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Undifferentiated murine embryonal carcinoma (EC) cells are resistant to
infection with wild-type polyoma virus. The block appears to be located at the
transcriptional level. Polyoma host range mutants capable of expressing early and
late functions in EC cells have been isolated. The modifications responsible for
the phenotype of these mutants are localized in the noncoding region of polyoma
DNA genome, containing regulatory sequences for replication and transcription.
We compared the 5' termini of early and late mRNAs of wild-type polyoma and
mutant viruses in EC cells and in permissive cells. Our results show that wild-type
mRNA is normally spliced in EC cells but present at a very low level. The
sequence modifications of the mutant viruses lead to a 100-fold increase in the
production of mRNA in these cells, but the major 5' termini of early and late
mRNAs are identical to those in wild-type-infected 3T6 cells.

Murine embryonal carcinoma (EC) cells, the
stem cells of teratocarcinoma, are resistant to
infection with polyoma virus (Py). Differentiated
teratocarcinoma-derived cell lines, however, are
susceptible to infection by the virus (4, 21).
Similarly, expression of early antigens by the
simian papovavirus simian virus 4 occurs in
differentiated derivatives but not in undifferenti-
ated EC lines. The resistance of EC cells to
these viruses involves a block after adsorption
and penetration but before T antigen expression.
One of our laboratories (13, 14, 24) has isolated
and characterized two classes of Py mutants
which can express both early and late functions
in the nullipotent EC cell line F9, in the pluripo-
tent PCC4 Aza cell line, or in both. The mutants
able to express in F9 cells were designated
PyEC F9 viruses, whereas those able to over-
come the block only in PCC4 Aza cells were
designated PyEC PCC4. A number of further
PyEC F9 mutants have also been described by
other laboratories (9, 19). The difference in the
ability of wild-type Py and PyEC PCC4 mutants
to express in PCC4 cells is a temperature-sensi-
tive one. Both grow in PCC4 cells at 31°C, but
only the mutants express early and late func-
tions efficiently at 37°C. By contrast, wild-type
Py does not express in F9 cells at any tempera-
ture tested (6). DNA sequence determination
has identified the alterations responsible for the
phenotypes of both classes of mutants. All of the
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changes are localized in the portion of the
genome between the late coding sequences and
the origin of viral DNA replication (68 to 70 map
units; nucleotide 5,150 to 5,250, according to the
numbering system used by Soeda et al. [20]).
These changes involve, among the several
known mutants, duplications, deletions, and
point mutations. Various hypotheses have been
considered to explain the block in viral gene
expression which occurs in EC cell lines and
how it is removed by the mutations (13, 18). In
this paper, we show that wild-type virus pro-
duces exceedingly low levels of viral mRNA
after infection of EC cell lines. This suggested
that the block could be at the transcriptional
level. We therefore designed further experi-
ments to quantitate and characterize the viral
mRNAs produced after infection of EC cells
with PyEC mutants. We were particularly inter-
ested in determining whether the DNA sequence
alterations in the mutants, all of which lie within
the noncoding sequences between the early and
the late region, created new viral early or late
"promoters" which would cause the production
of mRNA species with novel 5' termini (2, 7).
Our results clearly demonstrate that the mutants
synthesize viral mRNAs in EC cells more effi-
ciently than the wild-type virus. However, the
effect is essentially a quantitative one, since the
major early and late region mRNAs have 5'
termini identical to those produced at far lower
efficiency by the wild-type virus. The mutant
PyEC PCC4-97 does produce early and late
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region mRNAs with novel 5' termini mapping in
the altered DNA sequence, but these are minor
species present at similar relative abundancies
after infection of either PCC4 or fibroblast cell
lines. We have therefore eliminated one possible
explanation for the mutant phenotype. An alter-
native suggested by observations (23) made sub-
sequent to the completion of this study will be
discussed.

MATERIALS AND METHODS

Virus, cells, and mRNAs. Polyoma virus strains A2,
PyEC PCC4-97 (14), and PyEC F9-1 (13) were used to
infect 3T6 cells at 20 PFU per cell or PCC4 Aza (17)
and F9 cells (1) at 200 PFU per cell.

Cells were harvested at 48 h after infection for EC
cells and at 30 h for 3T6 cells. Cytoplasmic polyadeny-
lated mRNA was prepared as described by Favaloro et
al. (8).

SI nuclease gel mapping. The method of Berk and
Sharp (3) as modified by Weaver and Weissmann (25)
was used. The annealing temperature was 30°C, the
annealing time was 12 to 16 h, and the unhybridized
DNA was digested with S1 nuclease for 2 h at 12°C.
Si-resistant products were fractionated on 5, 8, and
12% urea polyacrylamide gels (0.3 mm by 23 cm by 43
cm) after denaturation in the formamide buffer used
for DNA sequencing (16). Size markers used were 5'
32P-labeled Py DNA DdeI fragments.

Preparation of single-stranded 5' 32P-labeled DNA
fragments. The hybridization probes used to map early
region mRNAs were the E DNA strand of the Hinfl
DNA fragment (labeled at nucleotide 388 and extend-
ing to 5,076), of the BclI + BgIl DNA fragment
(labeled at nucleotide 90 and extending to 5,025) (Fig.
1), and of the Hinfl DNA fragment (labeled at nucleo-
tide 963 and extending to 439). Late-region mRNA 5'
ends were mapped with the L DNA strand of the BclI
+ BgIl DNA fragment labeled at nucleotide 5,021 and
extending to 93 (Fig. 1). The methods used for 5' 32p
labeling and purification of the separated DNA strands
have been described previously (12).

RESULTS
The DNA sequence alterations of two PyEC

mutants (Py PCC4-97 and Py F9-1) are shown in
Fig. 1 in relation to the viral transcription map.
The Py PCC4 mutants contain a duplication
associated with a deletion: in Py PCC4-97, the
duplicated sequence extends from nucleotide
5,072 to 5,135, starting at nucleotide 5,185, and
the deletion extends from nucleotide 5,185 to
5,215. In addition, 15 nucleotides are inserted
between residues 5,135 and 5,216, 12 of which
originate also from the duplicated region (5,096
to 5,100 and 5,097 to 5,104). The final result of
the rearrangements is an increase of 48 base
pairs over the size of wild-type Py (14). The Py
F9 mutant used in the experiment was Py F9-1,
of which the only modifications are a transition
of adenine to guanine at nucleotide 5,233 and the
insertion of a thymine at nucleotide 5,173 and an
adenine at nucleotide 5,185 and 5,208 (13). The

sequence modifications of all the EC mutants
described are located in the region between the
BclI restriction site (nucleotide 5,021) and the
PvuII restriction site (nucleotide 5,262) (Fig. 1).
This region has been determined to be involved
in specific and efficient in vivo transcription of
the Py early region (11).

Expression of early mRNA in EC cells. Prelimi-
nary investigation of the expression of wild-type
Py in EC cells had suggested that very little viral
RNA is synthesized (M. Vasseur, personal com-
munication), but that the mRNA produced is
normally spliced and polyadenylated (F. Kelly
and R. Kamen, unpublished data). To confirm
these observations, we hybridized cytoplasmic
polyadenylated RNA prepared from virally in-
fected cells to the E DNA strand of a 5' 32p_
labeled DNA fragment spanning the 3' intron-
exon junction of the early region (see Fig. 1).
The known sequence of the three spliced early
region mRNAs allowed us to predict the S1-
resistant products of the lengths indicated in Fig.
2B. Small T and middle T mRNAs have the
same splice donor, and large T and small T
mRNAs have the same splice acceptor. One
would therefore expect two Si-resistant prod-
ucts, 152 and 166 nucleotides long. However, as
shown in Fig. 2B, the three nucleotides located
upstream from the splice acceptor of large T are
complementary to three nucleotides of the splice
donor. Thus, a third S1-resistant product of 169
nucleotides is obtained. The expected products
were detected with mRNA prepared from wild-
type Py-infected 3T6 cells (Fig. 2A, track 1) or
from F9 cells infected with the mutant Py F9-1
(Fig. 2A, track 5). By contrast, using the same
assay, almost no early mRNA was detected in
PCC4 or F9 cells infected by wild-type virus
(Fig. 2A, tracks 2 and 3) or in F9 cells infected
with the Py PCC4-97 mutant (Fig. 2A, track 4).
Inspection of the original autoradiograms re-
vealed that the expected St-resistant products,
produced by normally spliced mRNA, were in-
deed present in the apparently negative tracks,
but at such a reduced level (more than 100-fold)
that they were not visible after reproduction. We
conclude that wild-type Py is unable to efficient-
ly synthesize early mRNA in EC cells.

Localization of the 5' termini of Py early
mRNAs in PCC4 and F9 cells. In 3T6 cells
infected with wild-type Py, the major 5' termini
of early mRNAs, as determined by S1 nuclease
gel mapping (12), are located at nucleotides 145
+ 2 and 155 ± 2, 31 nucleotides downstream
from a sequence (nucleotides 120 to 127) closely
related to the Hogness-Goldberg TATA box
consensus (Fig. 1 and 3). At late times during
infection, relatively abundant molecules with
apparent 5' termini at multiple points upstream
of these principal sites are detected between
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nucleotides 5,200 and 14 (Fig. 3, linear map and
tracks 8 and 9). The 5' termini of Py early region
mRNAs extracted from PCC4 cells infected with
the Py PCC4-97 mutant were localized on the
viral genome by high-resolution nuclease S1
mapping. The RNAs were hybridized to the
single-stranded 5' 32P-labeled Hinfl restriction
fragment. The map position of the E DNA
strand probe labeled at nucleotide 388 is indicat-
ed in Fig. 3. The major 5' termini between
nucleotides 145 and 155 and the minor 5' termini
located upstream from the latter are present in
the same relative ratio in Py PCC4-97-infected
PCC4 cells (Fig. 3, track 1) and in 3T6 cells
infected with this mutant (Fig. 3, tracks 2 and 3)
or with wild-type Py (Fig. 3, tracks 8 and 9). The
band designated X is an artifact caused by

65map units L...

Py PCC4 97J1
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incomplete nuclease digestion. As described
(12), no products corresponding to this band
were seen by primer extension studies. Addi-
tional minor Si-resistant products were, howev-
er, detected in mRNAs from cells infected with
the Py PCC4-97 mutant. In mRNAs extracted
from F9 cells infected with the Py F9-1 mutant
(Fig. 3, tracks 6 and 7), only the major 5' termini
were detected. A longer exposure might allow
detection of minor bands; however, the amount
of viral mRNA in all teratocarcinoma cells is
very low, as will be discussed below.
To localize more accurately the additional

minor 5' termini of mRNAs extracted from Py
PCC4-97-infected cells, we hybridized a shorter
DNA probe (the Bcll + BgII E DNA strand,
labeled at nucleotide 90, see Fig. 4) to increasing

68 70
a

51i85 OR I

5072 5135 5216 T
Pvu 11

72.2 74

B9IEARLYFBgI-

CAPS ~~~~CAPS
GTAloodarunhtk CAPS OR I "TATA' ATG
5000 50s5 5ibo 51050 5100 5250 1 50 100 150

t + + ++ + + + +
Sc6I IHinfi PvuIlTJLAA,A HpaII BgIl

Py F9-1 FvuII

FIG. 1. Polyoma DNA origin region. The sequence modifications responsible for the EC mutant phenotypes
are located within the 500 nucleotides spanning the replication region. Coordinates are given in map units (top
line) and in nucleotide numbers (bottom line). Location ofmRNA cap sites, sequences related to the TATA box
consensus, and the translational initiation codons are shown on the bottom line. Leader unit indicates the
position of the sequences tandemly repeated near the 5' termini of late mRNAs. ORI indicates the palindromic
region required for DNA replication. The tandemly repeated sequence of Py PCC4-97 and the base pair
insertions and transition of the Py F9-1 mutant are shown on the bottom line. The restriction sites correspond to
the fragments used for the nuclease S1 mapping experiments.
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FIG. 2. Splicing of early mRNAs in 3T6 and EC cells. (A) Polyacrylamide urea gel (8%) fractionation of Si
nuclease-resistant 5' 32P-labeled DNA products resulting from the hybridization of various RNA samples from
Py-infected 3T6 and EC cells to the Hinfl E DNA strand probe (0.5 to 2 ,Ci per pmol of 5' end) extending from
nucleotide 963 to 440 of wild-type Py DNA. RNA samples used were: wild-type Py mRNA from 3T6 cells (track
1), PCC4 cells (track 2), and F9 cells (track 3) and Py PCC4-97 mRNA (track 4) and Py F9-1 mRNA (track 5) from
F9 cells. The same amount (30 ,ug) of cytoplasmic polyadenylated mRNA was used in all hybridizations. The
marker lengths of the 5' 32P-labeled DdeI fragments of Py DNA are indicated to the right of the gel. The length of
the Si-resistant products is indicated on the left. (B) Expected lengths (in nucleotides [nt]) of the Si-resistant
products resulting from the hybridization of the three early cytoplasmic polyadenylated mRNAs to the Hinfl E
DNA strand probe.

J. VIROL.

B

N

t

A.-



POLYOMA VIRUS TRANSCRIPTION IN EC CELLS

Py PCC4 97 Py wt

3T5 r3T35
I~ ~ ~ ~i I MarKer
4 5 6 7 M 8 9 lenjgth

9

=a

x -

_ - de

)88
Py Fg t

-1093- 1093

-621- 656
X -559

--464_
-f369

0f - 274
- x

&222

-189-192

-123

a -1il
- 102

py wt

FIG. 3. Localization of 5' termini of Py early mRNAs by S1 nuclease gel mapping. Polyacrylamide urea gel
(5%) fractionation of S1 nuclease-resistant 5' 32P labeled DNA products resulting from the hybridization of
various RNA samples from Py-infected mouse 3T6 cells and EC cells to the Hinfl E DNA strand probe (0.5 to 2
,uCi/pmol), extending from nucleotide 388 to 5077 as shown on the linear map. RNA samples were the following:
Py PCC4-97 cytoplasmic polyadenylated mRNA from PCC4 cells (track 1, 20 ±g per annealing) and from 3T6
cells (tracks 2 and 3, 2 and 10 ,ug); Py F9-1 cytoplasmic mRNA from F9 cells (tracks 6 and 7, 10 and 40 ,ug); and
wild-type (wt) Py cytoplasmic mRNA from 3T6 cells (tracks 8 and 9, 2 and 10 ,ug). Each RNA sample was

hybridized to its homologous DNA probe. Track M is 5' 32P-labeled Ddel fragments of Py DNA used as size
markers. Marker lengths are indicated to the right of the gel. The length of the Si-resistant products was used to
deduce the positions of the 5' termini with respect to the viral sequence, as shown on the linear map. Sequences
related to the TATA box consensus are indicated by black boxes. The hatched box represents the duplicated
region in Py PCC4-97 DNA.

concentrations ofRNA extracted from wild-type
Py- or Py PCC4-97-infected 3T6 cells. Two
additional SI-resistant products detected in the
latter (compare tracks 4 and 5 and tracks 9 and
10, Fig. 4) are localized in the duplicated se-

quence of the Py PCC4-97 mutant DNA. The
possible significance of these additional minor
Si-resistant products will be discussed below.

Localization of the 5' termini of Py late mRNAs
in PCC4 and F9 cells. As described previously
(8, 15), late viral mRNAs consist of a 5' non-

translated leader structure joined to the 3' body
of the coding sequences corresponding to the
capsid proteins. The leader structure comprises
a variable number of exact head-to-tail tandem
repeats of the 57-nucleotide sequence (between
nucleotide 5,020 and 5,076) and is thought to

result from repeated splicing within the giant
tandem transcripts of the entire viral genome,
which are the nuclear precursors of late mRNAs
(22).
The capped 5' termini of late-region mRNAs

are highly heterogeneous, with 15 different pu-
rine cap sites (5) localized in the 94-base pair
region from nucleotide 5,075 to 5,168 (Fig. 1)
proximal to the leader unit. An A-T-rich tract
(nucleotide 5,158 to 5,150) is included within this
region, but only one of the many mRNA 5'
termini (at nucleotide 5,129 ± 2) is at the correct
distance from this possible TATA box. A series
of minor 5' termini are also detected between
nucleotide 5,150 and 5,170 (Fig. 5, tracks 1 and
2).

Cytoplasmic polyadenylated mRNAs extract-
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FIG. 4. Localization of the minor 5' termini of Py early mRNAs. Polyacrylamide urea gel (8%) fractionation
of Si nuclease-resistant 5' 32P-labeled DNA products resulting from the hybridization of RNA samples from Py-
infected mouse 3T6 cells to the BclI + BgII E DNA strand fragment from wild-type (wt) Py DNA or from Py
PCC4-97 DNA. Tracks 1 to 5 are increasing concentrations, from left to right, of wild-type cytoplasmic
polyadenylated mRNA, and tracks 6 to 10 are increasing concentrations of Py PCC4-97 mRNA. Each RNA
sample was hybridized to its homologous probe. Alignment of Si-resistant products with the size marker track M
(5' 32P-labeled DdeI fragments of Py DNA) was used to determine the positions of the minor 5' termini. These
positions are indicated on the linear maps corresponding to each virus. The sequences related to the TATA box
consensus in this region are indicated by black boxes. The sequence which is duplicated in the Py PCC4-97
mutant is indicated by a hatched box, and the arrows correspond to the two additional minor 5' ends found in
these mRNAs.

ed from Py PCC4-97-infected PCC4 cells were

hybridized to the homologous BcII + BglI L
DNA strand probe (labeled at nucleotide 5,021)
(Fig. 5, track 8). Major and minor Si-resistant
products are present in the same relative ratio as
in 3T6 cells infected with the same mutant (Fig.
5, tracks 5 and 6) or with wild-type Py (Fig. 5,
tracks I and 2). However, in 3T6 cells, at high
concentrations of RNA, two additional minor 5'
termini are detected.
To precisely determine their position, we hy-

bridized the same homologous DNA probes with
increasing concentrations of mRNA extracted
from 3T6 cells infected with wild-type Py or with
Py PCC4-97 mutant and separated the Si-resist-
ant products on a 12% urea polyacrylamide gel
(Fig. 6). As the concentration ofRNA increased,
we observed a displacement due to favored
hybridization with longer mRNA species com-
pared to hybridization with shorter ones (com-

pare tracks 1 and 6 and 7 and 12, Fig. 6). The two
additional 5' termini detected in 3T6 cells infect-
ed with the Py PCC4-97 mutant can be precisely
located in the duplicated region of the DNA
sequence of this mutant. One of these 5' termini
corresponds to the sequence ACAGT, from
which, in wild-type Py DNA originate the major
capped 5' termini.
Temperature effect on transcription of wild-

type Py in PCC4 cells. We have previously
shown that restriction of Py expression in PCC4
cells, but not in F9 cells, can be abolished if
infection is carried out at 31°C (6). Analysis by
S1 nuclease mapping (Fig. 5) of late polyadenyl-
ated cytoplasmic mRNA extracted from wild-
type Py-infected PCC4 cells confirmed this ob-
servation: the amounts of late mRNA detected
in PCC4 cells infected at 31°C with wild-type Py
(track 3, Fig. 5) and in PCC4 cells infected at 31
or 37°C with Py PCC4-97 are similar (tracks 7
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FIG. 5. Localization of the 5' termini of Py late mRNAs by S1 nuclease gel mapping. Polyacrylamide urea gel
(8%) fractionation of S1 nuclease-resistant 5' 32P labeled DNA products resulting from the hybridization of
various RNA samples from Py-infected 3T6 and PCC4 cells to the Bcll + Bgll L DNA strand fragment from wild-
type (wt) Py DNA or from Py PCC4-97 DNA. The RNA samples used were wild-type Py cytoplasmic
polyadenylated mRNA from 3T6 cells (tracks 1 and 2, 0.05 and 0.5 F.g) and from PCC4 cells (track 3 at 31°C and
track 4 at 37°C, 10 1Lg per annealing) and Py PCC4-97 mRNA from 3T6 cells (tracks 5 and 6, 0.05 and 0.5 F.g) and
from PCC4 cells (track 7 at 31°C and track 8 at 37°C, 10 ,ug per annealing). The homologous DNA probe was used
in each case. The size marker (track M) is 5' 32P-labeled DdeI fragments of Py DNA with marker lengths
indicated in the center. The sequence related to the TATA box consensus is indicated by a black box. The
positions of the 5' termini are indicated on the linear maps. The arrows indicate the additional 5' termini located
in the duplicated sequence of Py PCC4-97.

and 8, Fig. 5). By contrast, only trace amounts
of late mRNAs are present when PCC4 cells are
infected at 37°C with wild-type Py (track 4, Fig.
5). The 5' termini detected in PCC4 mRNAs at
31°C are not markedly different from the 5'
termini detected in wild-type Py-infected 3T6
cells. Late mRNAs are therefore synthesized
with the same efficiency in PCC4 cells infected
with wild-type Py at 31°C and with the Py PCC4-
97 mutant at 37°C; lowering the temperature
abolishes the block of viral expression in PCC4
cells.

DISCUSSION
The expression of papovaviruses (simian virus

40 and Py virus) in undifferentiated EC cells
appears to be blocked at the transcriptional
level. Segal et al. (18) have shown that the viral
RNA from simian virus 40-infected EC cells,

present in very low amounts, is unspliced, sug-
gesting that the regulation of transcription of this
virus is located at the level of splicing of the
early messengers. F. Kelly and R. Kamen (un-
published data) have shown that after infection
with wild-type Py viral mRNA is present at a
very low level but is normally spliced. We
therefore investigated the regulation of tran-
scription at the level of initiation, using the Py
mutants capable of expressing early and late
functions in EC cells. Since all PyEC mutants
isolated so far are modified in the same region,
located on the late side of the junction between
HpaII fragments 3 and 5, in the noncoding
region, containing regulatory sequences for rep-
lication as well as for transcription, we com-
pared the 5' termini of early and late mRNAs in
EC cells and in permissive 3T6 cells infected
with the PyEC mutants.

rwt 316 POCL
3 31

1 2 3

PyPCC.. 37Py

E4 IL
y

ORI

517O

L d
A e

AN

0

VOL. 47, 1983 61



62 DANDOLO, BLANGY, AND KAMEN

P -Y w t

F.
- 4 ,

J, -b i
11 1- :.;I
;. ii

1

." .;RTIi

2 3 4 5 6 M 7 8 9 1'0 I 12

+ E
.Y

I1

..15

_a..- 40:
.-

.._e

2 22 ..

a. 123 - mm
I. 1211Om ill -00--o'o''Im102

a. 63

,a, 46

- 36

F F

FIG. 6. Localization of the minor 5' termini of Py late mRNAs. Polyacrylamide urea gel (12%) fractionation
of Si nuclease-resistant 5' 32P-labeled DNA products resulting from the hybridization of RNA samples from Py-
infected mouse 3T6 cells to the BcII + BglI L strand DNA fragment from wild-type (wt) Py DNA or from Py
PCC4-97 DNA. Tracks 1 to 6 are increasing concentrations, from left to right, of wild-type Py cytoplasmic
polyadenylated mRNA, and tracks 7 to 12 are increasing concentrations of Py PCC4-97 cytoplasmic polyadenyl-
ated mRNA. Each RNA sample was hybridized to its homologous probe. Alignment of the Si-resistant products
with the size marker track M (5' 32P-labeled DdeI fragment of Py DNA) was used to determine the positions of
the 5' minor termini. These positions are indicated on the linear maps corresponding to each virus. The sequence
which is duplicated in the Py PCC4-97 mutant is indicated by a hatched box, and the arrows correspond to the
two additional minor 5' ends found in these mRNAs.

Our results have shown that the major 5'
termini of early mRNAs are identical in all cell
lines (PCC4, F9, and 3T6). However, after infec-
tion with the Py PCC4-97 mutant, two additional
Si-resistant products appear, located in the du-
plicated sequence of this mutant.
These two additional products could be the

result of what was defined previously as a shad-
ow (12) due to RNA-RNA annealing between
the minor long early mRNAs and the 5' portions
of complementary late-region transcripts. These
results therefore indicate the presence ofmRNA
species with 5' termini extending further within
the late region of the genome. These 5' termini
are, however, minor species. In fact, the relative
proportion of the major early 5' termini is similar
in EC cells and in 3T6 cells infected by the
mutants or by wild-type Py.
The late messenger RNA 5' termini are again

identical in both cell lines (PCC4 and 3T6).

However, two additional 5' termini are detected
after infection by mutant Py PCC4-97. These
two minor 5' termini are located in the duplicat-
ed region, and one in particular can be located
on the sequence TCAGT, which is the sequence
present at the major capped 5' termini of late
mRNA at nucleotides 5,091, 5,093, and 5,094.
This sequence is also the center of the DNase I-
hypersensitive site in wild-type Py DNA (10).

In PCC4 cells infected with wild-type virus,
only trace amounts of mRNAs were detected as
compared to wild-type-infected 3T6 cells (ap-
proximately 1,000-fold decrease). Still, both ear-
ly and late polyadenylated cytoplasmic mRNAs
are normally processed, thus confirming the
results of F. Kelly and R. Kamen. The sequence
modification of PyEC mutants leads in EC cells
to at least a 100-fold increase in the production
of mRNA. However, this level ofRNA remains
lower than in infected 3T6 cells, thus suggesting
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that the mutation does not completely abolish
the restriction of viral expression in EC cells at
370C.
Furthermore, the block at the transcriptional

level in PCC4 cells is thermosensitive since
mRNAs are detected at the same level in cells
infected at 31°C with either the Py PCC4 mutant
or wild-type Py, thus confirming our previous
observations (6).
The experiments that have been described in

this paper show that the selection of the 5'
termini in EC cells is not drastically modified,
although some minor RNA species were detect-
ed in cells infected with the mutants containing
the duplication. This implies that the transcrip-
tional block is located at an earlier step than the
choice of the 5' termini by the RNA polymerase.

Since S1 mapping detects only steady-state
levels of mRNA, one cannot exclude completely
a very rapid turnover of primary transcripts in
EC cells infected with wild-type Py.
The region located between the BcII site at

nucleotide 5,021 and the PvuII site at nucleotide
5,262 has been determined as a DNase I-hyper-
sensitive region of viral chromatin. Tyndall et al.
(23) have shown that this region (region A) is
required for early gene expression and therefore
might be involved in some recognition signal for
the RNA polymerase.

In all Py PCC4 mutants, the G * C-rich palin-
drome between nucleotide 5,173 and 5,188, al-
lowing a stable secondary structure, is con-
served. Furthermore, the mutations of the Py F9
mutants, inserting two base pairs in this region,
increases the stability of this structure (13). This
observation, in addition to the thermosensitive
block in PCC4 cells, strongly suggests the inter-
action of this sequence of DNA with a protein
(cellular or viral) involved in a regulatory recog-
nition signal for the RNA polymerase.

ACKNOWLEDGMENTS
We are grateful to Jennifer Favaloro for technical advice, to

Chiara de Vere Tyndall for valuable discussions, and to
Chantal Marchant for assistance in the preparation of the
manuscript.

L. Dandolo thanks the European Molecular Biology Organi-
zation for a short-term fellowship and the Imperial Cancer
Research Fund for a Research Fellowship.

LITERATURE CITED
1. Artzt, K., P. Dubois, D. Bennett, H. Condamine, C.

Babinet, and F. Jacob. 1973. Surface antigens common to
mouse cleavage embryos and primitive teratocarcinoma
cells in culture. Proc. Natl. Acad. Sci. U.S.A. 70:2988-
2992.

2. Benoist, C., and P. Chambon. 1981. The SV40 early
promoter region: sequence requirements in vivo. Nature
(London) 290:304-309.

3. Berk, A. J., and P. A. Sharp. 1977. Sizing and mapping of
early adenovirus mRNAs by gel electrophoresis of S1
endonuclease-digested hybrids. Cell 12:721-732.

4. Boccara, M., and F. Kelly. 1978. Etude de la sensibilite au

virus du polyome eta SV40 de plusieurs lignees cellulaires
de teratocarcinome. Ann. Microbiol. (Inst. Pasteur)
129A:227-238.

5. Cowie, A., C. Tyndall, and R. Kamen. 1981. Sequences at
the capped 5' ends of polyoma virus late region mRNAs:
an example of extreme terminal heterogeneity. Nucleic
Acids Res. 9:6305-6322.

6. Dandolo, L., M. Vasseur, C. Kress, J. Aghion, and D.
Blangy. 1980. Temperature dependent expression of poly-
oma virus in murine embryonal carcinoma cells. J. Cell.
Physiol. 105:17-24.

7. Efstratiadis, A., J. W. Posakony, T. Maniatis, T. M.
Lawn, C. O'Connell, R. A. Spritz, J. K. De Riel, B. G.
Forget, S. M. Weissman, J. L. Slightom, A. E. Blechl, 0.
Smithies, F. E. BaraUle, C. C. Shoulders, and N. J. Proud-
foot. 1980. The structure and evolution of the human -
globin gene family. Cell 21:653-668.

8. Favoloro, J., R. Treisman, and R. Kamen. 1980. Tran-
scription maps of polyoma virus-specific RNA: analysis
by two-dimensional nuclease S1-gel mapping. Methods
Enzymol. 65:718-749.

9. Fujimura, F. K., P. L. Deininger, T. Friedmann, and E.
Linney. 1981. Mutation near the polyoma DNA replication
origin permits productive infection of F9 embryonal carci-
noma cells. Cell 23:809-814.

10. Herbomel, P., S. Saragosti, D. Blangy, and M. Yaniv.
1981. Fine structure of the origin-proximal DNAase I-
hypersensitive region in wild-type and EC mutant poly-
oma. Cell 25:651-658.

11. Jat, P., U. Novak, A. Cowie, C. Tyndall, and R. Kamen.
1982. DNA sequences required for specific and efficient
initiation of transcription at the polyoma virus early
promoter. Mol. Cell. Biol. 2:737-751.

12. Kamen, R., P. Jat, R. Treisman, J. Favaloro, and W. R.
Folk. 1982. The 5'-termini of polyoma virus early region
transcripts synthesized in vivo by wild type virus and
viable deletion mutants. J. Mol. Biol. 159:189-224.

13. Katinka, M., M. Vasseur, N. Montreau, M. Yaniv, and D.
Blangy. 1981. Polyoma DNA sequences involved in the
control of viral gene expression in murine embryonal
carcinoma cells. Nature (London) 290:720-722.

14. Katinka, M., M. Yaniv, M. Vasseur, and D. Blangy. 1980.
Expression of polyoma early functions in mouse embryo-
nal carcinoma cells depends on sequence rearrangements
in the beginning of the late region. Cell 20:393-399.

15. Legon, S., A. J. Flavell, A. Cowie, and R. Kamen. 1979.
Amplification in the leader sequence of late polyoma virus
mRNAs. Cell 16:373-388.

16. Maxam, A., and W. Gilbert. 1980. Sequencing end-labeled
DNA with base-specific chemical cleavages. Methods
Enzymol. 65:499-560.

17. Nicolas, J. F., P. Avner, J. Gaillard, J. L. Guenet, H.
Jakob, and F. Jacob. 1976. Cell lines derived from terato-
carcinomas. Cancer Res. 36:4224-4231.

18. Segal, S., A. J. Levine, and G. Khoury. 1978. Evidence for
non-spliced SV40 RNA in undifferentiated murine terato-
carcinoma stem cells. Nature (London) 280:335-337.

19. Sekikawa, K., and A. J. Levine. 1981. Isolation and
characterization of polyoma host range mutants that repli-
cate in nullipotential embryonal carcinoma cells. Proc.
Natl. Acad. Sci. U.S.A. 78:1100-1104.

20. Soeda, E., J. R. Arrand, N. Smolar, J. E. Walsh, and B. E.
Griffin. 1980. Coding potential and regulatory signals of
the polyoma virus genome. Nature (London) 283:445-463.

21. Swartzendruber, D. E., and J. M. Lehman. 1975. Neoplas-
tic differentiation: interaction of simian virus 40 and
polyoma virus with murine teratocarcinoma cells in vitro.
J. Cell. Physiol. 85:179-188.

22. Treisman, R. 1980. Characterization of polyoma late
mRNA leader sequences by molecular cloning and DNA
sequence analysis. Nucleic Acids Res. 8:4867-4888.

23. Tyndall, C., G. La Mantia, C. M. Thacker, J. Favaloro,
and R. Kamen. 1981. A region of the polyoma virus
genome between the replication origin and late protein
coding sequences is required in cis for both early gene

VOL. 47, 1983



64 DANDOLO, BLANGY, AND KAMEN

expression and viral DNA replication. Nucleic Acids Res.
9:6231-6250.

24. Vasseur, M., C. Kress, N. Montreau, and D. Blangy. 1980.
Isolation and characterization of polyoma virus mutants
able to develop in multipotential murine embryonal carci-

noma cells. Proc. Natl. Acad. Sci. U.S.A. 77:1068-1072.
25. Weaver, R. F., and C. Weissmann. 1979. Mapping ofRNA

by a modification of the Berk-Sharp procedure: the 5'
termini of 15S P-globin mRNA precursor and mature 10S
1-globin. Nucleic Acids Res. 7:1175-1193.

J. VIROL.


