
Vol. 61, No. 3JOURNAL OF VIROLOGY, Mar. 1987, p. 851-857
0022-538X/87/030851-07$02.00/0
Copyright © 1987, American Society for Microbiology

Analysis of Nonpermissivity in Mouse Cells Overexpressing Simian
Virus 40 T Antigen

R. D. GERARD,t* R. A. GUGGENHEIMER, AND Y. GLUZMAN

Cold Spring Harbor Laboratory, Cold Spring Harbor, New York 11724

Received 28 July 1986/Accepted 13 November 1986

To analyze the nature of the nonpermissivity of mouse cells for simian virus 40 (SV40) DNA replication, we
isolated mouse cells producing SV40 T antigen (Tag) at levels equal to or greater than that found in COS1 cells.
These mouse cells were nonpermissive for the replication of exogenously added SV40 DNA, although purified
Tag isolated from these cells was able to support SV40 DNA replication in vitro. Furthermore, when mouse

cells expressing Tag were fused to monkey cells, SV40 DNA replication was observed. These results indicate
that the mere production of large quantities of wild-type SV40 Tag does not overcome the block of
nonpermissivity in mouse cells and that cellular factors must play a critical role.

The replication of simian virus 40 (SV40) DNA in permis-
sive monkey kidney cells requires both cis-acting DNA
sequences and trans-acting factors. The DNA sequences
containing the origin of replication (ori) have been localized
to a single region of the viral genome near the BglI site (4).
While numerous trans-acting protein factors, including
histones and enzymes, that are required for the initiation,
elongation, and termination of DNA synthesis are provided
by the host cell, a product of the virus early gene, large T
antigen (Tag), is the only virus-encoded trans-acting factor
necessary for SV40 replication. Tag acts on two levels to
affect the SV40 DNA replication process: (i) it is required for
the initiation of each round of replication (31), and (ii) it
stimulates the synthesis of host cell factors involved in
replication, such as deoxypyrimidine kinases, DNA ligase,
DNA polymerase, and nonhistone chromosomal proteins
(33). Graessman et al. (11) demonstrated that productive
infection only occurs in cells that contain more than the
"threshold" level of Tag necessary to induce cellular func-
tions and to interact with the SV40 ori. Furthermore, we
have previously demonstrated that the amount of Tag in
permissive monkey cells is the limiting factor governing the
extent of SV40 DNA replication (6).

Infection of mouse cells with SV40 results in the expres-
sion of Tag and the induction of cellular DNA synthesis, but
the cells do not replicate the viral DNA or produce late
capsid proteins; that is, they are nonpermissive. A small
proportion of the infected cells will be stably transformed
and express both large (T) and small (t) tumor antigens from
an integrated copy(ies) of the viral genome (33). The inte-
grated viral genome can be rescued by fusion of such
SV40-transformed murine cells with permissive monkey
cells (7, 17) or enucleated, permissive cytoplasts (3, 24). It is
also possible to rescue viral genomes by injecting permis-
sive-cell cytoplasm into such murine cells (A. Graessman,
personal communication). From these and other results, it
would seem that excision and extrachromosomal replication
of SV40 DNA depend on a diffusible factor supplied by
permissive cells. The recently published results that primate
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but not mouse DNA polymerase a-primase complex was
able to support SV40 DNA replication in vitro (23) would
suggest that polymerase a-primase complex is either the
only or one of the missing permissivity factors.
There are three possible explanations for the inability of

SV40 DNA to replicate in murine cells: (i) they lack a
permissivity factor which is present in permissive monkey
cells and participates directly in SV40 DNA replication or is
responsible for proper modification of Tag; (ii) they contain
an inhibitor of SV40 replication which is inactivated after
fusion with monkey cells; or (iii) the quantity of SV40 Tag
produced in murine cells is insufficient to allow SV40 DNA
replication.
Data supporting the third possibility have been published

by Graessmann et al. (11, 12). These authors reported that
after microinjection of large quantities of SV40 DNA, mouse
3T3 cells produced large quantities ofTag as well as late viral
proteins and virus progeny. To test this hypothesis further,
as well as to analyze whether Tag produced in mouse cells is
active in an in vitro DNA replication assay, a series of mouse
cell lines transformed with bovine papillomavirus (BPV) Tag
expression vectors were isolated, and the properties of these
cells are described in this paper.

MATERIALS AND METHODS

General methods. Preparation of plasmid DNA, restriction
enzyme digestion, ligation, and bacterial transformation
were performed by standard procedures (22).
BPV vector constructions. Plasmid pPX (obtained from J.

Sambrook) was used as an intermediate to cassette XhoI-
BamHI fragments containing the different transcription units
for the expression ofTag into the BPV vector. It contains the
2.8-kilobase (kb) HpaII-BamHI fragment of the SV40 early
region cloned into the ClaI-BamHI vector in pXf3, with the
HpaII-ClaI junction converted to an XhoI site by ligation of
synthetic linkers (25). The large KpnI-BamHI vector frag-
ment of pPX was ligated to KpnI-BamHI fragments contain-
ing the SV40 early region from either pK1dl26 or pKMT9 (6)
to generate pPXdl26 and pPXMT, respectively. pPXdl26
contains a deletion of SV40 nucleotide pair (np) 5212-9 and
an insertion of three BglIl linkers that disrupt the SV40
origin of replication. pPXMT contains the mouse metal-
lothionein I KpnI-BglII promoter fragment fused to SV40 np
5195 in lieu of the SV40 promoter.
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FIG. 1. Structures of the BPV-Tag expression vectors. Details of
the construction are given in Materials and Methods. The only
difference among the three constructs is the structure of promoters
driving the expression of SV40 Tag: pPX/BV-l (ori+) has the
wild-type SV40 early region; pPXdl26/BV-1 (ori-) has the SV40
early promoter but without the SV40 origin sequences; and
pPXMT/BV-1 has a metallothionein promoter replacing the SV40
early promoter.

The structures of the BPV vectors expressing SV40 Tag
are shown in Fig. 1. The plasmid pPX/BV1 (obtained from J.
Sambrook) is the BPV vector containing the wild-type SV40
early region used in these studies (26). It was derived by
ligating the SalI-BamHI fragment of pBPV-BV1 (34) that
contains both the 5.5-kb subgenomic transforming fragment
of BPV DNA and a segment of human ,-globin DNA to the
large SalI-BamHI fragment of pPX containing the bacterial
vector sequences and the SV40 ori+ transcription unit for
Tag. BPV vectors pPXdl26/BV1 and pPXMT/BV1 were

derived from pPX/BV1 via substitution of the XhoI-BamHI

cassettes containing the Tag genes from pPXdl26 and
pPXMT, respectively.

Construction of the replication test plasmid pKlK1. Plas-
mid pKlK1, containing a 1.7-kb internal duplication of the
SV40 late region sequences, was constructed to test for the
replication in vivo of SV40 DNA. The parental plasmid pKl
contains the complete SV40 genome cloned via the EcoRI
site into the vector pMK16-6 (9). pKl was linearized by
partial digestion with ClaI and completely digested with
BamHI. The HpaII-BamHI fragment of SV40 spanning the
late coding sequences (np 346 to 2533) was ligated to the
ClaI-BamHI-digested pKl DNA, thus duplicating the region
in the resulting plasmid, pKlK1. Other studies (14) have
demonstrated the ability of this molecule to undergo homol-
ogous recombination in vivo to generate functional viral
genomes.
Growth and transfection of cells. Cells were maintained in

Dulbecco modified Eagle medium (DMEM) supplemented
with 10% fetal bovine serum (FBS) in a humidified atmo-
sphere containing 5% CO2 at 37°C. Transformation of C127
cells was accomplished by using 1 ,ug of BPV vector in a
CaPO4 coprecipitation with 20 ,ug of HeLa cell carrier DNA
(5). Following a 7-h transfection, cells were boosted with
20% dimethyl sulfoxide (DMSO) in DMEM for 3 min at room
temperature, washed thoroughly with DMEM to remove
DMSO, and cultured in DMEM containing 5% FBS. Trans-
formants were selected on the basis of morphological phe-
notype 2 weeks after transfection.
A line of C127 mouse cells transformed with pPXMT/BV1

was subjected to cloning in soft agar to select for anchorage-
independent cell growth. Colonies obtained by this method
were transferred back to monolayers in DMEM containing
10% FBS to expand the cell culture. Cells were subsequently
grown for 1 to 2 passages in F13 medium (Gibco) containing
10% FBS on petri dishes, detached from the plastic surface
with a stream of medium, and grown in spinner culture in the
same medium. These cells were used as a source of prepar-
ative quantities of purified mouse Tag.

Transfection of pKlK1 DNA for replication experiments
was accomplished by DEAE-dextran as described previ-
ously (6) with the following modifications. Cells grown in
60-mm culture dishes were transfected with 100 ng ofpKlK1
DNA for 1 h with 250 jig of DEAE-dextran per ml. The cells
were subsequently incubated for 3 h in DMEM containing
10% FBS and 80 FiM chloroquine hydrochloride (21). Cell
cultures were maintained in DMEM containing 10% FBS
either with or without added heavy metals (100 ,uM ZnCl2
and 1 ,uM CdSO4) to induce the metallothionein promoter.

Analysis of Tag. The methods for pulse-labeling cells with
[35S]Methionine, extracting Tag, immunoprecipitating la-
beled Tag with monoclonal antibody, analyzing immunopre-
cipitates by sodium dodecyl sulfate-polyacrylamide gel elec-
trophoresis, and radioimmunoassay of Tag have been de-
scribed (6). Radioimmunoassay was made quantitative by
comparison with a standard curve of purified mouse Tag of
known concentration.

Cell fusion. BPV Tag-transformed mouse cell lines were
split 1:4 and coplated with an approximately equal number of
C6 monkey cells (10) in DMEM containing 10% FBS in
100-mm dishes. On the following day, cells were fused by
treatment with 50% (wt/vol) polyethylene glycol 1000 in
DMEM at room temperature for 1.5 min. Monolayers were
washed twice with 15% DMSO in DMEM, once with
DMEM, and once with DMEM containing 2% FBS before
culturing in DMEM containing 5% FBS. After 2 days,
low-molecular-weight DNA was prepared (15) and analyzed
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FIG. 2. Synthesis of Tag by transformed mouse cell lines.
[35S]methionine-labeled cell extracts from the indicated cell lines
were immunoprecipitated with PAb416 monoclonal antibody to Tag
and protein A-Sepharose. Both control (C) and induced (I) cultures
of COS1, MT1, and MT2 cells were analyzed. Only control cultures
of ori-1, ori-2, ori+1, and ori+2 cells were analyzed. An amount of
immunoprecipitated protein equivalent to that from 2 x 105 cells was
applied to a 10% sodium dodecyl sulfate-polyacrylamide gel. After
electrophoresis, the gel was dried and exposed directly to X-ray
film. Molecular weights (in thousands) are indicated to the right.

for the presence of SV40 sequences by Southern blotting
(28). Parental C127 mouse cells and COS1 monkey cells (8)
served as negative and positive controls, respectively, in the
fusion experiment.

In vitro replication of SV40 DNA. A recombinant adenovi-
rus vector (AdSVR115) that overproduces SV40 Tag in
infected human 293 cells has been described (30). Tag was

also prepared from a line of transformed mouse cells adapted
to spinner culture as described above. Both Tags were

purified by the immunoaffinity procedure (27) with PAb419
(13) coupled to protein A-Sepharose. DNA synthesis exper-
iments were performed with cytosol extracts from human
293 cells (30) adjusted to 0.1 M NaCl and centrifuged at
100,000 x g for 1 h. Equivalent amounts of human and
mouse Tag, as judged by polyacrylamide gel electrophoresis,
were included in the in vitro replication experiments.

RESULTS
Transformation of C127 mouse cells with BPV-Tag expres-

sion vectors. The BPV expression vectors used to transform
C127 mouse cells are shown in Fig. 1. These vectors contain
(i) the 69% HindIII-BamHI fragment of BPV DNA respon-
sible for murine cell transforming functions (19) and
episomal maintenance functions (20), (ii) a fragment of
human DNA derived from the P-globin gene cluster which
seems to stabilize episomal BPV vectors in some systems (5,
25), (iii) bacterial sequences for the propagation of the
plasmid in Escherichia coli, and (iv) promoter and structural
gene sequences for the expression of SV40 Tag. Three
different promoter configurations were used in this study.
Two constructs contain the SV40 early promoter with either
a wild-type origin of replication (pPX/BV1) or a defective
origin obtained by deletion of sequences in Tag-binding site
II (pPXdl26/BV1). The third (pPXMT/BV1) contains the
mouse metallothionein I promoter previously demonstrated
to direct the high-level synthesis of Tag in response to heavy
metals (6).

C127 cells transfected with the BPV-Tag expression vec-

tors gave rise to foci of morphologically transformed cells (at
a frequency of -300 foci per ,ug of plasmid DNA) which
were picked after 2 weeks and expanded into cell lines. All
colonies displayed a transformed phenotype characteristic of
BPV-transformed cells. However, the extent of the trans-
formed phenotype was dependent on the promoter used to
express Tag. The phenotype was most pronounced in colo-
nies transformed with pPXMT/BV1, containing the mouse

metallothionein promoter.
Expression of Tag by transformants. Clones were screened

by indirect immunofluorescent staining for the presence of
Tag. Staining revealed that almost every cell in these lines
expressed Tag. In addition, induction of the metallothionein
promoter in MT cell lines for 2 days by heavy metals resulted
in cells that were stained more intensely for Tag than cells
maintained in normal medium. Qualitatively, the intensity of
fluorescence was greatest in the MT cell lines (particularly
when induced by heavy metals), intermediate in the ori-
transformants, and weakest in the ori+ lines. Only 1 clone of
21 was defective for the expression of Tag.

Southern blotting of low-molecular-weight Hirt DNAs
revealed the presence of approximately 10 to 100 copies of
the vectors, which were present both as free monomers (in
18 of 21 clones) and as concatenated oligomers (data not
shown). Clonal variation in the copy number was observed
among the different cell lines (see Fig. 3), but this variation
was not related to the particular BPV vector used to trans-
form the cells. Restriction enzyme digestion revealed a

pattern ofDNA fragments identical to that of the input DNA
for all clones except the one that did not express Tag. This
clone contained episomal DNA which had deleted a segment
of the genome containing the Tag gene. Clones transformed
by pPXMT/BV1 DNA were designated MT1 and MT2, by
pPXdl26/BV1 ori-1 or ori-2, and by pPX/BV1 ori+1 and
ori+2. These clones were chosen for further study.
The level of Tag expression was quantitated by pulse-

labeling transformed cell cultures with [35S]methionine and
gel electrophoresis of cell extracts immunoprecipitated with
monoclonal antibody to Tag (Fig. 2). The analysis of mouse
cell extracts revealed the presence of Tag of the same
molecular size as that present in COS1 cells. Quantitation of
the rate of Tag synthesis demonstrated that clones MT1 and
MT2 expressed Tag at a twofold-higher rate on a per cell
basis when propagated in medium containing heavy-metal

TABLE 1. Tag synthesis

Cell
Rate of Tag synthesis" Tag content' (pLg/10 cells)

line Control Induced Ratio, Control Induced Ratio,
(C) (I) I/C (C) (I) I/C

MT1 0.19 0.41 2.2 0.11 0.40 3.6
MT2 0.56 1.1 2.0 0.39 1.1 2.8
ori-1 0.12 NDC d 0.08 ND
ori-2 0.34 ND 0.12 ND
ori+1 0.05 ND - <0.01 ND
ori+2 0.05 ND <0.01 ND
COSi 1.0 0.61 0.6 0.17 0.13 0.8

" Quantitative estimates of the rates of synthesis in the different cell lines
were obtained by scanning densitometry of the autoradiogram shown in Fig.
2. The relatives rates of Tag synthesis were compared with that in COS1 cells,
which was arbitrarily set at 1.0.

b Micrograms of Tag per 106 cells, determined by radioimmunoassay and
comparison with a standard curve of purified Tag. The same cell extracts were
used to determine both the rate of synthesis and the total amount of Tag.

' ND, Not determined.
d_, Not applicable.
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FIG. 3. Replication of SV40 in vivo. The indicated
transfected with pKlK1 DNA to test for the replical
SV40 ori sequences. Following transfection, cultur
bated in either the presence (I) or absence (C) of he
induce synthesis of Tag from the metallothionein p

supernatant DNAs prepared 48 h later were digested )

of BamHI and DpnI to convert all replicated plasm
9.5-kb from (pK1K1) or a 5.4-kb form (SV40) and
unreplicated plasmid to small fragments. Digests were

agarose gel, blotted to nitrocellulose, and probed
translated plasmid DNA containing the early region
migration position of the endogenous episomal copie
Tag expression vectors is indicated (BPV).

inducers of the metallothionein promoter (Tz
induced rates of synthesis were comparable
permissive COS1 cells. By comparison, the
synthesized three- to eightfold less Tag than CO
the ori+ clones synthesized 20-fold less. None (

transformed with a BPV vector containing ai

moter demonstrated a change in the rate of T
after exposure to heavy metals. The gel als4
specific immunoprecipitation of the p53 proteir
mouse and monkey cell lines.
The same cell extracts used to quantitate th(

synthesis were assayed for total Tag protein by
radioimmunoassay (Table 1). The quantity of'
lating in a cell line reflected the rate of Tag synt
cell line. After 2 days of induction, both MT clo
lated threefold more Tag than uninduced cc
per-cell basis. These levels were equal to or

those present in permissive COS1 cells. The ori
accumulated amounts of Tag similar to those ii
as a result of its high rate of synthesis. The acc

Tag by mouse cells was greater than that by C(
equivalent rates of synthesis. This may reflect c
the stability of the protein in mouse and monkey
respect it is interesting that different clones
transfection with the same BPV vector showec
ation in both the accumulation and rate of synt

Lack of replication of SV40 DNA in transfc

cells. Transformed mouse cell lines were tesl
ability to support the replication of transfected p
containing an SV40 origin. The plasmid pKl
signed for this purpose. It contains a 1.7-kb d
the SV40 late region which has the potentia]

homologous recombination and excise a unit-length SV40
genome free of bacterial vector sequences. Replication of
pKlKl in permissive COS1 cells is shown in Fig. 3. Because
the autoradiogram of the gel was deliberately overexposed to

. BPV reveal even a small amount of replication in the mouse cells,
--pK!KI the bands in the COS1 lanes are difficult to distinguish.

However, pKlK1 was shown to replicate in COS1 cells to a
------SVf4O high level, as indicated by the intensely hybridizing band at

9.5 kb. The band of DNA at 5.2 kb represents the new
species of DNA generated by homologous recombination
between the duplicated SV40 sequences and the subsequent
replication of the unit-length SV40 genome.

In no case was replication of pKlK1 DNA or recombina-
tion and replication of SV40 DNA observed in the parentalunreplicoted C127 or in the Tag-transformed mouse cell lines. We esti-
mate that replication at a level of one copy per cell would be
detected by this procedure. However, the endogenous
episomal copies of the BPV vectors were readily visible as
intact bands migating above the position of pKlK1 in lanes
containing Hirt DNA extracted from transformed mouse

cell lines were cells. The amount of BPV vector DNA appeared to decrease
tion in vivo of in cultures induced with heavy metals. This decrease can be
es were incu- attributed to cell death due to the combined effects of
,avy metals to
romoter. Hirt transfection and treatment with heavy metals. Heavy metals
with a mixture did not appear to have direct effects on SV40 DNA replica-
iid to either a tion, at least not in monkey cells (Fig. 3) (6). We confirmed
to degrade all that SV40 was incable of replicating in the transformed
run on a 1.1% mouse cell lines both by transfection of other SV40 origin-
with a nick- containing plasmids with the DpnI-resistance assay for DNA
of SV40. The replication and by infection with a recombinant adenovirus
s5 of the BPV- vector containing an SV40 origin (data not shown). There-

fore, high-level expression of Tag was not sufficient to
render mouse cells permissive for SV40 replication.
Tag synthesized by transformed mouse cells is functional in

able 1). The vivo and in vitro. To verify that the Tag produced in the
to those in transformed mouse cells was functional for SV40 replica-
ori- clones tion, we fused the different transformed lines to C6 monkey

OS1 cells, and cells. C6 cells are CV-1 monkey cells which were trans-
of the clones formed with UV-irradiated SV40 (10). They contain a func-
n SV40 pro- tional, integrated copy of the SV40 origin of replication.
'ag synthesis However, the ori does not replicate because the Tag pro-
o shows the duced by the C6 cell is defective. When fused to cells
n in both the containing a replication-competent Tag, the SV40 origin will

excise from the chromosome and replicate as an episomal
e rate of Tag species to high copy number (8).
quantitative Figure 4 demonstrates the excision and replication of the
Tag accumu- SV40 ori from the C6 cells after they were fused to the
hesis by that various transformed mouse cell lines. Three days after cell
nes accumu- fusion, low-molecular-weight Hirt DNA was prepared and
antrols on a analyzed by Southern blotting. HpaI and Sall digests were
greater than performed to distinguish between replicating C6 and endog-
2 clone also enous BPV-SV40 hybrid vector molecules. The result of

n COS1 cells fusion of C6 and COS cells is shown as a positive control.
umulation of The HpaI DNA fragment of 2,010 base pairs (bp) is derived
OS1 cells for from the origin of the SV40 genome (np 3733 to 5243/1 to 499)
Jifferences in which was integrated in the C6 monkey chromosome. Its
cells. In this presence in Hirt supernatants is indicative of rescue and
obtained by replication of the SV40 ori by cell fusion. The 1,067 bp

J clonal vari- fragment (SV40 np 2666 to 3733) was also generated by
hesis of Tag. excision and replication (COS lane); however, the presence
irmed mouse of this DNA in Hirt supernatants is not diagnostic of rescue
ted for their of the SV40 origin from C6 cells because the endogenous
)lasmid DNA BPV vector also contains this fragment. The additional
IK1 was de- bands in the lanes corresponding to transformed mouse cell
luplication of lines were also derived from the endogenous coipes of the
I to undergo BPV vector. The Tag synthesized by the transformed mouse
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cells was therefore competent to replicate SV40 ori se-
quences when supplied in trans by cell fusion.
Although variation in the efficiency of cell fusion from one

culture to the next makes quantitation difficult, the extent of
replication appeared to depend on the level of expression of
Tag in the mouse cells. The MT mouse lines replicated the
SV40 origin in C6 cells to a greater extent than did the ori-
lines, presumably as a result of the higher level of Tag in the
MT lines. Similarly, SV40 replication was difficult to detect
when C6 cells were fused to the ori+ cells because of the low
levels of synthesis of Tag by these lines. C127 cells lacking
Tag showed no replication of SV40 sequences when fused to
C6 monkey cells.
We also tested the ability of the mouse Tag to support the

replication in vitro of SV40 DNA (30). With purified Tag
from the MT2 cell line, the efficient in vitro replication of
SV40 DNA could be demonstrated in a crude cell extract
from permissive human 293 cells (Fig. 5). An increase in the
level of incorporation of radiolabeled precursor representing
SV40 replication was dependent on the addition of purified
Tag prepared from either 293 or MT2 cells. The lower level
of DNA replication observed for the mouse Tag may be a
consequence of the lower level of purity of the protein
isolated from this source.

DISCUSSION

SV40 replication is a multicomponent system requiring
both cis-acting DNA sequences and trans-acting factors.
The only virus-encoded trans-acting factor is Tag, which is
necessary for the initiation of each round of viral DNA
replication (32). We previously demonstrated that the
amount of Tag in premissive monkey cells is the limiting

., ertxf 1 111
F, r.

S6-or, -.a

B'P~~~~~~-.,-4,.- ,-- tIY

FIG. 4. Rescue and replication of ti
monkey cells. C6 monkey cells were coci
cell lines. Cultures were fused with pol1
vested by Hirt procedure after 48 h. DN)
and Sall to generate a 2,009-bp fragme
specific for excision and replication of th
chromosome. Digests were run on a 1.4
nitrocellulose, and probed with nick-trar
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FIG. 5. Replication of SV40 in vitro by purified Tag. Tag was

purified by immunoaffinity chromatography (27) from either human
293 cells infected with an adenovirus vector which overexpresses
SV40 T antigen (30) or from mouse MT2 cells. Increasing amounts
of purified protein were included in the in vitro SV40 DNA replica-
tion system containing 300 ng of pSV40 (30) and were incubated for
1 h.

factor governing the extent of SV40 DNA replication (6).
Others (11, 12) have shown that SV40 late proteins are
synthesized only in monkey cells which have attained a
threshold concentration of intracellular Tag. In mouse cells,
the level of synthesis of Tag by SV40 is normally much lower
than in permissive monkey cells (11). To check whether the
low level of synthesis of SV40 Tag in mouse cells is
responsible for the nonpermissivity phenomenon, we
overexpressed SV40 Tag in mouse cells by using an episomal

* 524 72 vector derived from BPV. The level of expression of the
5 G - protein from the different vectors was a function of the
Ww ~ different promoters used to drive expression. The mouse

4 _ .4. metallothionein I promoter was more efficient than the ori-
t3Ci7e SV40 early promoter, which was in turn more efficient than

g the ori+ SV40 early promoter. The increased efficiency of
the ori- promoter can be attributed to the lack of autoregu-

0 w i;o,_,r lation of Tag expression (32) caused by the deletion of
Tag-binding site II in pPXdl26/BV-1.
Even though mouse cells transformed with the SV40

Tag-BPV vectors are capable of expression of Tag levels
equal to or greater than those synthesized in permissive

* * -^ s COS1 cells, SV40 DNA is totally incapable of replication in
these cells. We determined that the Tag synthesized in the

ie SV40 origin from C6 transformed mouse cells was functional by two different
ultured with the indicated assays. First, the ability to rescue origin sequences after
yethylene glycol and har- fusion to C6 cells indicated that the Tag was functional when
A was digested with HpaI the permissive environment of a monkey cell was provided.
n (i0gndicted bytheC6o) Second, that purified mouse Tag can replicate SV40 DNA in
% agarose gel, blotted to vitro also suggests that it is fully functional. Neither of these
nslated SV40 DNA.CoS results address the possibility that the mouse Tag is modified
negative controls, respec- in vivo after fusion to C6 monkey cells or in vitro by

incubation in the 293 cell extract. However, if this is the

VOL. 61, 1987 855



856 GERARD ET AL.

case, then the modifying activity would be considered a
permissivity factor which is absent from mouse cells.

Previous experiments (12) indicated that microinjection of
large quantities of SV40 DNA and expression of large
amounts of Tag in mouse cells will produce SV40 virions.
One possible explanation for the difference between that
study and our results may be that stably transformed cells
expressing a high level of Tag are somehow different from
untransformed mouse cells which only transiently express
Tag. In addition to the high Tag concentration, microinjec-
tion restilts in a high concentration of DNA template which
may shift the balance towards DNA replication. However,
another possible explanation is that the phenomenon of
replication-independent late gene activation (2, 16) is respon-
sible for the production of late viral gene products and
subsequent encapsidation of SV40 DNA into virions in
mouse cells.
Development of the in vitro SV40 DNA replication system

allowed us to check these hypotheses in greater detail;
extracts prepared from mouse cells failed to support SV40
DNA replication in vitro, while extracts prepared from
monkey or human cells were very active (18). Furthermore,
it was demonstrated recently (23) that mouse DNA polymer-
ase ot-primase complex was unable to substitute for the
human DNA polymerase a-primase complex in SV40 DNA
replication in vitro. It would appear from these data that the
primate enzyme complex is a permissivity factor. Neverthe-
less, two other sets of data would indicate that additional
factors may also be involved in the phenomnenon of permis-
sivity. First, analysis of human fibroblasts transformed by
the early region of SV40 DNA revealed that only 2 to 3% of
the transformed cells synthesize free viral DNA (35), even
though all cells contain both human DNA polymerase a-
primase and wild-type Tag. The existence of additional
factors may explain why replication of SV40 tDNA occurs in
only a small proportion of the cells. Second, infection of
preimplantation mouse embryos with SV40 results in the
synthesis of SV40 early and late proteins as well as the
production of infectious SV40 progeny (1). Because these
mouse experiments were performed by virus infection, it is
possible to assume (although it has not been proven) that the
virion synthesis was accomplished via the usual DNA repli-
cation and late protein synthesis pathway. This, in turn,
would suggest that under certain specific conditions mouse
DNA polymerase a-primase complex could support the
replication of the SV40 DNA.

In summary, the inability of SV40 DNA to replicate in
mouse cells is not affected by the level of synthesis of
wild-type SV40 Tag. It is possible that the major factor
responsible for replication of SV40 DNA in permissive cells
is the primate DNA polymerase a-primase complex, but
additional data indicate that other factors play a role in this
phenomenon.
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