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ABSTRACT

The use of primary somatic cells in nuclear transfer
procedure has opened a new opportunity to
manipulate domestic animal genomes via homolo-
gous recombination. To date, while a few loci have
been targeted in somatic cells using similar enrich-
ment strategies as those used in mouse ES cells,
there have been problems of low ef®ciency, mixed
targeted and non-targeted cells within a colony and
dif®culties in cloning the cell after targeting.
Utilizing the hypoxanthine guanine phosphoribosyl
transferase (HPRT) as a test locus, it was deter-
mined that while no targeted colonies were identi-
®ed using a conventional targeting construct, an
average of 1 per million targeted cells were identi-
®ed when a nuclear localization signal (nls) was
added to the construct. When the nls was combined
with cell synchronization using a thymidine block,
targeting ef®ciency increased 7-fold. Moreover, the
number of random integrants decreased by over 54-
fold resulting in a 1:3 targeted to random integration
ratio. This method should facilitate the application
of homologous recombination to primary somatic
cells.

INTRODUCTION

Targeted gene inactivation by homologous recombination
(HR) has been very successful in mouse ES cells. However,
the lack of functional ES cells in other animal species has been
a major barrier in the development of similarly genetically
modi®ed animals. As a result, progress in the development of
transgenic non-murine animals of importance in biomedical
applications has been severely hampered. The use of primary
somatic cells in nuclear transfer procedure (1,2) has opened a
new opportunity to manipulate non-murine animal genomes
via homologous recombination. Unfortunately, targeting in
primary somatic cells is hampered by cell senescence, lower
overall rates of HR and higher rates of non-homologous end
joining (NHEJ), than ES cells (3±6). In expressed loci,
allowing the highly ef®cient promoter trap enrichment

approaches, targeting ef®ciency in somatic cells is still low
compared to that seen in mouse ES cells (7±9). Our own
experience using both systems (10±13) supports the observa-
tion that targeting in somatic cells is more dif®cult than in ES
cells. In primary somatic cells, the meager available data on
successfully targeted loci, and the sporadic reports of failed
attempts at targeting (14), reinforce the dif®culties associated
with working with these cells. Moreover, in all cases reported
to date, there have been problems of low ef®ciency, and/or
mixed targeted and non-targeted cells within a colony, and
dif®culties in cloning the cell after targeting (15,16).

In various gene therapy protocols, it has been demonstrated
that a nuclear localization signal (nls) enhances both the
nuclear transport and the expression of transfected plasmid
DNA (17,18). At present, however, there are no reports
showing a link between the use of nls and the frequency of
HR. Here, we present evidence that the use of a nls and
S-phase cell cycle synchronization by thymidine block,
enhances targeting ef®ciency at the hypoxanthine guanine
phosphoribosyl transferase (HPRT) locus in primary fetal
bovine ®broblasts.

MATERIALS AND METHODS

Cell culture and selection

Male primary fetal bovine ®broblasts were isolated from a 35-
day-old male fetus. The head and viscera were removed and
the remaining tissue was minced with a sterile razor blade. The
tissue was added to 10 ml of 0.05% trypsin (Gibco
Laboratories, Grand Island, NY) supplemented with 0.9 mM
potassium chloride, 0.9 mM dextrose, 0.7 mM sodium
bicarbonate, 0.1 mM EDTA (Sigma±Aldrich, St Louis, MO)
and 20 mM sodium chloride. The tissue/trypsin solution was
shaken at 37°C for 15 min, supernatant removed and the
process repeated three times. After incubation, the supernatant
was collected, pooled and pelleted. The cell pellet was
resuspended in DMEM/F12 media (Gibco) supplemented with
10% fetal bovine serum (FBS) and 5% calf serum (CS)
(Hyclone), 30 mM sodium bicarbonate, 0.5 mM pyruvic acid
and 2 mM N-acetyl-L-cysteine (Sigma). In addition, 100 U
penicillin and 250 ng amphotericin (Gibco) were added to
inhibit microbial growth. The cells were plated in 10 cm tissue
culture plates, placed in a 5% CO2 incubator at 37°C, allowed
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to attach, grown to con¯uency and passaged 1:2 or 1:3. The
cells were then trypsinized and frozen in 50% FBS, 40%
media and 10% DMSO (Sigma), for long time storage and
future use.

When needed, cells were thawed and grown in DMEM/F12
(Gibco) media supplemented with 15% fetal bovine serum and
incubated at 37°C in a 5% CO2 atmosphere. At 70±80%
con¯uency, cells were harvested by trypsinization and 9±10
million cells were resuspended in 0.8 ml F10 nutrient mixture
(Gibco). Asc1 linearized targeting construct at 2 mg/million
cells were mixed with the cells, placed in a 4 mm gap cuvette,
and electroporated at 450 V, four pulses of 1 ms duration using
the BTX Electro-cell manipulator ECM2001. Electroporated
cells were mixed with fresh medium and plated in 10 cm plates
at 5 3 105 cells per plate. Five days later, cells were placed on
selection media containing 1.25 mg/ml puromycin (Clontech)
for 4 days followed by 50 mg/ml 8-azaguanine (8-AG, Sigma)
for 8 additional days. For each replication, 3±5 plates were
maintained on puromycin selection for the entire period to
obtain both random and targeted frequencies. For the
thymidine block, media was replaced with media containing
2 mM thymidine at 60% con¯uency. Twenty-four hours later,
cells were harvested and electroporated as above. There was
no signi®cant difference in cell survival between untreated and
thymidine-synchronized cells before or after electroporation
as determined by viability counting (data not shown).

Statistical analysis

All analyses were done in triplicates once (Fig. 1C), or twice
(Fig. 2B). Comparison of the effect of addition of nls on
targeting ef®ciency was determined using one-way ANOVA,
with presence or absence of nls as the main factor. For
comparison of the effects of nls and thymidine, data were
analyzed by two-way ANOVA with treatment and replication
(set) as the main factors. In both cases, mean separation was
accomplished using the Games-Howell test using the
Statview/SAS statistical package. Signi®cance was set at
P < 0.05 unless otherwise stated.

Cell cycle analysis

Cells were grown to 60% con¯uency and treated with 2 mM
thymidine (Sigma) for times ranging from 12 to 36 h.
Following thymidine treatment, 1±2 3 106 cells were
harvested, washed in PBS, ®xed in 70% ethanol in PBS and
stored overnight at ±20°C. For cell cycle analysis, cells
were centrifuged, rinsed with PBS, resuspended in 1 ml of
0.05 mg/ml propidium iodide, 0.1% Triton X-100 and
0.2 mg/ml Rnase-A solution in PBS and incubated at 4°C
for 1 h. Cells were then analyzed by FACSCaliburÔ ¯ow
cytometer (Becton Dickinson) to determine DNA content.
Sync Wizard Model was used to model the cell cycle
distribution within each sample.

Construction of targeting vectors

The targeting vectors were designed to allow targeting of the
HPRT locus, but equally important to determine the number of
random integrations. Selected regions of the HPRT gene
were ampli®ed from genomic DNA isolated from male
bovine ®broblasts by LR-PCR. A forward primer from exon
4 (5¢-CAACAGGGGACATAAAAGTAATTGGTGG-3¢) and
a modi®ed reverse primer from exon 6 containing a

non-priming EcoR1 site (5¢-GAATTCATTTGCCAGTGT-
CAATTATATC-3¢) were used to amplify a ~6.5 kb frag-
ment. This fragment was cloned into PCR2.1 Topo vector
(Invitrogen) and a HindIII 2.5 kb fragment containing exon 4
and part of intron 4 was deleted. A HindIII±FseI±AscI±
HindIII linker was cloned into the HindIII site. For the right
arm of the targeting vector, a 4 kb fragment from exon 6 to
intron 8 was ampli®ed and cloned into PCR2.1 Topo vector
(Invitrogen). Primers used were a forward primer from exon 6
containing a non-priming NotI site (5¢-GCGGCCGCAT-
AAACCAAAGATGGTCAAG-3¢) and a reverse primer
from intron 8 (5¢-GCATTCTCCAGATTCCTGCC-3¢). The
targeting vector HPRT-DEx6 was constructed by digesting the
PCR2.1-exon 4±6 plasmid with EcoRI and NotI and an
EcoRI±NotI pGK-Puro cassette inserted into it. This was
followed by addition of the 4 kb exon 6±intron 8 fragment into
the NotI site in the proper orientation. Each of these steps was

Figure 1. Targeted disruption of HPRT locus. (A) Maps of the targeting
constructs, bovine HPRT locus and structure of targeted locus. Locations of
HPRT exons, pGK-puro cassette, nls, PCR primer sites, PCR product size
and end sequencing regions are shown. (B) Sequence of nls, two 72 bp
tandem repeats from SV40 enhancer. (C) Number of random and targeted
insertions obtained with each targeting vector per 9.5 3 106 cells.
(D) Diagnostic PCR of four 8-AG-resistant colonies. (E) End sequence of
PCR product. PCR primer sites are shown in italics, exon 4 and exon 6
sequences are shown in bold.
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con®rmed by sequencing. For construction of the HPRT-
DEx6-nls vector, a 180 bp nls cassette containing FseI sites at
both ends was cloned into the above vector at the FSI site
present in the HindIII±FseI±AscI±HindIII linker introduced
previously.

PCR analysis of targeted colonies

The colonies were expanded and genomic DNA was extracted
with wizard genomic puri®cation kit (Promega) as per the
instructions of the manufacturer. To increase yield, 1 ml
glycogen (20 mg/ml) was added to DNA before isopropanol
precipitation. A diagnostic LR-PCR was performed with a
forward primer BovHPRT46F from exon4 (5¢-CAACAGGG-
GACATAAAAGTAATTGGTGG-3¢) and reverse primer
pGK-P1 from pGK-Puro (5¢-TCTGCACGAGACTAGTGA-
GACGTGCTAC-3¢) using 50 ng of genomic DNA in a 25 ml
reaction using Hi-®delity PCR kit (Roche) as per the
instructions of the manufacturer. The PCR conditions were
94°C, 2 ms (94°C, 10 s; 57°C, 30 s; 68°C, 8 ms) 3 23 cycles
(94°C, 10 s; 57°C, 30 s; 68°C, 8 ms + 20 s/cycle increment) 3
10 cycles, 86°C, 7 ms.

Southern blot analysis

8AG-resistant colonies were grown in a 10 cm plate until they
reached con¯uency. The DNA was extracted with Wizard
genomic DNA puri®cation kit (Promega) as per the instruc-
tions of the manufacturer; 5 mg genomic DNA was digested
overnight with EcoR1 (New England Biolabs), separated on
1% agarose gel and transferred to Hybond-XL (Amersham). A
500 bp DNA probe corresponding to exon4±intron4 of the
HPRT gene 2 kb outside the targeting construct (Fig. 3) was
labeled using [a-32P]dCTP (ICN) by random oligopriming
using High Prime kit (Roche). Membranes were subsequently
hybridized overnight at 65°C with the radiolabeled probe in
Rapid-hyb buffer (Amersham), washed with increasing levels
of stringency and exposed to Kodak BioMax MS ®lm.

RESULTS

Effect of nls on targeting ef®ciency

To test the effect of nls and to monitor frequencies of random
and targeted insertions, we designed two HPRT targeting
constructs, HPRT-DEx6 and HPRT-DEx6-nls (Fig. 1A). Both
constructs have a 31 bp deletion and PGK-puro insertion in
exon 6 to ensure inactivation of the HPRT locus. Additionally,
HPRT-DEx6-nls construct contains a 180 bp cassette com-
prised of two 72 bp tandem repeats from SV40 enhancer
known to act as nuclear localization signal (19) (Fig. 1B).
Diploid male cells that undergo targeted gene disruption at the
single copy X-linked HPRT locus can be selected with 8-AG
as HPRT± cells are resistant to 8-AG, while all transformants,
random and targeted, can be selected in puromycin.

Male primary bovine ®broblasts were electroporated with
linearized targeting constructs, and plated in media containing
puromycin or puromycin plus 8-AG. While the total number
of insertions obtained with both these constructs are equiva-
lent, HPRT-DEx6-nls construct produced 1±2 8-AG-resistant
colonies per 9.5 3 106 cells in contrast to HPRT-DEx6 where
no targeted events were seen (P < 0.05; Fig. 1C). To con®rm
targeting, the structure of HPRT locus in all the four 8AG-
resistant colonies was determined by Long Range PCR (LR-
PCR) and sequencing. In all cases, the expected product size
and sequence was obtained (Fig. 1D and E). For sequencing,
600 bp from each end of the predicted insertion point were
analyzed.

Effect of cell synchronization on targeting ef®ciency

To determine the relationship between cell cycle and the use
of the nls, an additional set of experiments were carried out.
Cells were synchronized in the S-phase of the cell cycle by a
2 mM thymidine treatment for 24 h (Fig. 2A) and electro-
porated with the linearized targeting constructs. As compared
to non-synchronous cells, the total number of insertions
(random plus targeted) were reduced by 54-fold with
constructs with or without nls, while targeted insertions
increased 6-fold with HPRT-DEx6-nls construct (Fig. 2B and
C). Percent of targeted colonies per 8-AG-resistant colony
increased from 4.4% in the absence of nls to 32.7% with nls
(P < 0.001). No colony was obtained either with a control
vector containing only nls, or with no vector, thereby
showing that 8-AG resistance does not occur in response to
the nls or cell synchronization process. As previously, all

Figure 2. Effect of cell synchronization on targeting ef®ciency. (A) Syn-
chronization of cells in S-phase with 2 mM thymidine for 24 h. (B) Number
of random and targeted insertions obtained with each targeting construct per
107 cells in S-phase synchronized cells. No colony was obtained either with
a control vector containing only nls or with no vector thereby indicating
that 8-AG resistance does not occur in response to the nls or cell synchron-
ization process. (C) Percent targeted colonies in thymidine-synchronized
cells with different targeting constructs. Columns with different superscripts
are different at P < 0.001. Means 6 SE.
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8-AG-resistant colonies were veri®ed by LR-PCR, and PCR
products con®rmed by end sequencing.

Genomic Southerns of 8AG-resistant colonies

To ensure that our PCR and selection data were accurate, we
ampli®ed three representative 8-AG-resistant colonies, extrac-
ted DNA and determined the structure of the HPRT loci.
Targeted colonies should have a diagnostic fragment of 7 kb
due to the presence of an additional EcoR1 site in the targeting
loci. In contrast, the single endogenous HPRT allele present in
a male cell line should have the expected 11.5 kb diagnostic
fragment when probed with exon 4 and part of intron 4. As
shown in Figure 3, all three 8-AG-resistant colonies showed a
correctly targeted HPRT locus con®rming the validity of the
selection protocols as well as the PCR assays.

DISCUSSION

Enhancement of gene targeting by delivering targeting
construct during S-phase of the cell cycle is consistent with
the earlier observations that HR occurs mainly at late S/G2
phase (20) and thymidine synchronizes cells in S-phase and
enhances HR (21). A potential explanation for this enhance-
ment is that targeting constructs that lack nls cannot enter the
nucleus when the nuclear membrane is intact but must wait

until the ®rst mitosis (M-phase) when the nuclear membrane
breaks down. This restricts their availability during S-phase
when HR is optimal and increases their availability during G1
phase when NHEJ is dominant (20). This eventually results in
an increased number of random insertions. In contrast,
targeting constructs containing nls are available predomin-
antly during S-phase in S-phase synchronized cells, which
results in enhancement of targeted events and suppression of
random insertions.

Our results are striking; no targeted event was seen with
non-nls targeting construct after screening 3306 colonies. This
increased to four targeting events per 3534 insertions using nls
targeting construct (Fig. 1C). Moreover, the combination of
nls and S-phase cell synchronization had a dramatic effect on
both suppressing NHEJ and increasing HR; 43 targeted events
were obtained out of a total of 130 insertions, i.e. one targeted
event per 3.0 colonies (Fig. 2B and C). Additionally, control
plasmids containing an nls signal but no HPRT targeting
homology, or cells thymidine blocked and electroporated
resulted in no 8-AG colonies, demonstrating that the appear-
ance of the 8-AG colonies is not due to increased mutation
rates. Moreover, PCR and genomic Southern validated that the
8-AG colonies were correctly targeted.

Overall, these ®nding have important implications for
targeting in somatic cells, as with a drastic reduction in the

Figure 3. Southern analysis of 8-AG-resistant colonies. (A) Bovine HPRT locus and structure of targeted locus. Location of 500 bp exon4±intron4 probe 2 kb
outside the targeting construct, EcoR1 sites and the size of EcoR1 genomic fragments are shown. The targeted locus has an additional EcoR1 site within
exon6 that results in polymorphism between the targeted and untargeted locus. (B) Lanes 1±4 show EcoR1 digested genomic DNA samples hybridized with
the probe shown in (A). Arrows indicate 11.5 kb EcoR1 fragment from the non-targeted bovine HPRT locus and the 7 kb fragment from the HPRT targeted
locus.
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number of random insertions, identi®cation of a targeted
colony is greatly facilitated even in cases where no enrichment
protocols are available. However, these numbers may not be
absolute as targeting ef®ciency varies from locus to locus
(12,22).

Polyadenylation signal-less, promoter-less constructs, and
positive±negative selection (PNS) has been used to enrich for
targeting events (23±25). Using these enrichment schemes in
parallel with nls should greatly facilitate targeting of somatic
cells by HR. This approach will have broader applications in
gene targeting in all cells in general, and somatic cells in
particular, and should speed up functional genomic analysis
and creation of knockout animals for biomedical and
agricultural purposes.
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