Busbee, C. R. Shaw, E. T. Cantrell, Science
178, 315 (1972).

13. F. P. Guengerich and P. S. Mason, Mol. Phar-
macol. 15, 154 (1979).

14. R. C. Bast, Jr., T. Okuda, E. Plotkin, R. Ta-
rone, H. J. Rapp, H. V. Gelboin, Cancer Res.
36, 1967 (1976); P. Okano, H. N. Miller, R. C.
Robinson, H. V. Gelboin, ibid. 39, 3184 (1979).

15. H. V. Gelboin, F. J. Wiebel, N. Kinoshita, Fed.
Proc. Rev. 31, 1298 (1972); T. Okuda, E. S. Ve-
sell, E. Plotkin, R. Tarone, R. C. Bast, H. V.
Gelboin, Cancer Res. 37, 3904 (1977).

16. G. Kellerman, C. R. Shaw, M. Luyten-Keller-
man, N. Engl. J. Med. 289, 934 (1973); H. V.
Gelboin, ibid. 297, 384 (1977); J. W. DePierre

and L. Emster, Biochim. Biophys. Acta 473, 149
(1978).

17. G. Kellerman, M. Luyten-Kellerman, C. R.
Shaw, Humangenetik 20, 257 (1973); S. A. At-
las, E. S. Vesell, D. W. Nebert, Cancer Res. 36,
4919 (1976); B. Paigen et al., Am. J. Hum.
Genet. 30, 561 (1978).

18. Supported in part by PHS grants ES 00267 and
01590, NCI contract NO1 CP 85672 (NCI); and
(to F.P.G.) PHS research career development
award ES 00041. We thank Drs. A. C. Peacock
and E. Gozukara of the NCI for reviewing this
report during its preparation.

30 July 1979; revised 28 November 1979

Insertion of a New Gene of Viral Origin into

Bone Marrow Cells of Mice

Abstract. DNA containing the herpes simplex virus thymidine kinase (HSVtk) gene
was used to transform wild-type tk* mouse L cells to a tk*™ status in vitro using
methotrexate as a selective agent. HSVtk DNA was also used to transform mouse
bone marrow cells in vitro. Transformed marrow cells injected into irradiated and
methotrexate-treated recipient mice gave rise to proliferating cells which in some
cases dominated the marrow population and which contained HSVtk gene se-

quences.

Genetic manipulation of mammalian
cells growing in tissue culture has been
accomplished by various methods (/).
Recently we described a technique for
inserting genes for drug resistance into
cells of living mice (2). In this procedure,
calcium phosphate precipitates of mouse
DNA containing multiple copies of
the gene for dihydrofolate reductase
(DHFR) were used to transform bone
marrow cells to a state of increased re-
sistance to the drug methotrexate.
Transformed cells had a proliferative ad-
vantage over untransformed cells under
the selective pressure of methotrexate
administration. Ultimately, the trans-
formed methotrexate-resistant cells
dominated the proliferating hemato-
poietic cell population of the mice.

Two obvious potential uses of this
gene-insertion technique are apparent
for use in man: (i) induction of a higher
degree of bone marrow resistance to the
toxicity of anticancer drugs like metho-
trexate and (ii) the introduction of a new
gene that, by itself, does not confer any
proliferative advantage on recipient
cells, by linking it to a second gene con-
ferring drug resistance.

We set out to devise conditions in
which we could use the herpes simplex
virus (HSV) thymidine kinase (tk) gene
as a selective marker even in tk* cells,
which have the normal mammalian tk
gene. We reasoned that use of appropri-
ate levels of methotrexate and exoge-
nous thymidine should cause cell growth
to be limited by the thymidine kinase
produced by the normal mammalian tk
gene. Consequently, transformants car-
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rying additional tk genes would have a
selective advantage. Moreover, we
noted that the HSVtk enzyme has a
greater affinity for its substrate than does
the normal mammalian enzyme and that
this might confer an additional selective
advantage.

We now describe our success in first
transforming tkt mammalian tissue cul-
ture cells to drug resistance with herpes-
virus tk gene in vitro and then selecting,
in intact animals, bone marrow cells
transformed with HSVtk gene.

We used the technique of Wigler et al.

Table 1. Thymidine kinase specific activity of
mouse L cells transformed in vitro with
HSVtk DNA. Clones were derived from the
parent tk~ L cell line or tk* wild-type L cells
(NCTC) by transformation with calcium-pre-
cipitated HSVtk DNA (1), with 4 to 20 ug of
tk DNA. The tk DNA was either in circular
form in plasmid pBR322 or in plasmid that had
been cut with sal and ligated (9). Clones of
Ltk~ lineage were selected in HAT medium.
Cells of NCTC (wild-type) lineage were se-
lected for in medium containing 10~*M metho-
trexate and thymidine (0.5 pg/ml).

Specific
Clone lix?eeazlge activity
(cpm/ug)
Untransformed
Ltk 0.08
Ltk* 49t05.5
(wild type)
Transformed with HSVtk in plasmid
207 Ltk 9.9
205 Ltk* 10.3
214 Ltk* " 12.3
Sal cut and ligated
214-3 Ltk+ 22

0036-8075/80/0530-1033$00.50/0 Copyright © 1980 AAAS

(1) to insert the herpesvirus tk gene (3) in
tissue culture cells. Mouse L cells lack-
ing thymidine kinase (tk~) were incu-
bated with a calcium phosphate precipi-
tate of DNA containing the herpes tk
gene in the plasmid vector pBR322 and
then transferred to selective HAT medi-
um (hypoxanthine, aminopterin, thymi-
dine) (). The anticipated results for
transformation of Ltk cells to tk* status
were observed, and transformation effi-
ciency was approximately the same as
that reported by Wigler et al. (I) (Table
1). Thymidine kinase specific activity of
different clones varied from 1.8 to 4.2
times the specific activity of wild-type
(tk*) cells.

In addition to transforming tk~ cells to
tk* status, we wished to transform wild-
type (tk*) cells so that they would con-
tain additional copies of the tk gene of
viral origin. Wild-type (tk*) cells will
grow in HAT medium by utilizing the
available thymidine. Consequently, we
explored a range of methotrexate and
thymidine concentrations that would in-
hibit normal cells with a single copy of
tk gene but allow cells with increased
concentrations of tk to grow. These se-
lective conditions required higher folate
antagonist concentrations (methotrex-
ate, 107*M) and lower thymidine levels
(0.5 ug/ml) than used in conventional
HAT medium.

Wild-type (tk*) L cells were exposed
to herpesvirus tk DNA under trans-
forming conditions and then cultured un-
der selective conditions. A number of
transformed clones were isolated, and
some were grown to sufficient density to
allow for measurement of thymidine ki-
nase specific activity (Table 1) and for
analysis of tk-specific gene sequences in
DNA, which we identified by Southern
@) hybridization (data not shown).
Transformation efficiency of tk*— tk*+*
varied between 0.2 and 5 colonies per 106
cells when 4 ug of HSVtk DNA was
used. Spontaneous growth of tk* cells
in the selective medium was < 1 per
108.

On the basis of the success of selecting
for cells transformed to tk** status in vi-
tro, we undertook parallel experiments
in mice. Our strategy was similar to that
employed for selection of expression of
the DHFR gene (2). Mouse bone marrow
cells with a distinctive chromosomal
marker (T6T6) were obtained from intact
normal animals and treated in vitro with
a calcium microprecipitate of herpes-
virus tk gene (3, 5). The treated marrow,
presumed to contain a few stem cells
transformed by viral gene, was mixed in
a ratio of 1:1.5 with ‘‘mock’ trans-
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formed syngeneic marrow cells lack-
ing the chromosomal marker (CBA/Ca
cells). These Ca cells had been incubated
under transforming conditions with con-
trol DNA from salmon sperm. The cell
mixture was injected into genetically
compatible CBA/Ca animals that had
been irradiated in order to greatly reduce
endogenous hematopoiesis. The infused
cells gradually restored blood cell forma-
tion in marrow-depleted recipients. Dur-
ing the period of reconstitution, some of
the animals were treated with methotrex-
ate. Progeny of marrow cells exposed to
transforming viral DNA were identified
by their distinctive chromosomal mark-

er. If there were no selective advantage
to transformed cells, then the ratio of
marked to unmarked dividing hemato-
poietic cells would be less than 1:1.5; if,
however, there were a proliferative ad-
vantage, then marked cells with in-
creased levels of tk should be found to
constitute more than 40 percent of the
dividing marrow population.

In addition to this indirect means of
detecting a population of hematopoietic
cells transformed to methotrexate resist-
ance, we also analyzed DNA extracted
from the spleens of transformed and con-
trol mice for the presence of sequences
unique to the viral tk gene.

Table 2. Karyotype analysis of marrow cells from CBA/Ca mice receiving a 1:1.5 mixture of tk-
transformed T6T6 and control Ca cells. Irradiated CBA/Ca mice received portions of a 1:1.5
mixture of T6 cells transformed with herpesvirus tk in plasmid and ligated herpesvirus tk gene
and Ca cells mock-transformed with salmon sperm DNA. These mice are designated primary.
Recipients of marrow from primary animals are designated secondary and bear the same identi-
fying number. Primary animal 3 was not treated with methotrexate (Mtx). Control mice re-
ceived an equal mixture of mock-transformed T6 and mock-transformed Ca cells and were left

untreated or were treated with methotrexate.

Mtx Karyotype .
Recipient treatment (percentage of Viral tk DNA
(days) T6 cells) sequences

Primary 1 0-32 74 Positive
Primary 2 0-47 84
Primary 3 No Mtx* 35
Primary 4 47-60 Positive
Secondary 4 60-89 17 Negative
Controls (20) 0-90 38+ 10 Negative
*To day 47
Fig. 1 Detection of HSVtk gene sequences in A " Kb B Kb
DNA extracted from spleen of primary mouse .
4 (see Table 2). Spleen was frozen in liquid
nitrogen, powdered, disrupted in isotonic buf- .
fer, and centrifuged; the nuclear pellet was di-
gested with Pronase (Calbiochem). DNA was . 8.0
then purified on a CsCl, gradient. After exten- b A9
sive dialysis, a 20-ug portion of this DNA was
digested to completion with restriction endo-

nuclease Eco RI and subjected to elec-
trophoresis on an 0.7 percent agarose gel.
Wild-type A bacteriophage digested with re-
striction endonuclease Hind III was used as a
size marker. DNA was transferred to nitro-
cellulose paper as described by Southern ¢)
with the following modifications. (i) The DNA
was nicked by exposure of the agarose gel to
ultraviolet light for 4 minutes; (ii) it was trans-
ferred from agarose gel to nitrocellulose paper
in a solution of 1.5M NaCl and 150 mM tri-
sodium citrate. Probe was prepared from plas-
mid pBR322 containing the 3.4-kb Bam HI
fragment containing the entire tk gene (5). It
was digested with Bam HI restriction endo-
nuclease (BRL), and the fragment containing

i o

.’1

HSVtk gene was subjected to electrophoresis on Sea Plaque agarose gel (Marine Colloids Divi-
sion, FMC Corporation) and extracted with phenol. This fragment was further purified from
contaminating plasmid sequences by digestion with restriction endonuclease Bgl II (BRL) and
the Sea Plaque agarose gel electrophoresis and phenol extraction were repeated. The purified
HSV sequences were labeled with [a-**P]deoxycytidine 5'-triphosphate (10) to yield a specific
activity of 5 X 107 cpm/ug. The nitrocellulose paper with mouse spleen DNA was treated and
hybridized as described (/7). X-ray film was exposed to the nitrocellulose paper at —70°C with
the use of a DuPont Cronex Hi-Plus XJ intensifying screen. (A) Autoradiograph, 18-hour ex-
posure. (B) Two-hour exposure of same filter strip. The film strips shown are not printed at the
same magnification. No virus-specific bands were observed in DNA extracted from spleens of

multiple control animals.
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Simultaneous control studies were
performed as follows. (i) Some mouse re-
cipients of the mixture of transformed T6
and mock transformed Ca cells were left
untreated by methotrexate. (ii) Equal
numbers of untransformed T6 and Ca
marrow cells were injected into Ca recip-
ient mice, some of which were treated
with methotrexate and others were left
untreated. (ii) In a reversal of the usual
experiment, Ca marrow cells were trans-
formed with herpesvirus tk gene, mixed
with mock transformed T6 cells, and in-
jected into irradiated CBA/T6T6 ani-
mals.

The technique of transformation was
as follows. Equal numbers of CBA/Ca
and CBA/T6T6 mice were injected intra-
peritoneally with vinblastine (3 mg/kg) 3
days before the cells were isolated for
transformation. Mitotic inhibition by this
treatment is followed by a burst of stem
cell proliferation (6). On the day of trans-
formation, single-cell suspensions in
heparinized McCoy’s SA medium with
15 percent fetal calf serum were obtained
from femurs and tibias. Cells from Ca
and T6 animals were placed in separate
pools. Cells (5 X 107) were suspended in
10 ml of complete medium and incubated
with 1 ml of calcium-precipitated DNA
containing herpesvirus tk gene in plas-
mid form (4 ug), ligated tk gene se-
quences in the absence of plasmid (4 ug),
and salmon sperm DNA (32 ug) as car-
rier. Incubation was continued for 4
hours at 37°C in 5§ percent CO,. During
this period, some marrow cells adhered
to the flask. A similar procedure was
used for Ca cells, which were incubated
with salmon sperm DNA. Loosely ad-
herent cells were collected after in-
cubation and centrifuged at 150g for 10
minutes, then resuspended in DNA-free
complete medium. After careful cell
counts, T6 and Ca cells were combined
in a ratio of 1:1.5 and between 2 x 10°
and 2 X 107 cells were injected intrave-
nously into recipient CBA/Ca mice that
had been irradiated 24 hours previously
with 850 rads. The mice receiving mix-
tures of control Ca cells and transformed
T6 cells were treated with an escalating
schedule of methotrexate (2) for 28 to 70
days. At intervals, marrow samples were
analyzed (Table 2) and injected into sec-
ondary recipient animals.

By day 32 after transformation, we ob-
served a predominance of T6-marked
cells in a dividing marrow population of a
methotrexate-treated animal. Control
animals receiving an equal mixture of un-
transformed T6 and Ca cells (1:1) had a
predominance of Ca karyotype. In these
control recipients, a ratio of Ca to T6
karyotype greater than 1 was anticipated
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because of the contribution of endoge-
nous CBA/Ca hematopoiesis in these re-
cipient animals. In 20 such control ani-
mals, none showed a predominance of
the T6 karyotype.

Two methotrexate-treated primary re-
cipient animals showed a predominance
of the T6 karyotype (Table 2). An un-
treated animal and secondary recipients
of marrow from primary recipients dem-
onstrated predominance of the Ca kar-
yotype. In three other experiments, we
observed predominance of the trans-
formed karyotype (whether T6 or Ca was
transformed) in animals followed for 30
to 60 days. Usually this predominance
was not transmitted to secondary recipi-
ents, but in some cases these secondary
animals had 75 to 85 percent of the trans-
formed karyotype and had detectable
viral gene sequences in hematopoietic
tissues. In an occasional animals ob-
served for 60 to 120 days, predominance
of the transformed karyotype was ob-
served even though the animals had nev-
er been treated with methotrexate. He-
matopoietic tissues of these animals
have not yet been examined for viral
genes.

Selected primary recipient animals re-
ceiving transformed marrow were ana-
lyzed for the presence of tk enzyme and
found to have viral-type pyrimidine ki-
nase (7).

To demonstrate whether or not in-
sertion of viral genes into proliferating
marrow cells had occurred, we extracted
DNA from spleens of selected experi-
mental and control mice and subjected
this DNA to Southern hybridization
analysis @).

With insertion of the complete tk gene
in plasmid and subsequent complete re-
striction with Eco RI endonuclease, one
would anticipate gene fragments con-
sisting of 0.9, 2.4, and 4.7 kilobase pairs
(kb) (8). Incomplete restriction would re-
sult in additional larger bands. With in-
sertion of the ligated Bam fragment of
the viral tk gene and subsequent restric-
tion with Eco RI, one would anticipate
gene fragments of 1.1, 1.2, 1.4, and 2.4
kb in size (8). Furthermore, the 2.4-kb
band would be expected to be the most
intense band, whether tk was inserted in
plasmid or in ligated form. As shown in
Fig. 1, A and B, tk bands of 1.1, 2.4, 4.9,
and 8.0 kb were demonstrated in mouse
spleen cells.

By varying the film exposure time, we
demonstrated that the 1.1-kb band was
wide and encompassed the fragment size
1.1 through 1.4 kb (data not shown).
Control mice and secondary recipient
mice from the same experiment but lack-
ing T6 predominance failed to demon-
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strate herpes tk sequences. The ob-
served bands of 1.1, 2.4, and 4.9 kb
were considered to be of the expected
size within the resolving power of the
method. From these data we conclude
that herpesvirus tk gene sequences were
present in the spleen cells of this mouse.
Similar sequences were identified in oth-
er mice of this and other independent
experiments. The exact mode of in-
tegration of the HSVtk sequence into
mouse host cell DNA remains to be de-
termined.

Our results show that, with appropri-
ate selective in vitro conditions, cells
with multiple tk genes show a prolifera-
tive advantage over cells with a normal
complement of the mammalian tk en-
zyme. More importantly, we have shown
that analogous selective techniques can
be used in intact animals. Syngeneic he-
matopoietic cells transformed with her-
pesvirus tk genes in vitro were injected
into intact mice. Methotrexate adminis-
tration was used to provide a prolifera-
tive advantage for cells carrying added tk
genes relative to normal cells. Although
we assume that only a very small per-
centage of the recipient cells actually ac-
quired functional tk genes, it was pos-
sible to show that their proliferative ad-
vantage was such that they became the
predominant component of the dividing
marrow cell population in some mice.
The spleens of these animals contained
dividing hematopoietic cells. DNA ex-
tracted from these spleens was shown to
contain DNA sequences of the herpes-
virus tk gene.

We selected the herpesvirus tk gene
for our studies because of its availability,
ease of manipulation, and potential for
conferring resistance to drugs that block
de novo DNA synthesis. Because of its
relatively small size, the tk gene has cer-
tain clear advantages over other avail-
able genes for conferring drug resistance
to hematopoietic cells.

In addition, the viral tk gene can be
readily linked to other cloned genes by
available technology. For example, her-
pesvirus tk gene has been linked to the
chromosomal rabbit beta globin gene
presumed to contain the controller se-
quences involved in the initiation of tran-
scription of the globin gene. The linked
genes have been inserted into mouse tis-
sue culture cells, which then express at
least some sequences of rabbit beta glo-
bin messenger RNA (9). It is theoretical-
ly possible that the linked genes might al-
so express beta globin protein when in-
serted into hematopoietic cells actively
engaged in globin synthesis. It is clear
from our studies that the techniques of
inserting and selecting for expression of

new genes are as applicable to intact ani-
mals as they are to tissue culture cells. It
is logical, therefore, to consider their
eventual use in patients with malignant
diseases receiving anticancer drugs.
They might also be useful in patients
with severe sickle cell disease and thal-
assemia major. Patients with these he-
moglobinopathies lack functionally nor-
mal globin genes and may be candidates
for gene replacement techniques. In
theory, beta or alpha globin genes could
be linked to a drug-resistance gene which
would then convey a proliferative advan-
tage to bone marrow cells successfully
transformed by these linked genes.
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