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In curlier studies we had shown that & transcriptional enhancer sequence exists nbout 2 kb upstream of the human e-mye gene. The core sequence
necessary far enhuncer activity was defined therein as u 21 bp nucleotide element, whizh uksa showed autonomaus replicating activity [EMBO J.
(1988) 7. 3135-3142; EMBO J. (1959} 8, 4273-4279), Recently, several repusts have substuatiated the notion that trunseription and replication can
be consertedly reguluted in u larger number of cuses thun expssted. In this report, we took the simian virus 40 (SY 40) orifpromoter us u mads!
system. The SV40 enhancer is known to enhitnee trunseription from its erifpromoter. but to reduce its replicution (probably due 1o n negative
feedbuck). The SY40 enhancer was repliced by the ¢emive enhancer core in order to see it eifest upon SY40 DNA replicution and transcription,
The results showed that besides stimulaiing transeription, the c-mye enhuncer promoted $¥Y40 DNA replication in monkey Cost eclis. Stivaulation
wus only observed when the c-mye enhuncer was inserted in the ‘upla-down’ orientalion to the SY40 promoter. The promoting function of the
e-mye enhancer on DNA replication correlated with the transcriptional activation funetion, as determined by systematic point mutatians introduses
within the 21 bp core sequence,

eanye: Enhancer: DNA replicition

. INTRODUCTION

Precise mechanisms of DNA replication in mammal-
ian cells are still not clarified. Studies using animal virus
systems suggest that DNA replication and transcription
are coordinately regulated [1.2]. Two types of coordina-
tion are considered. Onc is that common sequences act
as regulutory elements both in DNA replication and
transeription. A typical example is the polyomavirus
system, where the transcriptional enhancer sequence is
necessary for viral DINA replication [3.4]. In other virus
systems including adenovirus, simian virus 40 (SY40),
bovine papilloma virus and EB virus. transcriptional
regulatory sequences are placed near or overlapping
with the origin of DNA replication {1]. Another case
was reported where a transcriptional silencer sequence
derived from mouse teratocarcinoma cells suppressed
DNA replication as well as transcription in polyoma-
virus {5]. Recently. it was also found that a transcrip-
tional silencer and an origin of replication in yeast re-
quire a common element [6]. The other type of coordi-
nation is that common protein factors affect both DNA
replication and transcription. At leust two well-charac-
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terized transcription factors have turned cut to be iden-
tical to cellular proteins required for viral DNA replica-
tion. CTF, a transcription fuctor responsible for specific
recognition of the sequence CCAAT in eukaryotic pro-
moters, is indistinguishable form nuclear factor I (NF-
1). a cellular DNA-binding protein essential for the ini-
tiation of ndenovirus DNA replication in vitro {7). An
octamer-binding transcription factor (OTF-1). which
exists ubiquitously in mammulian cells, is physically
and biologically identical to another cellular DNA-
binding protein, nuclear factor III (NF-I11), which is
also required for adenovirus DNA replication [8-11].
Both CTF/NF-l and OTF-1/NF-IIl can serve as tran-
scription factors for RNA polymerase 1l as well as
initiation factors for viral DNA replication.

We hav: praviously identified a transcriptional en-
hancer sequence about 2 kb upstream from the first
exon of the human ¢-uye gene [12], and determined the
core sequence of 21 bp necessary for enhancer action
[13]. The sequence could also function as an autono-
mously replicating sequence (ARS) both in cultured
cells and in transgenic mice {14]. The sequence is prob-
ably involved in autoregulation of c-»yc transcription
by the c-niyc protein itself [15].

Here, we tinked the c-myc enhancer to the SV40 pro-
moter/ovigin instead of the SY40 enhancer. The results
showed that the conyc transcriptional enhancer stimu-
lated S¥40 DNA replication, which substantiates the
notion of concerted mechanisms for DNA replication
and transcription in mammalian cells,
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2. MATERIALS AND METHODS

2.1, Cellx

Monkey Cox 1 and mouse L cells were cultured in Dulbecea’s
modified Eugle’s medium supplemented with 10% fetul calf serum, at
37*°C und $% COq.

2.2, Plasmids and oligonecleotides

Oligonugleatides correspanding (o the 21-bp long enhuncer core
sequence within the Hindlil-Psil region al the human cunye gene,
with or withoul systematic 2 bp point mutations, were chemically
synthesized (see Fig. 1). They were then inserled into the BumMl site
of pSVPCAT, which is a pUCI 8 vector derivative containing the SV40
orifpromoter linked to the bagterial chloramphenicol acety! truns-
feruse gene. The oligonucleatides wers inserted in both arientations,
All manipulations were performed aceording to stundard technigues,
Plusmid pSVICAT was switched from its originul pBR 122 vector to
pUCIE in order ta standurdize conditions with the other constructs,
und in order to avoid toxic sequences in pBR322 thut poison SV40
replication.

2.3, Roplication of plesmict DNA in Cos ! cells

To examine uutonomous replication of pluamid DNA. Cos | cells
were transfesied with DNA by the calcium phosphate method {16).
1 %10% eells were transfected with 10 ng test DNA and eultured, 40 h
ufter transfeciion. low malecular weight DNAs were extrusted iccord-
ing to the Mirt prosedure [17). The DNAS were digested with EcoR1
to lineurize them, and with Spnl 1o degrude non-replicited DNA, The
digested DNA was then clectropharesed through a 0.8% ugurose gel,
blotted by the method of Southern [18) and hybridized with *P-
labelled pUCIH9. Hybridization of the blotted filter with labelled probe
wis carried out as deseribed previously [13).

24, CAT uxsuys

Plusmid DINAs were transfected to mouse L cells by the culeium
phosphite methed [16). 2 ug of test DNA were used for 1 x10° cells.
Twa days alter trunsfection, the cells were harvested, suspended in 200
#1070.25 M Tris-HCl (pH 7.8), und disrupted by freeze-thawing three
timex prior to sonicution. CAT axsays were carried out using the cell
lysate us described previously [14). § ug of u B-galactosidase expression
vestor (pCMV-g. Gal). carrying a cytomegalovirus promoter linked
to the fegalactoxidase gene, were co-trunsfocted with the test plasmids
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Fig. 1. Schematic drawing of the human ¢emyc gene, Probable protain
binding sites within the #indill-Pstl (H-P) region are shown in the
lower panel. B, BamHI; H, Hindlll: P, Pul; K. Kpal; S, Smal.
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ta normalize the transfection officiency. 30 4 of cellular extructs were
used for the f-guluctosiduse assay [19).

3. RESULTS AND DISCUSSION

3.1. Stinudation of SV40 DNA replication by the c-mye
enhancer

pSYPCAT, which contains the SY40 promoter and
origin of DNA replication (ari) linked to the bacterial
chloramphenicol acetyl transferase (CAT) gene, was
used as a control for busal level of viral DNA replica-
tion and transcription. The mye enhancer sequence
(myc(H-P) region). and its enhancer core sequence (21
bp oligonucleotide) were introeduced into pSVPCAT
(Fig. 1).

Replication activities of these plasmids were tested in
monkey Cos | cells, expressing SY40 T antigen. Replica-
tion of the SV40 system is absolutely dependent upen
the presence of SV40 T antigen and SY40 ori sequence,
Accordingly, pUCCAT, which only carries the CAT
gene in pUCI19, could not replicate;: pSYPCAT was able
to replicate efficiently; pSY2CAT replicated. too, al-
though less efficiently than pSYPCAT. This observa-
tion is consistent with reports published so far that neg-
ative autoregulation oceurs between orf and enhancer
[22]. Some researchers also found that this pheaomenon
correlates with the observation that an enhancer bind-
ing protein, AP2, traps T antigen after SY40 DNA accu-
mulates tu some extent (23], Previously, pBR322.de-
rived pSV2CAT constructs were reported to yield low
replication levels because of toxic sequences present in
the vector {24]. To obviate this problem. we used a
pSY2CAT construct based on the pUCI18 vector (which
does not carry those toxic sequences). like the other
constructs used in these experiments. Incidentally, all of
the constructs contained the same portion of pUCIS. so
that all replication aclivities observed were due to the
SV40-derived sequences and not to side effects of neigh-
bouring vector regions. The test plasmid prye(H-
PICAT., carrying the myec(H-P) region, replicated in Cos
I cells (Fig. 2., lane 6), which was due to ARS function
present in the myc(H-P) region, as previously reported
{t2.14]. Replication activity of pmyc-Q-CAT, carrying
the 21-bp long enhancer core sequence, was not detected
under the conditions used here, where only mere than
1.000 copies of replicated molecules per cell give rise to
a significant signal (Fig. 2, lane 7). The difference in
replication efficiency between priyc(H-P)CAT and
pmye-O-CAT is probably due to an as yet unidentified
auxiliary function of the sequences surrounding the core
21 bp (Ono. Ariga, and Iguchi-Ariga, manuscript in
preparation).

Both pmiyc(H-P)PCAT and prayc-O-PCAT. which
carry the c-miyc enhianéer sequences in addition to the
SV40 ori/promoter, could replicate 5-10-times better
than pSYPCAT (Fig. 2, lanes 1, 3 and 4). It is apparent
that the replication activities of priyc(H-P)PCAT and
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Fig. 2. Effect of the cwmyc enhancer on SV40 DNA replication, Test plasmids (shown in the upper part) were transfected to Cos [ cells and their
replication activities were examined as described in Materials and Methods, The results of Southern blot hybridizations are shown in the lower
panel. Lane numbers correspond to the plusmid numbers shown in the upper panel.

prye-Q-PCAT (Fig. 2. lanes 3 and 4) reach much higher
values than those one would obtuin by simply adding
pmye(H-P) or pmyc-O (lanes 6 and 7) to the SY40 se-
quences (lune 1). Therefore, the high replicution effi-
ciencies of primye(H-P)PCAT and pmy¢-O-PCAT do not
seem to be simply due to the additive effects of ARS
activities of the mye sequences and of the SV40 ori/
promoter. This sounds all the more reasonable if we
consider that in the absence of the SV4Q ori/promoter,
pmye(H-P) works as an ARS much better than prye-0,
while little difference is observed between the activities
of the combinations of cither of the two with the SY40
orifpromoter. These results rather indicate that the c-
mye enhancer, be it the whole (H-P) region or its 21-bp
long core sequence, stimulates SV40 DNA replication.

3.2, Effect of various mutations within the 21 bp care
sequence on promtation aof SV40 DNA replication

As a maiter of course, we set out to study what nucle-
otides within the 21 bp core are responsible for promo-
tion of $V40 replication by systematic point mutations.
Incidentally, there are two possible protein binding sites
within the 21 bp core sequence (Fig. 1): TCTCTTA is
the c-myc protein compizx bindiug site [13,25-27] and
TGCGGT (adjacent to TCTCTTA) is the consensus
target for the polyoma enhancer binding protein 2
(PEBP2) [28]. Oligonucleotides containing various mu-
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tations within the 21 bp core sequence were synthesized
and inserted into pSYPCAT in either orientation. Using
these pSVPCAT/21 bp clones. replication assays were
carried out (Figs. 3 and 4). ’

As for the clones with oligonucleotides inserted in
‘up-to-down’ orientation (indicating that the c-my¢ se-
quences were inserted from upstream to downstream,
towards the SY40 promoter/arf), introduction of any
mutation decreased to some extent the activity promot-
ing SV40 ari replication (Fig. 3). Especially the substitu.
tion of AA for TT in TCTCTTA and CG for GC in
TGCGGT strongly reduced the replication activity of
the respective plasmid (Fig. 3A. lanes 5 and 7) to the
levels of pSVPCAT. We can therefore say that TT and
GC are very important for promotion of 8Y40 replica-
tion by the mye sequence. These data were confirmed
with other kinds of mutations within either of the two
sites, which also weakened the replication promoting
activity (Fig. 3B). :

For the clones with mutated oligonucleotides in
‘down-to-up' orientation, on the other hand, variations
in replication activity were scarcely observed (Fig. 4).
These results suggest that the replication-promoting ac-
tivity is dependent on the orientation of the sequence.

3.3. Transcription functions of the c-myc enhancer
As described previously [13], the 21 bp core sequence
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Fig. 3, Elfect of various mutations in the 21 bp core sequence on promotion of viral DNA replication. Oligonucleotides with various mutations

(upper part) were inserted inte pSYPCAT in the 'up-to-down' orientation, und replication assays were carried out as in Fig. 2. The mutated

nucleatides are sndicated with smat! letters, The results of the Southern blot hybridizutions are shown in the lower parl, (A) Resulis obtained with

systzmitic twospoint mutations. (B) Results obtuined with more drastic mutations affecting cither the TCTCTTA (nye) site or the TGCGGT
(PEBP2 cansensus) site,

of the c-nrpc gene showed enhancer activity on tran-
scription from the SV40 promoter (Fig. 5A, lanes | and
9). Therefore, in parallel with replication assays, the
effects of mutations within the 21 bp on CAT activity
were also examined (Fig. 5). CAT reporter plasmids
were transfecied into mouse L cells and CAT assays
were carried out. The cheice of L cells was determined
by the fact that they do not produce SV40 T antigen.
so the various reporter plasmids cannot replicate. This
consideration enabled us to compare the various tran-
scriptional activities at a semi-quantitative level. Be-
sides, L celis had been used for studies on the enhance-
ment of transcription from the c-myc gene's promoter
unaer the control of the sic{H=P} region [15].

It is interesting to nole that mutation of TT in
TCTCTTA, and of GC or GG in TGCGGTT reduce
transcription to the basal level of pSVPCAT (Fig. 5A.,

lanes 4, 6 and 7). Mutation of TT in TGCGGTT has,
if at all, a little enhancing effect (Fig. 5A. lane 8). More
strikingly, mutations within TC or AT of TCTCTTAT
actually increase the transcription levels (Fig. 5A. lunes
2, 3 and 5). When the oligonucleotlides were inserted in
‘down-to-up' orientation to the 8V40 promoter, en-
haneing effect was hardly observed even with the non-
mutated 21 bp sequence (Fig. 5B): the clones carrying
the oligonucleotides, with or without mutations, °
showed CAT activities equal or lower than that of
PSVPCAT. It is thus suggested that stimulation of tran-
scription from the SY40 orifpromnter by the mye en-
hancer is orientation dependent. as in the case of repli-
cation promotion. A similar nroperty was also renorted
in the case of TATA box whose orientation affected
transcription of the immunoglobulin A and heavy-chain
genes [25].
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Fig. 4. Effect of various mutations in the 21 bp core sequence on promolion of viral DNA replication. Qligonusleotides with various mutations

Cupper pirt; the sume series as in Fig. 3) were inserted into pSVYPCAT in the ‘down-ta-up' orientalion, and replication ussiuys were eurried out us

in Fig. 2. The mulated nucleotides are indicated us small letters. The results of the Southern blot hybridiaations are shown in the lower part. (A)

Resulls obtuined with systematic two-point mutations, (B) Resulix abtained with more drastic mutations affecting cither the TCTCTTA (imye) site
or the TGCGGT (PEBP2 consensus) site,

To summarize, the sites important for full enhance-
ment of transcription overlap with those required for
promotion of replication (see Table I). In fact. promot-
ing activities on replication and transcription were neg-
atively affected by the sume mutations. At the present
stage, we cannot say whether the same sequences are by
chance involved in two different, independent mecha-
nisms that respectively activate transcription and repli-
cation, er whether transcription activation function is
actually required for promotion of replication. Interest-
ingly, it scems thal transcriptional activation require:
the integrity of the sequence TGCGGT, whercas the
mutation of crucial sites within TCTCTTA actually in-
crease transcriptional activity beyond that yielded by
the wild-type 21 bp myec(H-P) enhancer core. As previ-
ously reported, TCTCTTA is the target of a complex
that includes the c-mype protein, or a protein with similar
epitopes [13,26,27], These cbservations correlate with
the finding that transeription from the c-nyc promoter
was activated by the myc(H-P) sequence when the cells
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were so treated as to express only moderate amounts of
c-myc protein (under serum-free conditions). while
higher amounts (with serum) actually resulted in a de-
crease in transcriptional activity [15].

Taken together, these results indicate that the tran-
scriptional enhancer present in the c-nzye gene also siim-
ulates 8V40 DNA replication, This substantiates previ-
ous results of ours, that the 21 bp core of the c-mipe
enhancer concertedly regulates transcription and repli-
cation [13]. In the presence of T antigen. the $V40Q en-
hancer increases transcriplion from the 8V4Q ari/pro-
moter when placed either upstream or downsiream
thereof. By contrast, the V40 enhancer is not strictly
required for replication (reviewed in [29]), although its
presence can affect its extent in a position and orienta-
tion-dependent manner [30]. It is therefore suggested
that in the SV40 system, the enhancer functions domi-
nantly on transcription. In the polyomavirus system, on
the other hand, the viral enhancer sequence activates
transcription from ori/promoter and is also required for
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- 0 GATCC agTCTTATOCOATTAA
HIGATCCTCag TTATQSGATTOA
2 GATCCTCTCMATACAATTOA
3 GATCCTSTCTT18GCGATTAA
4 GATCSTOTCYTAT <4 GATTOA
§ GATGETCTCITATAS CiTTdA
& GATCCTCTCTTATGSQG axdA
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Fig. 5. Effect of various mutations in the 21 bp on trunscriptional aetivity. The various CAT plasmids used in Figs. 3 and 4 (showa here in A and

B, respectively), and pCMV-g-gal were co-transfected to L ceils. 48 b after transfection, cell extracts were prepared, and S-galastosidase ussays

were first earried out (o normalize the trunafection efficiency. CAT assays were then performed as deseribed in Materiats and Metheds. Cm and
Ac-Cm indisute the positions of chloramphenicol and acetyluted chlorumphenicol, respectively,

replication. Polyoma replication requires an enhancer,
but not necessarily the polyoma's own one, and activii-
tion tukes pluces in a position- and orientation-inde-
pendent munner [3]. In contrast with the *SV40-type’
enhancer, the ‘polyoma-type’ enhancer thus affects both
replication and transcription. From the results obtained
here, we deduce that the enhancer sequence identified
in the HindIlI-Pstl region upstream of the human c-
miyve gene is middle way between the two systems, in that
it promotes both transcription and replication like a

Tuble |

EfTects of mututions on enhuncement of trapscription and promaotion
of SV40 DNA replisution (‘up-to-down'aricntation)

REPLl?AT[ON PROMOTION (SO { IR | S
mutation introduced &g aQ &4 tAa CQ CC B84

T TTTTTTT
WILD TYPE SEQUENCE TC TC TT AT GC GG TT

i O A A A A A
mutation introduced ag &g && LA CQ CC aa
TRANSTRIFTION ACTIVATIOR AR A S T S

fl, higher than wild type
U, lower than wild type
-, same as wild type

‘polyoma-type' enhancer, but its action is orientation-
dependent, like an 'SV40-type' enhanger.

Acknwledgements: We thunk Takayasu Date for providing several
oligonuclcotides. We ure gratelul (o Muko Yumagishi for preparing
the munuscripl, Kiyomi Takaya for teehnicsl ussistunce. This work
wiis supported by grants rom the Ministry of” Science, Culture, und
Education in Jupan, the Nissun Science Foundation, the Suhara Me-
morial Foundution, Hayashi Memorial Foundation for Female Natu-
ral Scientists, and the Uehara Memorial Foundution,

REFERENCES

[1] DePumphilis, M.L, (1988) Cell 52, 635-638.

{2] lguchi-Ariga. S.M.M, and Ariga, H. (1989} Cell Strugt. Funet,
14, 649-651.

(3] de Villiers, J., SchafTaer, W, Tyndall, C., Lupton, 8. and Kamen,
R, (1984) Nuature 312, 242.2406,

4] Veldman, G.M., Lupton, S. and Kamen, R. (1985) Mol. Cell
Biol.. 5, 449.658,

[5) Arilzuini, K., Takahashi, H.. Nakamura, M. and Arigs. H, (1989)
Mol. Cell Biol. 9, 4026-4031,

[6] Rivier. D.H, and Rine, J. (1992) Science 256, 659-663.

[7] Jones, K.A.. Kadonaga, 1.T., Rosenfeld. P.J.. Kelley. T.J. and
Fitun, R, (1987) Cell 48, 79-89.

(K] O'Neil, E.A.. Fletcher, C.. Burrow, C.R,, Heinte, N.. Roeder,
R.G. and Kelly, T.J. (1988) Science 241, 12101213,

[9] Pruijn. G.J.M.. van Driel, W, and van der Vliel. P.C. (1986)
Nature 322, 656-659,

151



Yolume 309, number 2

{10} Pruijn, G.J. M., van Drict, W,, van Miltenburg, R.T. and vun der
Vliet, P.C, (1947) EMBO J. 6, 37713778,

(11} Verrijzer, C.P.. Kul. AJ. and van der Vliet, P.C. (1990) EMBO
1.9, 1883~1888,

{12] lguchi-Ariga. 8.M.M., Okazaki, T., ltani, T., Ogata, M., Suto,
Y. und Ariga, H, (1988) EMBO J. 2, 3133-3i42.

(13] Arigu. H.. Imumury, Y. and [guchi-Arigs, S.M.M. (1989 EM B0
J. 8. 4273-4279,

[14) Sudo, K., Ogatn, M., Sate, Y., lguchi-Arigu, S.M.M. und Ariga,
H. (1990) Nugleic Acids Res. 18, $425-5432.

(V5] Kitauea, H.. Gulli, L, Taira, T., lguchi-Arigu, S.M.M.und Ariga,
H. (1991) FEBS Lett. 290, 147-132,

[16} Graham, F.L. und van der Eb, A.J. (1973) Virology 52, 456-467.

{17} Hirt. B, (1967) J. Mol. Bial. 26, 365-169.

[18) Southern, E.M., (1975) §. Mol. Biol, 93, 503-517,

{19} Sambroak, J., Fritseh. EF. and Maniatis, T. (1989 Moleculsr
Cloning: A Luboratary Manual, 2nd edn., Cold Spring Harbar
Luboratary Press, Cold Spring Harbor, NY.,

{20) Dignam, J.D., Leboavitz, R.M. und Roeder, R.G. (1983) Nueteie
Acids Res, 11, 1475-1489,

FEBS LETTERS

Sepiember 1992

[21) Westin. G., Gerster. T.. Maller, M.M., SchafTner, G. and Schafl-
ner. W, (1987) Nucleic Acids Res, 15, 6787-6797.

{22) Kumur, R., Yoon, K.P, and Subramanian, K.N. (1988) Mal. Cell
Biol. 8, 1509-(517.

[23} Mitehell, PJ., Wang. C. and Tjian, R, (1987) Cell $0, 847-861.

[34) Lusky. M. and Botchan, M. (19%1) Nature 293, 79-81.

{35] Xu, L., Thali. M. and SchafTuer, W, {19911 Nucleic Acids Res.
M4, 6699-6704,

[26] Negishi, Y.. [guchi-Arign, S.M.M. and Ariga. H. (1992) Onco-
gene 7, 531-84%,

(27] Tuirs. T.. Negishi, Y., Kihara, F., lguchi-Arigu. $.M.M. und
Ariga. H. (1992) Biochem. Blophys. Acta 1130, 166174,

{28} Satake, M., Iburski, T. und lio, Y. (1988) Oncogene 3, 69-78.

[29] De Pamphilis, M.L. and Bradicy, M.K. (1986) (n: The Pupoviri-
due, vol. | (Salzman, N.I'. ed.) pp. 99-243, Plenum Press. NY.

{30] Chandrisekharappa, S.C. and Subramaniun, K.N. (1987) J.
Viral. 61, 2973-2980,



