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Purpose: The purpose of this study was to determine whether 
exogenous DNA internalized into blastocysts after transfer- 
ence from DNA-carrier sperm are localized at the inner cell 
mass or trophoblast cells and to identify differences in uptake 
of exogenous DNA fragments by sperm due to unique 
DNA sequences. 
Methods: Mouse blastocysts at the hatching stage were 
exposed to migrating human sperm cells carrying exogenous 
DNA fragments synthesized from the E6-E7 conserved gene 
regions of human papillomavirus (HPV) types 16 and 18. 
After an interaction period of 2 hr, the transfected blastocysts 
were washed several times to remove extraneous sperm and 
the blastocysts were dissected into groups of cells derived 
from the inner cell mass and trophoblasts. The cells were 
analyzed by polymerase chain reaction (PCR) for the pres- 
ence of HPV DNA fragments. In the second part of the 
experiment, thawed donor(N = 10) sperm cells were pooled, 
washed, and divided into two fractions. The first (control) 
fraction was added with formalin and further divided and 
added with a 35S-radiolabeled G, A, T, or C sequencing 
mixture. The second fraction was similarly treated but the 
formalin step was omitted from the treatment. After an hour 
of incubation at 37°C, the sperm specimens were washed 
several times by centrifugation and DNA extracted by the 
GeneReleaser method. The extracted DNA were processed 
on sequence gels, and the autoradiographs analyzed. 
Results: Mouse blastocysts transfected by carrier sperm 
with DNA from HPV types 16 and 18 showed localization 
of the HPV DNA to both the inner cell mass and trophoblast 
cells. Negative controls consisting of untreated human sperm 
and untreated mouse blastocysts did not reveal any evidence 
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of HPV DNA. The positive sperm control generated expected 
DNA fragments from HPV types 16 and 18. In the second 
experiment, the intensities of  the DNA fragments in the G, 
A, T, and C columns from low to high molecular weights 
were not different from the positive control bands. Band 
intensities of the four sequencing columns were similar. For- 
malin pretreatment of the sperm inhibited uptake of the DNA 
fragments from the smallest to the largest DNA molecules. 
Conclusions: Exogenous DNA taken into blastocysts are 
localized to both the inner cell mass and trophoblast cells. 
Only live sperm exhibited the capacity to carry various sizes 
of exogenous DNA, suggesting the involvement of active 
cell membrane mechanism in the transference process. The 
results showed that DNA fragments terminating in any of 
the four nucleotides were equally taken up by the sperm 
cell. Fragments of DNA produced by the sequencing reaction 
failed to identify a unique DNA sequence that would facili- 
tate or inhibit the sperm from taking up exogenous DNA. 
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I N T R O D U C T I O N  

It has been demonstrated that sperm cells can serve 
as vectors for exogenous D N A  fragments ( I -6) .  The 
targets for these DNA-carrier sperm include oocytes 
(1-3) and embryos (6). Using radiolabeling methods, 
the absorbed exogenous DNA fragments were local- 
ized to the postacrosomal and equatorial regions of  
the sperm head (5). Some of  the  DNA fragments are 
internalized into the compact sperm head (5), while 
the remaining excess DNA fragments  are localized 
externally at the membrane surface, making it possible 
to transfect the plasma membrane  of  embryonic cells 
at the time of contact (6). This represents a potential 
problem in vivo for the inadvertent transfer of  exoge- 
nous DNA originating from viruses, bacteria, or other 
genomic sources from the migrat ing sperm to the pre- 
implantation embryo in the reproductive tract. Cur- 
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rently, there is considerable interest in determining 
what DNA sequences facilitate or inhibit DNA absorp- 
tion and whether the absorbed DNA is taken up into 
the trophoblast cells or the cells of the inner cell mass 
(ICM), as these two cell groups ultimately give rise 
to the placental and fetal components, respectively. 
Hence, the objectives were (a) to determine whether 
exogenous DNA internalized into blastocysts are local- 
ized at the inner cell mass and/or the trophoblast cells 
and (b) to identify differences in uptake of exogenous 
DNA fragments by sperm due to unique DNA 
sequences or molecular size of the fragments. To 
accomplish the second part of the objectives, a mixture 
of random radiolabeled fragments generated through 
sequencing reactions was added to the sperm cells. 
The idea was that in analyzing the DNA fragments 
taken up by the sperm in a sequence gel, any interrup- 
tions or enhancements in the sequence will suggest a 
unique terminating code affecting DNA uptake. The 
data obtained will provide further information on 
sperm-mediated pathogenesis of reproductive and 
embryonic tissues as well as t-he possibility of produc- 
ing transgenic progeny through artificial insemination. 

MATERIALS AND METHODS 

Sperm Transfection of Blastocysts 

The procedures for transfecting blastocysts either 
by incubation in the presence of DNA fragments in 
the culture medium or by means of carrier sperm have 
been reported previously (6,7). In this study, the latter 
procedure using carrier sperm was used. Briefly, donor 
semen (6) testing negative for human papillomavirus 
(HPV) was mixed with an equal volume of protein- 
free HEPES-modified HTF (Irvine Scientific, Irvine, 
CA) culture medium and was centrifuged for 30 sec 
at 9600 g at room temperature. The resultant sperm 
pellet was resuspended in 1.0 ml culture medium and 
verified to have a sperm motility of =>50% and a count 
of >20 million/ml. 

A solution containing the mixture of two types of 
DNA fragments (1 p~g/p.1 each) from HPV types 16 
and 18 was added into the single tube containing the 
washed sperm cells (1:1 volume mixture). The HPV 
DNA fragments were previously synthesized from the 
polymerase chain reaction (PCR) using primers spe- 
cific for these HPV types as reported previously: type 
16, 98 base pair (bp); and type 18, 80 bp (6,8). All 
HPV primers target the E6-E7 open reading frame 

(ORFs) region, which has been shown to remain intact 
during integration into the genome (9). 

The sperm cells were incubated for 1 hr at 37°C in 
an air incubator to allow the sperm to take up the HPV 
DNA fragments, followed by centrifuge washing (three 
times at 9600 g, 30 sec) to remove any extraneous 
DNA fragments, and an aliquot (10 ~1) of the HPV- 
coated sperm was injected into the culture medium 
droplet immersed under nontoxic mineral oil in a large 
petri dish. The culture medium droplets (500 ~I each) 
in this petri dish were HEPES-modified HTF con- 
taining 10% human fetal cord serum (Lot No. 1338, 
Gemini Bioproducts, Inc., Calabasas, CA). Using an 
arrangement that was previously proven effective (6), 
narrow-bore (0.1-mm diameter, 2-cm length) glass tub- 
ing was used to connect a culture medium droplet to 
a second droplet located about 2 cm away under oil 
in the same petri dish. The glass tubing was prefilled 
with the same culture medium. The procedure for the 
interaction of sperm and blastocysts have been reported 
(6). Briefly, mouse (strain CB6F1) blastocysts at the 
hatching stage, developed in vitro, were pipetted into 
the second droplet of culture medium under oil. The 
transfected sperm in the first droplet were allowed to 
migrate through the tube and to contact the mouse 
blastocysts at the other end of the tube over a period 
of 2 hr. Migration of the sperm to the blastocysts was 
visually confirmed using a Nikon Diaphot inverted 
microscope (magnification, X400). 

The transfected blastocysts were pipetted out into a 
separate culture medium droplet containing 300 I, zl 
DNase I (Sigma Chemical Co., St. Louis, MO) and 
incubated for 30 min at room temperature (25°C) to 
destroy external DNA fragments. The mouse blasto- 
cysts were then rigorously washed several times to 
remove extraneous sperm. Each blastocyst was gently 
held in place at the bottom of the culture dish by 
pressing the tip of a 25-gauge needle attached to a 1- 
ml tuberculin syringe at a site precisely opposite the 
inner cell mass. This was readily accomplished with 
the help of a high-magnification dissecting micro- 
scope. Blastocysts with a small or no inner cell mass 
that were easily identifiable were not used. A sharp 
glass micropipette was used carefully to section off 
each inner cell mass, which was then pipetted into a 
separate reaction tube. The remaining trophoblast cells 
were pipetted into another reaction tube. The cells 
were analyzed by polymerase chain reaction (PCR) 
for the presence of HPV DNA fragments described 
below. In the second part of the experiment, thawed 
donor (N = 10) sperm cells were pooled, washed, and 
divided into two portions. The first (control) portion 
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of sperm was added with 10% formalin and further 
divided and added with a 35S-radiolabeled G, A, T, or 
C sequencing mixture prepared from reactions with 
Sequenase 2, a genetic variant of bacteriophage T7 
DNA polymerase (United States Biochemical, Cleve- 
land, OH) using the vector Ml3mp8 (0.2 ~g/I.d) as 
control template described below. A second portion of 
sperm was similarly treated but omitting the formalin 
step. After an hour of incubation at 37°C in an air 
incubator, the sperm specimens were washed four 
times by centrifugation (9600 g, 30 sec), and DNA 
was extracted by the GeneReleaser method described 
below. The extracted DNA was loaded into a 6% 
sequencing gel in a Kodak IBI base runner apparatus 
(International Biotechnologies, Inc., New Haven, CT), 
and electrophoresis performed as described below. The 
experiment using sequencing gels to analyze sperm 
DNA uptake was repeated and the results compared 
and verified. 

Extraction of Sperm and Blastocyst DNA 

At the time of PCR analyses, the cells in their respec- 
tive tubes were each added with 20 ILl of GeneReleaser 
(Bioventures, Murfreesboro, TN), overlaid with 50 I.zl 
of mineral oil and placed in the thermocycler (Perkin 
Elmer Cetus, Norwalk, CT). The DNA extraction 
cycles were carried out as suggested by the manufac- 
turer: 65°C for 30 sec, 8°C for 30 sec, 65°C for 90 
sec, 97°C for 180 sec, 8°C for 60 sec, 65°C for 180 
sec, 97°C for 60 sec, 65°C for 60 sec, and held at 80°C 
for 1 min. Following this preparation, PCR amplifica- 
tion cycles were carried out as described below. 

PCR 

Each reaction tube was heated for 7 min at 95°C to 
denature any DNA present, and its content added with 
PCR cocktail solution (Perkin Elmer Cetus) containing 
10 mM Tris-HC1 at pH 8.3, 50 mM KCt, 4.0 mM 
MgC12, 200 ~M of each dNTE 100 p~g/ml gelatin, a 
1 /xM concentration of each pair of primers for HPV 
type 16 or 18, 2.5 U Taq polymerase enzyme (Ampli- 
Taq, Perkin Elmer Cetus), and 50 ~1 mineral oil. No 
additional mineral oil was added for each tube of blas- 
tocysts extract. The sequences of the HPV primers 
have been reported previously (8). The PCR amplified 
a 98-bp product for type 16 and an 80-bp product for 
type 18. 

The negative controls consisted of the complete PCR 
reaction cocktail reagents and untreated human sperm 
or untreated mouse blastocysts. The positive control 

consisted of the HPV DNA-carrier sperm used to infect 
the blastocysts. The PCR was carried out in a Perkin 
Elmer Cetus Thermal Cycler housed separately in a 
dedicated room. The cycling parameters were set for 
40 step-cycles with 1 min of denaturation at 95°C, 1 
min of annealing at 55°C, and 2 rain of extension at 
72°C, followed by a final extension at 72°C for 7 min 
(7). The amplified product was extracted from each 
reaction tube using 100 ill of chloroform and visual- 
ized in UV light after standard 5% acrylamide gel 
electrophoresis and ethidium bromide staining. For 
each acrylamide run, the HaeIII digest of ~bX174 
served as the marker. 

Sequencing Reaction and Analyses 

The sequencing reaction to generate radiolabeled 
DNA fragments of different molecular sizes terminat- 
ing in either G, A, T, or C nucleotide was based on 
the Sequenase 2 protocol (United States Biochemical). 
Briefly, the control single-stranded DNA, M13mp8, 
was mixed with one primer and buffer and heated at 
65°C for 2 rain. While the mixture was cooling, the 
labeling reaction was carried out  with dGTP and ati- 
quots (2.5 ill each) were divided into tubes labeled G, 
A, T, and C. The Sequenase 2 enzyme was diluted 
and added to the labeling mixture, the cooled DNA 
template, 0.1 M dithiothreitol (DTT), and radiolabeled 
dATE The reaction was allowed to occur for 3 min at 
0°C, followed by centrifugation, and 3.5 tzl was taken 
out and added to each of the tubes labeled G, A, T, 
or C. The mixture was centrifuged and incubated for 
3 rain at 37°C, and 4 ~1 of stop solution added to each 
of the four tubes. The tubes were heated for 3 min at 
96°C, and 4 ill of mixture removed from each tube 
and loaded into the 6% sequencing gel and processed 
for 4 hr at 2100 V. The gel was removed, fixed in a 
10% methanol:10% acetic acid mixture for 15 min, 
and dried for 1 hr. The dried gel  was placed with the 
Kodak X-Omat X-ray film and kept for 3 days before 
film processing. The intensities of the bands from low 
to high DNA molecular size and from DNA fragments 
terminating in G, A, T, or C were compared and the 
results recorded. 

RESULTS 

The results (Fig. 1) showed that exogenous DNA 
fragments derived from HPV types 16 and 18, deliv- 
ered to mouse blastocysts by  carrier sperm, were 
detected in both the inner cell mass and trophoblast 
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Fig. 1. Polyacrylamide 5% gel electrophoresis and ethidium bro- 
mide staining of polymerase chain reaction-amplified products tar- 
geting for human papillomavirus (HPV) types 16 (98 bp) and 18 
(80 bp). HPVoI6 (top): lane 1, control untreated blastocysts; lane 
2, transfected whole blastocysts; lane 3, positive control consisting 
of the mixture of HPV DNA fragments; lane 4, negative (water) 
control; lane 5, trophoblast cells; lane 6, inner cell mass. HPV-18 
(bottom): lane 1, negative (water) control; lane 2, inner cell mass; 
lane 3, trophoblast cells; lane 4, negative control untreated blasto- 
cysts; lane 5, positive control of transfected whole blastocysts; lane 
6, positive control of the mixture of HPV DNA fragments. To 
authenticate DNase I activity, DNase I was added to the control 
HPV mixture in the presence of a DNase inhibitor, EDTA (lane 
7), or in the absence of EDTA (lane 8). Lanes m are d~X-174 Hae- 
III restricted DNA marker lanes. 

cells. DNase I treatment of HPV DNA fragments 
destroyed all DNA outside the cells (no bands seen), 
suggesting that the transfected DNA from HPV types 
16 and 18 had been internalized into the cells. Negative 
controls consisting of untreated humansperm and 
untreated mouse  blastocysts did not reveal any evi- 
dence of HPV DNA. The positive sperm control gener- 
ated expected DNA fragments from HPV types 16 
and 18. 

In the second experiment, the intensities of the DNA 
fragments in the G, A, T, and C columns from low to 
high molecular weights were not different from those 
in the positive control bands. The intensities of the 
bands in the four sequencing columns representing 
each of the four nucleotides were similar. Formalin 
pretreatment of the sperm inhibited uptake of the DNA 
fragments by the sperm cells regardless of the size of 
the DNA molecules. 

DISCUSSION 

The present study demonstrated the presence of 
exogenous DNA in cells of the ICM and trophoblast 
regions, suggesting that exogenous DNA transferred 

from the sperm to the blastocysts were rapidly distrib- 
uted into these two cell types. The PCR products ampli- 
fied from DNA taken from the ICM region were 
generally less than products amplified from the tropho- 
blast region as shown by the less intense bands in the 
gel. This is due to the lower number of ICM cells in 
contrast to trophoblast cells. While the time needed 
for DNA uptake in blastocysts has not been reported, 
in the sperm cell it has been shown that DNA uptake 
occurs within the first 10 min (2,5,11). The DNase I 
treatment consisting of washing the transfected btasto- 
cysts did not obliterate the HPV DNA, clearly sug- 
gesting that the exogenous DNA had been internalized 
into the cells. The fate of the exogenous DNA taken 
into the cells, whether it is integrated into the host or 
mitochondrial genome, remains as an episome or is 
destroyed by endonuclease remains to be elucidated. 
However, studies in other cell types indicate that the 
genetic region in the E6-E7 open reading frames 
(ORFs) of HPV, the same used in this study, is readily 
integrated into the host genome (9). The potential for 
the inadvertent transfer of viral or bacterial DNA into 
the embryos from sperm cells needs to be considered 
in light of the results in this study. Conversely, it may 
be possible to use the DNA-carrying properties of the 
sperm to deliver desirable DNA to correct defective 
DNA in target embryos, knowing now that the ICM 
cells, which give rise to the fetus, will be affected in 
the transference process. The procedure involved may 
be as simple as artificial insemination during early 
pregnancy. 

Several reports have shown that sperm cells are 
capable of carrying exogenous DNA (1-6) and trans- 
ferring the DNA into oocytes (1-3) and embryos (6). 
While most investigators have focused on the capacity 
of sperm to serve as a vector for exogenous DNA, 
studies to determine the preferred molecular size of 
DNA fragments for transference and the specific gene 
sequences that facilitate or retard the uptake of DNA 
into the cells are lacking. In this study, using radiota- 
beled sequencing fragments, it was found that sperm 
did not exhibit a preference for absorbing DNA frag- 
ments of particular molecular sizes, suggesting that a 
specific membrane-bound receptor was not involved. 
Furthermore, neither the terminal nucleotide of the 
DNA fragment nor specific DNA gene sequences 
influenced the uptake process, suggesting that the ter- 
tiary DNA structure did not serve as a natural barrier 
to absorption of exogenous DNA by sperm. However, 
the sperm had to be alive to take up the exogenous 
DNA fragments as shown by the lack of DNA uptake 
in formalin-treated sperm confirming similar findings 
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in a report by Lavitrano and colleagues (2). Further 
studies are needed to characterize the DNA-carrying 
properties of the sperm before the sperm can be used 
as a noninvasive gene delivery system. 
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