIV.PGK2.EGFP
at an MOI of 140–154 overnight, and transduced cells were washed twice in
DMEM for 5 min each and transplanted.

Preparation of Recipient Animals

Pregnant sows were treated twice with busulfan (7.5 mg/kg) at Days 98 and
108 of gestation to deplete endogenous germ cells in fetuses [26]. Treated
piglets were used for germ cell transplantation at 12 wk of age. Age-matched
normal boars were used as nontreated recipients. We have previously shown
that germ cell transplantation between unrelated pigs does not result in immune
rejection of transplanted cells; therefore, recipient pigs do not need to be
genetically matched to the donor or immune-suppressed [24, 27].

Germ Cell Transplantation and Semen Collection

Transplantation was performed by ultrasound-guided cannulation of the rete
testis with delivery of cells by gravity flow as described previously [20, 24].
Briefly, transplantation was performed under general anesthesia and aseptic
surgical conditions. A linear incision was made lateral and parallel to the
median raphe, and the testis enclosed in the parietal vaginal tunic was exposed.
An i.v. catheter (20-gauge 3 1-1/4 inch length; Surflo; Terumo Medical Co.)
was inserted through the cauda epididymis and testis into the rete testis using
ultrasound scanning. The position of the catheter was monitored from
longitudinal and cross-sectional planes, and its direction was adjusted to
ensure positioning in the center of the rete testis. Once the catheter was inserted,
a small drop of a tissue adhesive solution (Close Liquid Suture; Braun
Veterinary Care) was applied to anchor the catheter to the testis. After removing
the steel needle, an infusion set containing the cell suspension was connected to
the catheter. The average volume of the cell suspension injected into each testis
was 3–5 ml, depending on testis size, with a flow rate of approximately 0.5–1
ml/min. For boars in which only one testis was injected, the contralateral testis
was removed. Semen was collected from recipients by manual stimulation.
Semen collection started at approximately 5–7 mo posttransplantation when
pigs became sexually mature and continued for more than 5 yr for some boars.
All experiments were approved by the Institutional Animal Care and Use
Committee of the University of Pennsylvania and performed in accordance with
relevant guidelines and regulations.

Genotyping Semen Samples

For the isolation of sperm DNA, 107 sperm/ejaculate were incubated for 1 h
at 378C in the presence of 100 mM dithiothreitol in lysis buffer before DNA
extraction. Genomic DNA was extracted from sperm using a commercially
available kit (QIAmp DNA Mini Kit; Qiagen). All DNA samples were
analyzed by PCR in triplicate. For PCR detection of the EGFP transgene, the
following primers were used: 50-TCA CCT TGA TGC CGT TCT TCT-30 and
50-GCA AGC TGA CCC TGA AGT TCA-30, resulting in a 372-bp fragment,
or 50-CGG CCA CAA GTT CAG CGT GTC CGG CG-30 and 50-CCA TGT
GAT CGC GCT TCT CGT TGG GG-30, resulting in a 586-bp fragment.
Amplification of a 274-bp fragment of the beta-actin gene served as the internal
control, for which the following primers were used: 50-TGTGCTGTCC-
CTGTACG CCTCTG-30 and 50-CAGTGGCCATCTCCTGCTCGAAGT-30.
Positive-control DNA was from EGFP-transgenic mice (Tg(ACTB-EGFP)D4-
Nagy/J; The Jackson Laboratory).

In Vitro Fertilization

Boar semen was processed and shipped in X-Cell extender (IMV
Corporation) at a concentration of 50 3 106 sperm/ml to the University of
Illinois, where IVF was performed. Porcine blastocysts were produced using in
vitro maturation, IVF, and embryo culture as previously described [28–31].
Briefly, cumulus-oocyte complexes (COCs) were vacuum-aspirated from 3- to
8-mm follicles. Selected COCs were matured in vitro at a density of 50 COCs/
well in a four-well plate for 42–44 h at 38.78C in 7% CO

2
in humidified air.

After maturation, oocytes were denuded of the surrounding cumulus cells,
washed three times in modified Tris-bufferred medium (mTBM) supplemented
with 2 mM caffeine, 0.2% (w/v) fraction V BSA, and 13 PSA (100 U
penicillin, 100 lg streptomycin, 0.25 lg amphotercin; Invitrogen). Oocytes
were placed into 50-ll drops of mTBM [32] at a density of 20 oocytes/drop
under 10 ml of mineral oil. Sperm were prepared by density separation using a
gradient of 45%:90% Percoll (GE Healthcare Life Sciences). After centrifu-
gation (20 min at 700 3 g, room temperature), the sperm pellet was washed
twice in 5 ml DPBS (Invitrogen), diluted in mTBM, and added to drops
containing oocytes for a final sperm concentration of 250 000 sperm/ml.
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Gametes were coincubated for 5 h in 6% CO
2

in humidified air. After
coincubation, presumptive zygotes were washed three times and cultured in 50
ll of NCSU-23 medium (10 zygotes/drop) [33] containing 0.4% crystallized
BSA under 10 ml of mineral oil in 6% CO

2
, 10% O

2
, balance N

2
for 6 days,

when embryonic blastocyst development was determined. Unless specified
otherwise, all chemicals were from Sigma-Aldrich.

Genotyping of Porcine IVF Embryos

Porcine embryos were generated by IVF using semen from four boars
(Tables 1 and 2). Embryos were analyzed at Day 6 of development. Negative-
control embryos were obtained using sperm from control boars. The genomic
DNA from an EGFP-transgenic mouse served as positive control for EGFP (a
gift from Dr Yuko Fujiwara, Children’s Hospital, Boston, MA). Embryos were
processed for genomic DNA extraction as previously described [20]. Briefly,
the embryos were treated with acid Tyrode solution and Pronase (Sigma) to
remove the zona pellucida and washed three times for 5 min each in Hanks
balanced salt solution containing 0.66 mg/ml of polyvinylpyrrolidone-10
(Sigma). Embryos were lysed by the freeze-thaw method. Mouse genomic
DNA samples (positive control) were serially diluted in dH

2
O to 10-, 5-, and 2-

cell equivalents of DNA per microliter. To increase the amount of DNA
available for genotyping, the genomic DNA present in the lysed embryos and
controls was subjected to primer extension preamplification (PEP) PCR using
AmpliTag DNA Polymerase (PerkinElmer) and random primers (pd(N)6
random hexamer; Amersham). After PEP, the PCR products were used as
templates for nested PCR using primers specific to EGFP and beta-actin. Two
sets of EGFP primers were used, with one set being closer to the 50 of the
coding region (GFP50) and the other closer to the 30 (GFP30). The EGFP
primers used were as follows: for primer set GFP50, 50-CGGCCACAAGTT-
C A G C G T G T C - 3 0 a n d 5 0- T C A C C T T G A T G C C G T T C T T -
CTGC-30 (first round with an expected size of 419 bp), 50-GCAAGCT-
GACCCTGAAGTTCA-3 0 and 50-TTGTCGGCCATGATATAGACGTT-3 0

(second round with an expected size of 349 bp); for primer set GFP30: 50-GCA-
AGCTGACCCTGAAGTTCA-3 0 and 5 0-TATTACTTGTACAGCTCGTC-
CATGCC-30 (first round with an expected size of 602 bp), 50-CACATGAAG-
CAGCACGACTTCT-3 0 and 5 0-TCACCTTGATGCCGTTCTTCTGC-3 0

(second round with an expected size of 230 bp). The primers used for beta-
actin were as follows: 50- GTTTGAGACCTTCAACACGCCGG-30 and 50-
CGTTGCCGATGGTGATGACCTG-30 (first round with an expected size of
398 bp), 50-TGTGCTGTCCCTGTACGCCTCTG-30 and 50-CAGTGGCCAT-
CTCCTGCTCGAAGT-30 (second round with an expected size of 274 bp).
Selective PCR products were sequenced to confirm the identity of amplicons to
be the EGFP gene. Most of the embryos were positive for both primer sets;
however, a few embryos were positive for only one of the primer sets. Embryos
were scored as positive so long as one of two paired sets yielded positive result
and the sequencing result was confirmative.

Immunohistochemistry

Germ cells positive for EGFP were detected on cross-sections of testicular
tissue by immunohistochemistry. Paraffin sections were dewaxed and
dehydrated through xylene followed by a graded series of graded ethanol
washes (100%, 95%, 70%, and 50% ethanol, 5 min each). Antigen retrieval was
performed by boiling samples in citrate buffer in a microwave for 1 min and
cooling for 30 min. Endogenous peroxidase activity was eliminated by treating
samples with 3% H

2
O

2
for 5 min. After three washes with PBS buffer (5 min

each), samples were blocked using 5% goat serum in PBS for 1 h before
addition of primary antibodies. Primary antibody incubation was done at 48C
overnight using rabbit polyclonal anti-EGFP antibodies (ab 6556; Abcam).

After primary antibody incubation, samples were washed three times in PBS for
5 min each and then incubated with biotinylated goat anti-rabbit IgG antibodies
(PK-4001, VECTASTAIN; Vector Laboratories) at a dilution of 1:300 for 30
min at room temperature. Samples then were subject to incubation with
VECTASTAIN ABC reagent for 30 min at room temperature. After PBS
washes, samples were incubated with peroxidase substrate (VECTOR
NovaRED, SK-4800; Vector Laboratories) for 1–5 min. After rinsing with
PBS, sections were counterstained with Harris hematoxylin, rehydrated with
ethanol, mounted with mounting media, and analyzed by bright-field
microscopy.

RESULTS

AAV Vector-Mediated GSC Transduction and
Transplantation

For AAV-transduced GSCs, 21 busulfan-treated and 4
nontreated boars (n¼ 25 in total) were used as recipients for
transplantation. Two boars died unexpectedly at a young
age, and six boars were killed young for analysis of the
effect of busulfan on colonization of transplanted GSCs.
Therefore, only 17 boars produced ejaculates for transgene
analysis (summarized in Table 1). Among these 17 boars,
16 were treated with busulfan, and 1 was nontreated. We
divided these 17 recipients into two groups (group A or
group B) based on the number of ejaculates collected.
Group A consisted of nine boars that were killed relatively
young (between 10 and 16 mo of age). For those boars,
semen collection terminated at 7- to 12-mo posttransplan-
tation, and less than 20 ejaculates/boar were collected and
evaluated. Out of nine boars, the EGFP transgene was
detected in ejaculates from two boars (20% and 5.9% of
ejaculates from boars 52 and 53, respectively). Group B
consisted of eight boars that were kept from 18 to 72 mo of
age. For those boars, semen collection went beyond 14 mo
posttransplantation (ranging from 14 to 64 mo), and more
than 20 ejaculates/boar were collected and evaluated. In
particular, three boars (boars 49, 50, and 58) had more than
100 ejaculates collected. All the boars in group B produced
EGFP-positive ejaculates. The percentage of positive
ejaculates ranged from 20.8% to 54.8% (mean 6 SD,
35.3% 6 12%, n ¼ 8) (Table 1).

In addition to analyzing ejaculates, we also examined the
testes from 17 boars after death. When the whole-mounted
seminiferous tubules were analyzed under a dissecting
microscope equipped with epifluorescence, EGFP-positive
cells were detected in the seminiferous tubules (Fig. 1A).
Because only GSCs are capable of colonizing the seminiferous
tubules, EGFP fluorescence originated from stably transduced
GSCs. We also noticed that EGFP-positive tubules demon-
strated the classic pattern of well-established colonies, with
long stretches of completely filled segments as well as a web of
small groups of cells (Fig. 1A). When testis cross-sections were

TABLE 2. Summary of five recipients transplanted with LV vector-transduced germ cells.a

Boar
no.

First positive signal
detected (time

posttransplantation)b

Last semen
collection (time

posttransplantation)
Total no. of
ejaculates

No. of
EGFP-positive

ejaculates
% of EGFP-positive

ejaculates
EGFP-positive IVF

embryosc

Colonization
efficiency (left
or right testis)d

63 NA 17 mo 15 0 0.0 NA 42.4
64 NA 12 mo 6 0 0.0 NA 26.2
69 9 mo 10 mo 7 1 14.3 1 of 13 (7.7%) 38.6
70 NA 10 mo 6 0 0.0 NA 27.6
71 9.5 mo 9.5 mo 4 1 25.0 5 of 19 (26.3%) Not analyzed

a All five recipients were not treated with busulfan, and cells were transplanted only into one testis in each recipient.
b Timing of the first detection of EGFP-positive ejaculates for recipients that produced positive ejaculates. NA, not applicable.
c EGFP-positive embryos resulted from germ cells transduced with VSV-G.HIV.PGK1.EGFP.
d Colonization efficiency was defined as the percentage of tubule cross-sections that contained EGFP-positive germ cells.
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stained with anti-EGFP antibodies, EGFP was specifically
detected in spermatocytes and spermatids in the testis that
received transplantation from AAV2-PGK2-EGFP-transduced
germ cells (Fig. 1, B and C). When testis sections of recipients
were compared to those of an age-matched, nontreated adult
boar, no gross developmental or anatomical difference was
observed (Fig. 1, B and D). For analysis of colonization of
transduced GSCs, colonization efficiency was determined for
each transplanted testis from recipients (Table 1). Colonization
efficiency was defined as the percentage of tubules that
contained EGFP-positive germ cells. Approximately 150–300
tubule cross-sections were scored for each testis. Of seven
boars that did not produce EGFP-positive ejaculates (group A),
six had some degree of EGFP-positive tubules (Table 1). For
example, boar 46 had 27.9% and 27.6% colonization efficiency
in the left and right testis, respectively; however, EGFP was not
detected in the 15 ejaculates analyzed.

Among 25 boars used in the present study, four pairs of
boars were set up to compare the effect of busulfan treatment
on colonization of transplanted GSCs. For each pair, one
recipient was treated with busulfan, and the other was not.
Two boars in each pair received the same number of donor
cells from the same cell preparation for transplantation, and
the animals were killed at the same time for analysis. Three
pairs were killed young for analysis of colonization
efficiency of transduced germ cells in the testis; therefore,
no ejaculates were collected from those three young pairs.
When colonization efficiency was compared within the pairs,

we did not observe a significant difference between the
busulfan-treated and nontreated recipients (data not shown).
The fourth pair (boars 49 and 50) was kept beyond sexual
maturity for semen collection. Genotyping results indicated
that 35.5% of ejaculates (49/138) were EGFP-positive for
boar 49 (nontreated) and that 44.7% of ejaculates (55/123)
were EGFP-positive for boar 50 (busulfan-treated). Although
we saw a slightly higher percentage of positive ejaculates in
the busulfan-treated boar (boar 50), we cannot conclude from
this limited data set that the testis depleted of endogenous
germ cells using the current protocol offers a better
environment for transduced GSCs.

LV Vector-Mediated GSC Transduction and Transplantation

Because we did not observe a significant advantage of
depleting endogenous germ cells in recipients of busulfan
treatment, we used nontreated recipients for LV-transduced
GSCs. Five prepubertal recipients received transplantation
of LV-transduced GSCs at 12 wk of age, and all were killed
at 12 mo posttransplantation. Only a few ejaculates were
collected from each recipient (Table 2). Out of five boars,
two (boars 69 and 71) produced positive ejaculates, with
one positive ejaculate out of seven from boar 69 and one
positive ejaculate out of four from boar 71. When we
examined the testes from three recipients that failed to
produce positive ejaculates, we observed colonization of
EGFP-positive germ cells in the tubules (Table 2). This was

FIG. 1. EGFP transgenic donor cells colonized the seminiferous tubules and established donor-derived spermatogenesis. A) Fluorescent images of whole-
mounted seminiferous tubules from a recipient 8 mo posttransplantation. Fluorescent segments are tubules colonized by EGFP-positive donor germ cells.
Arrows indicate long stretches of segments with multiple layers of EGFP-positive germ cells, and arrowheads indicate a web of EGFP-positive germ cells.
B) EGFP expression was detected in the seminiferous tubules of boar 60 at 3 yr posttransplantation. Boar 60 was a busulfan-treated recipient that received
transplantation of germ cells transduced with AAV2-PGK2-EGFP. EGFP driven by the germ cell-specific PGK2 promoter is specifically expressed in
spermatocytes and spermatids. C) Control staining without the primary antibody for B. D) Hematoxylin-and-eosin staining of a section from an age-
matched, nontreated adult boar testis. Bar ¼ 200 lm (A) and 50 lm (B–D).
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similar to what we had observed in the testes of AAV-
transduced recipients.

Transgenic Embryos Produced by IVF

Sperm collected from two recipients of AAV vector-
transduced germ cells (boars 49 and 58) and two recipients
of LV vector-transduced germ cells (boars 69 and 71) were
used for IVF. Sperm from a control boar were used to
produce negative-control embryos. The preimplantation
development of IVF embryos was monitored for 6 days,
and the most advanced embryos observed were at the
blastocyst stage. The percentage of IVF embryos that
developed to the blastocyst stage (10.6%) was comparable
to what has been reported previously (12.9% 6 1.5% [28]).
A comparable number of blastocysts (;15%) was observed
in the IVF control group using control sperm. Boars 50 and
58 produced 9.1% (1/11) and 64.3% (18/28) transgenic
embryos, respectively. Boars 69 and 71 produced 7.7% (1/
13) and 26.3% (5/19) transgenic embryos, respectively.
Representative fluorescent images of embryos are shown in
Figure 2. As reported previously [34–36], we detected
EGFP expression in embryos that carry the CMV-EGFP
transgene, indicating that the CMV promoter is active in
porcine preimplantation embryos. IVF embryos were
genotyped using EGFP-specific primers, and the results
are presented in Figure 3.

DISCUSSION

Transgenesis Through In Vitro Transduction of GSCs by
Viral Vectors

In the present study, we demonstrated that pig GSCs could
be transduced in vitro by AAV vectors. Transduced GSCs were
able to colonize the recipient testis, initiate donor-derived
spermatogenesis, and produce transgenic sperm. To prove the
transmission of the transgene, we generated transgenic
embryos by IVF using transgenic sperm. Lentiviral transduc-
tion of porcine germ cells in vitro has been described
previously [37]. However, the transduced cells were not
transplanted, and transmission of the transgene has not been
reported. Here, we showed that LV vector-transduced GSCs
colonized the recipient testis and produced transgenic sperm.
We also showed that transgenic sperm were capable of passing
the haplotype to embryos through IVF.

After germ cell transplantation, we screened ejaculates from
recipients starting from 5 to 7 mo posttransplantation for the
presence of transgene. We noticed that we were able to detect
the EGFP transgene by PCR starting at 9–11 mo posttrans-
plantation for all recipients that produced positive ejaculates
(Tables 1 and 2). We propose that this time window (9–11 mo)
does not indicate a developmental delay in spermatogenesis
from transduced GSCs; instead, it likely represents a threshold
effect on the time that is required for transplanted transgenic

FIG. 2. EGFP transgene is expressed in IVF embryos produced by sperm from recipient boars. Fluorescent (A) and bright-field (B) images of an embryo
generated by IVF using sperm from one of the recipients that produced positive ejaculates are shown. The control embryo (C and D) was generated by
using sperm from a control boar. Bar¼ 25 lm (A and B) and 50 lm (C and D).
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GSCs to home in on the niche and proliferate to reach a certain
population size, therefore producing an amount of transgenic
sperm that is detectable by PCR. We also were able to detect
the transgene in ejaculates from some 5-yr-old recipient boars.
This indicated that the transgene was stably integrated into the
genome of porcine GSCs.

Among all 23 recipients used for ejaculate analysis (n¼ 17
boars from the AAV experiment and 5 boars from the LV
experiment) (Tables 1 and 2), we did not detect EGFP-positive
ejaculates from 10 (n¼ 7 boars from the AAV experiment and
3 boars from the LV experiment). All of these 10 boars had less
than 20 ejaculates/boar collected, because semen collection
terminated at 7–12 mo posttransplantation (Tables 1 and 2).
The last collection time points of those animals overlapped
with the time window during which the transgene was first
detectable in other recipients (9–11 mo). When we examined
colonization of transplanted GSCs in the testis of those 10
recipients, we detected colonization in nine of them (Tables 1
and 2). Therefore, we suspected that either viral transduction
and/or colonization of GSCs were less efficient in those nine
recipients, resulting in a lesser number of positive sperm,
which likely was beyond the detection sensitivity of PCR at the
time of screening. In other words, the time required by a small
number of transgenic GSCs to reach the proposed threshold
would be longer. Because those recipients were killed right
after semen collection terminated, we could not investigate the
possibility of detecting EGFP-positive ejaculates later on, when
the proposed threshold was reached. Alternatively, the small
number of transgenic GSCs colonized could not produce
enough positive sperm to be detected by PCR during the life
span of the animals.

Given the size of a mature pig testis, we did not determine
the total number of colonies in each testis. We analyzed the
number of tubule cross-sections containing EGFP-positive

germ cells on randomly chosen tissue sections. When we
aligned the percentage of positive ejaculates with colonization
efficiency, we found that a high percentage of positive
ejaculates did not always correlate with a high percentage of
colonization efficiency (Tables 1 and 2). Because colonization
is not homogenous throughout the testis, sampling may not
have accurately reflected overall colonization of transplanted
GSCs. However, the analysis documented colonization and
spermatogenesis from transplanted GSCs and provided an
estimate of colonization efficiency expressed as the number of
EGFP-positive tubules on representative cross-sections.

The depletion of endogenous germ cells in recipients has
been a standard practice for germ cell transplantation ever since
the seminal studies in rodents that showed its beneficial effects
on colonization of exogenous donor germ cells and donor-
derived spermatogenesis [13, 14]. In the present study, we used
a total of six non-busulfan-treated recipients. One received
AAV vector-transduced GSCs; the other five were recipients
for LV-transduced GSCs. Within the scope of the present
study, we did not see a clear advantage to busulfan treatment
using the current protocol for prepubertal recipients in
improving colonization of GSCs and production of transgenic
sperm. Although busulfan treatment does not seem to be
essential and the presence of endogenous germ cells in
prepubertal recipients may not interfere with colonization of
exogenous transgenic germ cells, wild-type sperm produced
from endogenous germ cells can greatly dilute transgenic
sperm in ejaculates.

Large Animal Transgenesis Through GSCs

Transgenesis through male GSCs has tremendous potential
in species such as goats and pigs in which ES cell-based
transgenic technology is not yet available and currently
practiced methods for producing transgenic animals generally
are inefficient. Introduction of genetic modifications in the
germline can circumvent problems associated with manipula-
tion of early embryos and developmental abnormalities
associated with SCNT and reprogramming [9–11, 38]. Once
transgenic GSCs colonize the seminiferous tubules of the
recipient testis, they can continuously produce transgenic
sperm over the life of the recipient. Moreover, by transplanting
transduced GSCs into prepubertal recipients, the time to
production of transgenic sperm is shortened compared to
production of a transgenic founder animal by SCNT. In
addition, in transgenic disease models where mutant males
cannot be maintained to breeding age, the number of affected
offspring generated by mating can be increased by transplant-
ing GSCs from prepubertal affected males to healthy recipients.

It remains a challenge to culture male GSCs from large
animals for extended periods of time. So far, with the exception
of some mouse and rat strains, protocols for long-term culture
of GSCs have not been established. This makes viral
transduction the most common approach for delivering
transgenes into GSCs for genetic manipulation. Recently, we
showed that nucleofection could be used as an alternative to
viral transduction in transfecting goat GSCs, resulting in
production of transgenic sperm [39]. This extends the utility of
the germ cell transplantation approach to transgenes that cannot
be easily packaged into viral vectors.

Recent advances in transgenic technology greatly enhance
the utility of GSCs in making genetically engineered animal
models. Knockout rats were produced through Sleeping Beauty
transposon-mediated mutagenesis in rat GSCs [40, 41]. Genetic
modification of chicken primordial germ cells by piggyBac and
Tol2 transposons led to germline transmission of the transgene

FIG. 3. EGFP transgene is present in IVF embryos produced by sperm
from recipient boars. Representative genotyping results from embryos
from two recipients (boars 58 and 71) are shown. Two sets of EGFP
primers, GFP50 and GFP30, were used, resulting in a product of 349 and
230 bp, respectively. Amplification of beta-actin was used as internal
control, and the product size was 274 bp. Lanes 1–6: representative
embryo samples from recipient boar 58; lanes 7 and 8: representative
embryo samples from recipient boar 71; lane 9: embryo from control boar;
lane 10: EGFP-positive mouse embryo (positive control); lane 11: no-DNA
control; lane 12: 100-bp markers. Boar 58 was a busulfan-treated
recipient that received AAV vector-transduced germ cells. Boar 71 was
a nontreated recipient that received LV vector-transduced germ cells.
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and production of transgenic offspring [42]. Knockout pigs
have been generated by using a combination of zinc-finger
nuclease (ZFN)-mediated, targeted mutagenesis in pig somatic
cells and SCNT [43–46]. More recently, development of
transcription activator-like effector nucleases (TALENs) has
opened another avenue for targeted gene modification [47, 48].
TALENs have been used to create site-specific modifications in
zebrafish [49, 50], rats [51], as well as cattle and pigs[52] at
levels equivalent to those achieved with ZFNs. The potential of
GSCs in making large knockout animal models will be
maximized if transposon-mediated and nuclease-mediated
mutagenesis are achieved in GSCs.
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