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ABSTRACT

Functional analysis of the transcriptional control region of
the polyoma (Py) mutant F9-1 reveals that the mutation is located
in a region of Py DNA required for at least two functions. First,
an enhancer element which includes the F9-1 mutation was
characterized by deletion analysis. This element, described
previously as enhancer B (1,2) is essential for viral early gene
expression in F? stem cells whereas enhancer A is unnecessary for
transcriptional activity in embryonal carcinoma (EC) cells.
Second, a CCACCC motif, present twice in the 3’ part of enhancer
B is also required in cis for the response to a heterologous
enhancer. This suggests that a promoter element is present in
this region of the polyoma genome which overlaps Py enhancer B.
We also demonstrate the enhancement of the polyoma early promoter
activity in F9 stem cells by M8V sequences. The significance of
these observations is discussed.

INTRODUCTION

The molecular basis of differentiation processes is not
understoaod but regulation of several genes examined takes place
at the transcriptional level (8,9). Therefore, an understanding
of transcriptional control mechanisms seems to be essential for
the deciphering of differentiation pathways. For these analyses,
embryonal carcinoma (EC) cells (10) and especially the F? cells
are particularly useful model systems as they allow the study of
molecular details of certain differentiation steps (see 11 for
review).

Polyoma (Py) is a murine DNA virus that induces tumors in
many different tissues (see 3 for review). The noncoding region
located between the early and 1late transcription unit has
attracted attention since it is thought to contain enhancer

elements (4,5) and other cis-acting elements essential for early

gene expression and viral replication (6,7). Comparison of DNA
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sequences of the wild-type virus which is restricted in its
ability to grow in EC stem cells and those of mutants selected
for growth in these cells (12-17) initially indicated regions
important for the regulation of transcription. In particular,
polyoma mutants growing in EC cells contain deletions,
reiterations and point mutations in the noncoding region and show
a pattern specific for the EC cell lines in which they were
selected. Mutants derived in FPCC4 cells carry duplications of
sequences that contain enhancer A which 1is contained on a
Bcl I/Pvull-fragment <(nucleotide #5021-#5128 according to the
numbering system of Soeda et al. (32)) and deletions of sequences
contained in the Pvull-4 fragment (#5128-#35262) (12,13) whereas
F? cell specific mutants have duplications and mutations in the
PvulI-4—-fragment that contains enhancer B (15,16). The
transcriptional activity of heterologous promoters in EC stem
cells was increased only by polyoma mutant regulatory sequences,
indicating that this effect results from an altered enhancer
function (1,2).

We were interested in defining the function which was
affected in the simplest mutant growing in F? cells, F9-1 (12),
that contains a single point mutation in its sequence compared to
wild-type strain AZ (18). The regulatory region of PyF?-1
(BamH1/HphI; #4631-#16Z) was therefore cloned upstream of an
indicator gene (CAT) lacking any transcriptional control elements
(see Fig.1), such that transcriptional activity after
transfection in mouse cells (F?, fibroblasts) must derive from
the polyoma fragment inserted. Using this experimental approach
we were able to map the 5° border of the enhancer B element that
is essential for gene expression in F9 cells. Deletions at the 3-
end of the Pvull-4 fragment eliminating the point mutation result
in a loss of the enhancer activity. Overlapping this enhancer is
another transcriptional element which includes the mutation and
has structural and functional homology to the SV40 21-bp repeats.
Since this Py element is necessary to detect activity of
heterologous enhancers (5V40, MSV) in mouse fibroblasts and F9
cells it can be considered an upstream element of the polyoma

early promoter.
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MATERIALS AND METHODS

Cell Culture, Transfections and CAT Assays
Mouse fibroblasts (LTK_, NIH3T3, NIH3T6) were grown in
Dulbecco's modification of Eagle's Medium (DMEM,Boehringer) with

10% fetal calf serum (FCS,Flow Laboratories) in the presence of
penicillin and streptomycin. F? teratocarcinoma cells were grown
in DMEM/10%Z FCS with high glucose and antibiotics. F? cells were
passaged frequently in order to avoid high cell density but not
exceeding ten times. Transfections were performed in one of two
different ways: One was a maodification of the DEAE dextran
procedure (19) using 10 ug of plasmid DNA per 10 cm dish. The
calcium—-phosphate transfection procedure was performed using 25
pg plasmid DNA (20,21). The DEAE dextran method was only used for
the LTK cells. Fibroblast cell lines were transfected using
calcium-phosphate. In each case, one million cells were plated
per 10 cm dish prior to transfection. The EC cells were plated at
a density of S5 x 10° cells per dish after passage through a
needle or a Nitex membrane in order to remove cell clumps. After
addition of the calcium—phosphate precipitate the plates were
incubated overnight. The next day, cells were washed twice with
TBS (3 mM EGTA). Following incubation for another 24 hours, cells
were harvested using a rubber policeman and disrupted in 200 ul
Tris-HC1 pH 7.8 using a sonifier. CAT assays and their
quantitative measurement were performed using these extracts
according to previously published protocols (21,22).

Bal 31 Deletion Mutants

To analyze the early transcriptional signals contained in
the noncoding region of polyoma F9-1 region we used a procedure
that generated unidirectional viral deletion mutants. A
recombinant (Fig.1) that contained the polyoma F?-1 BamH1/Hphl
fragment (#4631-#163; #1633 is the recognition site of Hphl, the
cutting site is 7 bp upstream) upstream of a promoterless CAT
gene in the orientation indicated was linearized with Becl I and
treated with Bal 31 nuclease (New England Biolabs) for various
times as described by Maniatis et al.(23). Thereafter, the
termini of the resulting DNA molecules were treated with T4 DNA
polymerase (PL-Biochemicals) and converted to BamH1 ends by

addition of 1linkers (New England Biolabs). The mixture was then
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digested extensively with BamHl1 restriction endonuclease and
ligated using T4-DNA 1ligase (Boehringer) under conditions that
yielded mainly circular molecules. Subsequently the ligated
mixture was transfected into E. coli HR101 (24). Minipreparations
of plasmid DNAs (23) were analyzed with restriction endonucleases
and viral deletion mutants of interest were sequenced using the
chemical procedure (25).

RNA Freparations

Cytoplasmic RNA was isolated after transfection of 10 ug of
plasmid DNA per 10 cm dish using the DEAE-dextran procedure (19).
After 40-48 hours, cells were washed twice with FBS and harvested
with a rubber policeman. The cell pellet was washed twice with a
solution containing 140 mM NaCl, 1.5 mM MgCl,, 10 mM Tris—HCl pH
7.5. To this solution 10%Z NP 40 was added to a final concen—
tration of 0.5%Z. The DNA in the lysate was sheared and cellular
debris was removed by centrifugation in an Eppendorf centrifuge
for S5 minutes at 4°C. The supernatant was extracted twice with
phenol /chloroform/isocamyl alcohol (25:24: 1) and ethanol
precipitated. Total RNA was prepared according to published
methods (26).

S1 Nuclease Mapping Experiments (23)

Either S0 ug of total RNA or the cytoplasmic RNA from two 10
cm dishes were pelleted and resuspended with a buffer containing
807 formamide, 10 mM Fipes pH 6.4, 400 mM NaCl, 1 mM EDTA and an
excess of *2F 5° labelled single stranded DNA probe. The mixture
was heated to 85°C for 10 minutes and hybridized at 42°C
overnight. The hybridization mixture was then treated with
S1 nuclease (Sigma) by adding 300 ul of 30 mM sodium acetate pH
4.6, 280 mM NaCl, 4.5 mM zinc sulfate, 30 nug/ml denatured cal+f
thymus DNA and 70 to 250 units S1 nuclease. The nuclease reaction
was incubated at 18°C for at least 20 minutes and stopped by
phenol extraction and ethanol precipitation. After being washed
twice with 735%Z ethanol the pellet was resuspended in loading

buffer (23) and analyzed on a denaturing polyacrylamide gel.

RESULTS
Experimental Design
In order to facilitate the functional analysis of a large

number of different mutants, we employed the chloramphenicol
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CAT 3N polylinker(Py F9-1)

Fig. 1: The plasmid CAT3N polylinker was constructed by ligation
of the 1large Bam Hi/Sal I fragment of pML 2 (47) and the
Hind III/Bam H1 fragment of pSVO-CAT (27). The Sal I/Hind III
fusion was done by insertion of a polylinker sequence whereby
both sites were destroyed. For further manipulations the Bam H1
site at the fusion was destroyed using T4 DNA-polymerase
(PL Biochemicals). The recombinant plasmid PyF?-1 CAT was ob-
tained by insertion of the Bam H1(#4631)/Hph I(#163) fragment of
the polyoma F9-1 mutant in the Bgl II site of the vector CAT3N
polylinker wusing Bgl II 1linkers in the orientation indicated.
Using this protocol 6 nucleotides of the Bgl II-linker were added
at each end of the fragment and the Bam H1 site in the polyoma
sequence was retained. Therefore, in this plasmid, FPyF9-1 CAT,
all transcriptional elements upstream of the CAT gene were of
polyoma origin. The downstream splicing and polyadenylation
signals are derived from the SV40 genome.

acetyl transferase (CAT; EC2.3.1.99) gene as test system. In this
system, the quantity of CAT expressed is dependent on the
enhancer and promoter used (27-30). As an enhancer/promoter
fragment we selected a BamH1/HphIl <fragment (#4631-#163) from
either polyoma wild-type (strain A3) or polyoma F9-1 mutant (12).
The fragments were cloned using synthetic oligonucleotides
(Bgl II 1linkers) into a plasmid-vector equivalent to pSVO CAT
(29; Fig. 1). Neither enhancer nor promoter sequences are present
in this vector. Adjacent to the 3° end of the procaryotic CAT
gene are an intron and a polyadenylation signal from SV40 DNA
(21). The polyoma fragment selected includes all major start
sites for early transcription of polyoma virus (3,31). Thus,

insertion of this fragment in the sense orientation places the
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Fig. 2: CAT assays of LTK and F? EC cells. On the left of the
figure, the recombinant plasmids used for transfections are
schematically represented. On the right side, the autoradiographs
are shown whereby chloramphenicol is to the left and its
acetylated forms are to the right as indicated (Cm, Ac-Cm). The
cellular extracts were prepared as described in materials and
methods. CAT assays were performed with S0Z of the sonicated
extracts, 1 ul '“C-chloramphenicol, 30 ul 4mM acetyl-CoA and 100
pnl 250 mM Tris-HC1 pH 7.8 for 1 h at 37°C.

CAT gene under the control of the polyoma early transcriptional
elements.

The functional activity of this enhancer/promoter region was
tested by transient expression following transfection of the
respective plasmid DNA into mouse LTK cells and similarly into
F? stem cells. Two days after transfection, the cells were
harvested and extracts were prepared and tested for the presence
of CAT activity (22). As demonstrated in Fig. 2, both Py F9-1 and
Py wt vyield similar levels of CAT activity in LTK cells. How-
ever, transfection of F? cells with PyF9-1 CAT results in at
least B8 times more CAT activity as compared to the same cells
transfected with Py wt CAT constructions. The enhancement seen in
F? cells is due to the Pvull-4 fragment (#5128-#5262) since its
deletion from the Py F9-1 CAT DNA results in a loss of activity.
In contrast, LTK cells transfected either with Py wt or this
deletion mutant produce similar amounts of CAT enzyme. These
results are in good agreement with the data of Herbomel et al.
(2) and indicate the presence of two enhancer elements in the
polyoma—virus genome. From our results, we conclude that the
Pvull-4 fragment that contains the Py enhancer B and the F9-1

specific mutation is essential for activity in F? stem cells.
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Fig. 3: CAT assays of F? or LTK cells transfected with various
Py deletion mutants. On the left of the figure, the endpoints of
the deletions are indicated (e.g., d15115 refers to the first
nucleotide retained using the polyoma numbering system of Soeda
et al. (32)). The autoradiographs of the CAT assays are shown.
Chloramphenicol (Cm) is to the left, its acetylated forms (Ac—Cm)
are to the right. The filled squares indicate the CCACCC motifs
and the +triangle the position of the F?-1 specific mutation.
Fifty percent of the extracts were incubated at 37°C in the
presence of 1 ul '*C-chloramphenicol, 40 ul 4mM acetyl-CoA and
100 ul 250mM Tris—-HC1 pH 7.8. In the case of the LTK extracts,
the reaction was stopped after one hour. The F? extracts were
incubated for another &0 minutes after addition of 20 ul
acetyl-CoA. In the case of the F9 cells only a selection of
clones was transfected as indicated.

Deletion Analysis of Polyoma F?—-1 Enhancer/Promoter Region

In an attempt to define the 5’ boundary of the genetic
element responsible for the transcriptional activity of Py F9-1
in F9? cells, we generated and studied a series of Bal 31 deletion
mutants in the regulatory region of the viral DNA. The clones are
depicted in Fig. 3, which also shows the endpoints of the dele-
tions as determined by sequence analysis (25). The numbers given
(e.g., d135113) refer to the first nucleotide retained in each of
the deletion mutants using the numbering system of Soeda et
al. (32). For functional analysis, individual clones were
initially transfected into LTK cells and the resulting CAT

activities were determined. As shown in Fig. 3 and Table 1, no
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Table 1: CAT activity of LTE cells transfected
with Py deletion mutants

Plasmid % CAT conversion
pMr2 CAT* 9
FyF9—-1 CAT Sz
PyF?—1 CAT#%*( Bcl I/BamH1) z2
dl5105 43
dl15115 22
dl15128 19
dl13138 23
dlS141 26
dl15149 26
dl5188 9
dl15204 7.5
d15238 1.1
d15286 0.5

S0 ul (25%) of LTK extract were incubated with 30 pl

4 mM acetyl-CoA, 1 ul I“C—chloramphenicol (NEN)

and 100 ul 250 mM Tris—-HCl, pH 7.8 for 1 h at 37°C

* pMr2 CAT is a recombinant containing the MSV enhancer upstream
of the SV40 enhancer (435)

#% In this mutant, the BamH1/Bcl I (#4631-5021) fragment was
deleted from PyF%-1 CAT

drastic reduction of CAT activity occurs in cells transfected
with deletion mutants lacking sequences upstream of position
#5149. Thus, deletion of enhancer A does not result in a marked
decrease in the overall gene activity provided that enhancer B is
retained. However, deletion of sequences to paosition #5188
results in a 6-—fold drop of CAT activity (compared to
PyF9-1 CAT), indicating that the 5’ boundary of enhancer B is
located between nucleotides #5149 and #5188. Residual CAT
activity (15%Z of PyF?-1 CAT) is detected until sequences between
#5204 and #5238 are deleted.

In order to determine if similar results could be obtained
in the homologous cellular background, selected clones were
transfected into F? stem cells (Fig. 3, right panel). Although
the CAT activities obtained in F9 cells are uniformly lower,
those of the deletion mutants follow the pattern described for
the LTK™ cells. The differences in CAT activity of the various
deletion mutants after transfection into F9? stem cells is not due
to replication (data not shown). In addition, the transfection
experiments in F? cells with the deletion mutants demonstrate
that the enhancer A is not necessary for transcriptional activity
in F? stem cells (see d15149).
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Fig. 4: S1 analysis of CAT specific RNAs transcribed from the
polyoma early promoter in transfected LTK cells. The Py-CAT
construction used for the preparation of the probe is shown at
the bottom of the figure. Py early mRNA start sites (31) and the
probe used are indicated. The sizes of the protected bands are
indicated to the left of the autoradiograph. Lane 1 is obtained
after transfection with PyF9-1 CAT, lane 2 with a recombinant in
which the Py Bam H1/Bcl I fragment was deleted and lane 4 with
MSV d15204. The authentic polyoma early start sites are indicated
with arrows (correct termini, ct). No protected bands of this
size were obtained after transfection with the vector CAT3N
polylinker (lane 3). The same is true for lane 5 where only the
probe was digested with S1 nuclease (Sigma). Although for
technical reasons only part of the sample could be loaded in lane
2, the ratio between correct versus incorrect transcripts is
nearly the same.

Subsequently, we analyzed RNA from various constructions
described in Table 1 in an attempt to demonstrate that the amount
of CAT enzyme correlates with the quantity of stable CAT RNA

present in transfected cells. Py CAT specific mRNAs were analyzed
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Fig. S5: CAT assays of LTK cells transfected with pA10 CAT-2
derivatives. Time course of the conversion of chloramphenicol to
its acetylated forms by cellular extracts after transfection with
two different polyoma fragments either in the §° or 3’ position
with respect to the SV40 early promoter and the CAT gene. Fifty
percent of the extracts were incubated with 120 al 250 mM
Tris-HCl, pH 7.8, 2.5 ul '*C-chloramphenicol and 30 ul 4 mM
acetyl-CoA. After various times the reaction was stopped by
extraction of aliquots of the mixture with ethylacetate. The
ratio of acetylated to unacetylated chloramphenicol were deter-
mined and plotted. The left panel shows the results cbtained with
the PyF9-1 Pvu II-4 fragment after insertion into the vector
pAl0 CAT-2 (27). CAT activity of pAl10 CAT-2 derivatives with
insertion of the of the polyoma Pvu II/Bst N1 fragment
(#5128/#5222) is demonstrated on the right panel.

using S1 nuclease (23) and single stranded probes. The intensity
of the protected bands is in good agreement with the CAT data
(see Table 1) and, in addition, the Py CAT RNA molecules carry S°
ends similar to those of Py early mRNA (3,31). As shown in Fig.
4, the most abundant transcripts start at the authentic polyoma
early start sites (protected bands of 270 and 280 nucleotides,
respectively). RNA of untransfected LTK cells (not shown) or
fibroblasts transfected with the vector CAT3N polylinker DNA did

not vyield CAT specific transcripts of this size. The minor

4798



Nucleic Acids Research

species comigrating with the probe is very 1likely due to
contamination of the probe with its complementary DNA strand as
the control lanes (see Fig.4) indicate.

Interestingly and as indicated by the square boxes, two sets
of sequences (CCACCC) with homology to the 21-bp repeats of SV40
(see Fig. 7) and sequences in the §SV40 and papilloma virus
enhancers (33,34) are found in the 3I° part of the Pvull-4
fragment. After detection of this structural homology between the
3’ part of the Pvull-4 fragment and the SV40 21-bp repeats and
since enhancer and promoter sequences can be juxtaposed, a
definition of the 3I° boundary of the polyoma enhancer B was
attempted by subcloning fragments with the same 5° ends but
different 3’ ends into a CAT vector providing an enhancer-respon-—
sive promoter. As shown in Fig. S (left panel), the Pvull-4
fragment (#5128-#5262) can increase the transcriptional activity
of the PpAl0-CATZ vector (35) severalfold depending on the posi-
tion and the orientation of the insert. Insertion of the Pvull-4
fragment upstream of the SV40 early promoter in sense or anti-
sense resulted in 7- and 13-fold increases respectively.
Insertion at the 3° end of the CAT gene results in a sixfold
increase in antisense orientation and threefold increase in sense
orientation. Absence of only 40 bp at the 3° end of the Pvull-4
fragment (position #5222) results in a drastic drop in
enhancement. No enhancement was detectable exceeding a factor 3
to 4 in either the upstream or the downstream position regardless
of orientation (Fig. 35, right panel). These CAT data were
supported by S1 nuclease 5° end mapping experiments which
demonstrate that the various CAT recombinants using the SV40
early promoter initiate their transcripts at the authentic start
sites (Fig. 6). In order tg rule out that these results are
applicable for SV40 promoter sequences only, the Pvull-4 or the
Pvull/BstN1l fragment was inserted into a TK-CAT plasmid (36).
Insertion of the polyoma Pvull-4 fragment in the downstream
position of the CAT gene results in a 40-fold increase of CAT
activity after transfection of NIH3T3 cells, whereas the
Pvull/BstN1 fragment (#5128-#5222) did not reveal any enhancement
effect (Table 2). The results of our experiments indicate that
polyoma Fo-1 enhancer B sequences are contained between

nucleotides #5149 and #5262.
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Fig. 6: Mapping of 5° ends of CAT -RNAs in LTK cells transfected
with pAl10 CAT-2 derivatives. Cytoplasmic RNA from two 10 cm
dishes of LTK cells transfected with pSv2 CAT (lane 4), PyF9-1
PvuII-4 CAT (5°) (lane S), Py PvulIl/Bcl I CAT (5°) (lane &) or
pA10 CAT-2 (lane 7) were hybridised with a }2P labelled single
stranded DNA probe (Bgl II/Eco RI fragment of pCuS’ CAT (30),
lane 2) and treated with S1 nuclease (Sigma). Lane 3 demonstrates
the S° ends of S50 ug total RNA of LTK™ cells after transfection
with pSV2 CAT. Transcripts that originate from the early SV40
viral start sites were protected to a length of 320 nucleotides
(lane 3 to &6). PyF9-1 Pvull-4 CAT (5°') and Py Pvull/Becl I CAT
(5°) are recombinants that result after insertion of the
respective restriction fragments in sense orientation at the
Bgl II site of pAl10 CAT-2. Size markers (lane 1 and 8) are
fragments produced by Hpall digestion of pBR 322. The structures
of the transfected DNAs and the probe are shown schematically at
the bottom of the figure.
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Table 2: CAT activities of NIH3T3 cells transfected with
TK—CAT constructions

Flasmid % CAT conversion
pMr2 CAT 47.0
PyF?-1 CAT 37.5
pTK CAT 0.9
pTK CAT(PyF9-1 Pvull-4)* 35.0
pTK CAT(Py PvuIl/BstN1)*x 0.8

100 ul (S50%) of the NIH3T3 extract were incubated with

30 ul 4 mM acetyl-CoA, 1 ul I“C—chloramphenicol (NEN) and

100 ul 250 mM Tris-HCl, pH 7.8 for 1 h at 37°C.

* The recombinant pTK CAT(PyF9-1 Pvull-4) has a 3° insertion of
the F9-1 Pvull-4 fragment in a plasmid derived from pTK CAT(36)
#* The recombinant is analogous to pTK CAT(PyF2-1 Pvull-4) but
the polyoma Pvull/BstN1 fragment was inserted downstream of the
CAT gene.

Enhancers Require Polyoma F?-1 Promoter Elements or Functionally

Equivalent Sequences for Their Activity in F? and LTK Cells

Having characterized the boundaries of enhancer B, we sought
to define further the polyoma F9-1 sequences required for
activity of heterologous enhancers in F? and LTK  cells. It has
been shown in the 8SV40 system that the 21-bp repeats are
essential promoter elements (37,38,39) and that at least one
intact copy of the 21-bp repeats is required for functional
activity (40,41). It was therefore of interest to determine
whether an element similar in function is present in the polyoma
virus genome. To our surprise, sequence comparison between the
SV40 noncoding region and the transcriptional control region of
polyoma F9-1 revealed a stretch of sequence with striking homo-
logy (Fig. 7, top) to the 21-bp repeats. As shown by the deletion
analysis, this sequence is an essential part of enhancer B and is
located in the 3° portion of this enhancer element. Furthermore,
the importance of a sequence motif (CCACCC) in the 3° part of the
polyoma enhancer was indicated by previous sequence comparisons
(33). Because of the structural homology of the mutated 3° part
of the Py enhancer B and the SV40 21-bp repeats we were
interested in determining whether this part of the enhancer would
function in a way analogous to the SV40 21-bp repeats as a
promoter element in fibroblasts and F? stem cells. Therefore the
SVv40 (Pvull/Ncol) and the MSV (72-bp Pvull fragment of LTR, ends
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Fig. 7: A: Sequence homology between the SV40 and the polyoma
genome. Comparison of sequences in the noncoding regions of SV40
and polyoma viruses showed an interesting sequence homolaogy.
Matching the Pwvull site (#5128) to the border of the SV40 72-bp
repeats the first of the SV40 repeats is in a comparable position
to the polyoma enhancer A which is located in the 3° part of the
Bcl I/Pvull (#5021/#5128) fragment (2). The second 72-bp repeat
is in a location similar to the polyoma enhancer B that is
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contained on the Pvull-4 (#5128/#5262) fragment (1,2). In add-
ition, CCACCC motifs that were described earlier as part of the
BPV enhancer (33,34) are at a distance and in a conserved spatial
arrangement comparable to that of the SV40 CCGCCC elements to the
72-bp repeats.

B: Expression of CAT activity in LTK cells transfected with two
different Bal 31 deletion mutants which have an insertion of a
MSV enhancer. Forty percent of the extract were incubated with 40
ul 4mM  acetyl-CoA, 2 ul !“C-chloramphenicol and 100 Ml 250mM
Tris-HC1 pH 7.8. At the indicated time points aliquots of the
reaction mixture were stopped and analysed on thin layer
chromatography. The spots were then counted in a 1liquid
scintillation counter and plotted. The MSV sequence used as
enhancer element is a 72 bp Pwvull <fragment of the LTR (ends
changed to Xbal). Due to the fluctuation of results obtained in
this assay system two independently isolated clones of MSV-d15204
were tested.

C: In addition to the results outlined in Fig. 7B that were
obtained using LTK extracts we could also demonstrate that this
MSV enhancer fragment can activate d15204 in F? stem cells. CAT
assays on the F9 extracts were done according to the procedure
described in legend to Fig. 3.

converted to Xbal) enhancers were inserted in sense aorientation
upstream of the Bal 31 deletion mutant d15204. Both enhancer
elements could stimulate the expression of the CAT gene in
fibroblasts approximately 6- (MSV) or 10- (S5V40) fold (see Fig.
7B, SV40 data not shown). Although the overall transcriptional
activity is lower in EC cells (see Table 3), the same is true for
F? transfection experiments. In the case of the MSV enhancer we
also tested the deletion mutant d15238 which lacks one of the
CCACCC motifs and the F9-1 point mutation. Insertion of the MSV
enhancer into d15238 at the same position and orientation as in
d15204 did not enable this mutant to induce the production of CAT
activity in fibroblasts or in F9 cells (see Fig.7B), suggesting
that the 3° part of the PyF9-1 enhancer B may also serve as an

upstream promoter element.

DISCUSSION

Polyoma virus variants selected for growth in F? teratocar-
cinoma cells carry mutation(s) within the enhancer/promoter
region (12-17). Of particular interest was the functional
analysis of the polyoma F9-1 mutant that carries a single point
mutation in the sequence of Py wild-type strain A3 (18).
Initially, we approached the analysis of this mutant by deletion

mutagenesis. CAT conversion as an indirect measure of
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Table 3: CAT activities of F? cells transfected with
deletion mutants

Flasmid 7% CAT conversion
PyF?-1 CAT 18.0
di5128 8.0
d15204 0.5
dl15238 0.3
MSV d15204 .0
MSV d15238 0.3

100 ul (S0%) of F? extracts were incubated with 40 ul 4 mM
acetyl-CoA, 2 ul 1“E—ch10ramphenicol (NEN) and 100 ul

250 mM Tris-HCl, pH 7.8 for 1 h at 37°C. Another

20 ul of 4 mM acetyl-CoA were added and the reaction was
incubated for additional 60 minutes.

transcriptional activity and the amount of RNA produced by
individual deletion mutants after transfection in mouse
fibroblasts and F9 stem cells were determined. Our results
indicate that no drastic decrease 1in overall CAT activity is
observed in fibroblasts if either enhancer A or B is deleted.
Since in the case of polyoma virus the transcriptional enhancer
is necessary in cis for replication (42) these results are in
good agreement with previous studies focussing on elements
required for replication in MOF 8 cells (6,7) and COP-5 cells
(48). These experiments defined two domains (y, B) both of which
function in conjunction with a replicational "core" element. Both
domains are located in the region harboring the transcriptional
enhancer elements A and B (1,2). Analyses of the deletion mutants
indicate that the first reduction in transcriptional activity
occurred in cells transfected with mutants lacking sequences
upstream of position #5188. Thus, the 5° boundary of the polyoma
B enhancer must be located between nucleotides #5149 and #5188
(see Fig. 3). In order to define the 3° boundary of enhancer R,
we cloned different fragments containing the putative enhancer
region (1,2,4) into vectors carrying enhancer responsive promoter
elements followed by a test gene (CAT). Two such enhancer
responsive vectors were utilized. The first provided §SVvV40
sequences required for the mediation of enhancer activity (21-bp
repeats, TATA box (35)), the second plasmid carried the HSV-TK
promoter (43) preceding the CAT test gene (36). Both plasmids
vielded essentially identical results, although the SV40 promoter
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shows a higher basal activity in the absence of any enhancer
sequences in mouse LTK cells when compared with the TK promoter.
We found, in agreement with previous studies (1,2), that the
PvulI-4 fragment (#5128-#5262) which includes the point mutation
of F?-1 is sufficient to provide enhancer activity. On the other
hand, deletion of only 40 nucleotides at the 3° end of this
fragment (Pvull/BstN1) decreased the enhancement effect on both
promoters examined. Interestingly, the deletion removed the point
mutation of F%-1 and one copy of the consensus sequence CCACCC
which was previously identified by sequence comparison (33) and
is known to play a critical role in the enhancer of papilloma
virus (34). Thus, the 3° sequence boundary of enhancer B must lie
between nucleotides #5222 and #5262.

In contrast to published results (2), we detected by S1
mapping analysis that enhancer B is more active than enhancer A
on the SV40 early promoter (see Fig. 6). In addition using our
viral deletion mutants we could not detect the reported
superiority of enhancer A over enhancer B ( Table 1 and Fig. 3)
with respect to the Py early promoter in mouse fibroblast cells.
In summary we conclude that although there are some differences
between the Py enhancers A and B on heterologous promoter
elements (2 and our own results) these two enhancer elements are
functionally equivalent on the Py early promoter in mouse
fibroblast cells. With respect to F? stem cells our data suggest
that the Pvull-4 fragment containing the Py B enhancer and the
F?-1 specific mutation is essential for early gene expression in
F? stem cells whereas +the enhancer A is dispensible for this
function (see Fig. 2 and 3). Therefore the Py mutant F9-1
contains two enhancer elements with different tissue
specificities.

In addition to the partial sequence homology to the
papilloma virus enhancer our sequence comparison revealed an
interesting homology to the SV40 21-bp repeats. On the basis of
this homology, we were interested to determine whether this
sequence could be activated similarly to the SV40 21-bp repeats
by heterologous enhancer elements. Thus, we used in our
experimental approach two of the deletion mutants (d15204 and

d15238) as recipients for the insertion of two different
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enhancers. The deletion mutants were identical except that the
first one retained both CCACCC elements and the F9-1 mutation
whereas the second one lacked the mutation and one of the motifs.
Insertion of either the Sv40 (37,44) (data not shown) or the MSV
enhancer (45) revealed that mutant d15204 responded with a
17—fold higher activity upon transfection into LTE  cells.
Insertion of the MSV enhancer into the deletion mutant d15238,
however, did not vyield any increase in CAT gene activity in
either orientation. We therefore conclude that the two CCACCC
motifs can serve a dual function. On the one hand, they are part
of the polyoma E enhancer and, on the other, analogous to the
SV40 21-bp repeats they are an integral part of an upstream
promoter element that can be activated by the MSV and §V40
enhancer. These data are in good agreement with results obtained
by Veldman et al.(48) where the 3’ border of the Fy B enhancer
was mapped between nucleotides #5214 and #5179 thereby excluding
the point mutation at nucleotide #5230. The discrepancy with our
%' mapping experiments could be due to the fact that we subcloned
different fragments in front of heterologous promoter elements
whereas Veldman and collaborators made a Bal 31 deletion series
starting at the origin proximal Pvull site (#5262) . Furthermore
the presence of A enhancer sequences in their deletion mutants
may contribute to the discrepancy. Another explanation might be
that we were measuring transcriptional activity whereas they used
a replicational assay in COP-5 cells. The fact that the mutant
which has a deletion of the Pvull-4 fragment is transcriptionally
active in LTKE  cells seems to be contradictory to the promoter
hypothesis. One possible explanation for this discrepancy might
be that there are another 180 bp of the early promoter retained
that might contain cryptic promoter elements which are activated
in the absence of the Pvull-4 fragment. Although there are some
other CCACCC motifs present in the Py genome between the origin
of replication and the major start sites of the early
transcriptional unit, further mapping experiments are required to
determine the promoter used. In the case of polyoma this
enhancer /promoter element seems to be necessary for replication
(42) . Our own data and the results of other groups
(1,2,4,5,6,7,48) indicate that the Pvull-4 fragment harbors
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elements with overlapping functions whereby the different
functions might have different sequence requirements.

The activation of d15204 by insertion of the MSV enhancer
fragment in F9 cells is noteworthy because it was previously
reported (44) that the MSV retroviral LTR was nonfunctional in F9
stem cells. One possible explanation for this apparent
contradiction would be that other retroviral sequences outside
the MSV enhancer might have an inhibitory effect on the tran-
scription in EC cells. The enhancement of the Py promoter by the
MSV 72-bp sequence could result from two different mechanisms.
First, insertion of the MSV enhancer fragment reconstituted an
active enhancer element, which consists of the MSV fragment and
the 3° part of polyoma enhancer B. This would be in goaod
agreement with the observation that the SV40 enhancer as
prototype for DNA viral enhancers contains two binding domains
(A. Wildemann, P. Chambon, personal communication). Such
reconstitution of an enhancer by two independent domains is
expected to be reliant upon the spatial arrangement between the
two elements. However, as activation of d15204 resulted from two
different enhancer elements and, in the case of SV40, even in
both orientations we consider this explanation to be very
unlikely. The second possibility is that the MSV fragment used in
these studies is active as an enhancer in F? stem cells and that
d15204 provides an intact promoter element.

In order to explain the F?-1 specific transcriptional effect
it is reasonable to speculate that the alteration allows specific
binding of transcription factors present in stem cells.
Alternatively, polyoma wild-type could be repressed in EC cells
by negative control factors which bind less efficiently to
mutated regulatory sequences. In this model the negative
controlling factor(s) would be removed during differentiation.
Our current research is directed towards an understanding of the

factors involved in polyoma early gene expression in F9? cells.
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