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ABSTRACT

The Drosophila gene for cyclin A is expressed in
dividing cells throughout development. This expression
pattern is similar to those of genes related to DNA
replication, suggesting involvement of some common
control mechanism(s). In the upstream region (71 to
—64 with respect to the transcription initiation site) of

the CycA gene, we found a sequence identical to the
DNA replication-related element (DRE; 5 '-TATCGATA),
which is important for high level expression of
replication-related genes such as those encoding DNA
polymerase o and proliferating cell nuclear antigen.
Transient expression assays with chloramphenicol
acetyltransferase (CAT) were carried out to examine
the function of the DRE sequence of the
Deletion or base substitution mutations resulted in an
extensive reduction in CAT expression. Furthermore,
monoclonal antibodies against DRE binding factor
(DREF) diminished or supershifted the complex of the
DREF and DRE-containing fragment. The results indicate
that the Drosophila CycA gene is under the control of
a DRE/DREF system, as are DNA replication-related
genes.

INTRODUCTION

CycA gene.

DDBJ/EMBL/GenBank accession nos D10856, D10857

Eukaryotic genes encoding proteins involved in DNA replication
appear to be coordinately expressed in response to signals for cell
growth and/or cell cycle progression. Furthermore, common
transcription regulatory mechanisms have been found to function in
expression of various DNA replication-related genes. For example,
replication-related genes of budding yeast are expressed depending
on cell cycle progression and a common sequedad ¢ell
cycle box) present in promoter regions of these genes and the
specific binding factor DSC1, the complex consisting of products
encoded by th8WB andMBPL1 genes, are known to be required
for their transient expression at the-S boundary9,10).

In mammalian cells, the transcription factor E2F binds to the
E2F recognition site (5 TTCGCGC) and regulates transcription of
a group of genes whose products are necessary for cell proliferation
(11,12). This inludes the genes encoding DNA polymerase
dihydroforate reductase, thymidine kinase, c-Myc, c-Myb, Cdc2,
proliferating cell nuclear antigen (PCNA) and also cyclin A
(13-17).

We have isolate®rosophilagenes for the 180 kDa catalytic
polypeptide(18) and 73 kDausunit polypeptid¢19) of DNA
polymerasen as well as PCNA (20). The promoters of these
genes contain regions featuring a common 8 bp palindromic
sequence (BTATCGATA), named the DNA replication-related
element (DRE)(21). The DRE rguirements for promoter
activation have been confirmed in both cultured ¢glly and
transgenic flies (22). Furthermore, waufid a specific DRE
binding factor (DREF) consisting of an 80 kDa polypeptide

It is now well established in eukaryotes that a number dfomodimer (21), whose cDNA hascently been clong@3).
CDK/cyclin complexes play major roles in cell cycle progression. Involvement of DRE/DREF in regulation of a considerable
Cyclin A is first expressed at thg-Gs transition and is required variety of genes has been suggested by the results of DNA
for entry into the S and M phases. Therefore, it may be involvathtabase searches (24). It is, therefore, of interest to determine
in the regulation of DNA replicatiqii,2) and also trangptional ~ whether the DRE/DREF system is also utilized in the transcription
control during S phag8,4). Cyclin A is bund in dividing cells of cell proliferation-related genes other than those directly
throughout development Brosophila melanogast€b) and its  relevant to DNA replication. To answer this question, we decided
constitutive expression has been associated with tumorigendsistudy genes with a role in the cell cycle, because these, like their
(6,7), while, inversely, abolition of its expression was found tdNA replication-related counterparts, are expressed dependent
cause growth arrest of cells (8). Thus, the expression profile of the proliferation status. Since the mammalian genes for cyclin A
gene encoding cyclin A is similar to those of other proliferationand DNA replication enzymes are commonly controlled by E2F,
related genes, such as genes involved in DNA replication.  as mentioned above, we have focused on this gene. A cDNA and
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Figure 1. Determination of the regulatory region required for expression d@rbsophila CycAgene. Features of the reporter CAT plasmid DNA carrying the
upstream sequence of @gcAgene are schematically at the top. The vertical line with the horizontal arrow indicates the transcription initiation site. The shaded al
open boxes indicate the DRE sequence and TATA-like motifs respectively. Two micrograms €aehdotiéletion derivatives of CAT plasmid DNA were
co-transfected with 100 ng luciferase plasmid into Kc cells. Forty eight hours after the transfection, cell extracts were prepared to determine CAT expression ¢
and values were normalized against the luciferase activities. Averaged®v@Desbtained from four independent dishes are given as CAT activity relative to that

of the wild-type plasmid (p—260DCYCACAT).

the gene fobrosophilacyclin A have been cloned and sequencedvhere mutated bases are underlined and lower case letters indicate
(5,25). We bund a sequence identical to DRE in the region athe linker sequence.
nucleotide positions —71 to —64 with respect to the transcriptionThe double-stranded 30 bp oligonucleotide DRE-P contains the
initiation site and have examined its role in promoter activity. Th24 bp DRE-containing sequence of the PCNA gene promoter and
obtained results indicate that msophilaCycAgene is indeed the 6 bp linker sequence, while DRE-PM contains a 2 bp
under the control of the DRE/DREF system, like DNA replicationsubstitution in the DRE sequence of DRE2P).
related genes.

Plasmid construction

MATERIALS AND METHODS To construct the plasmid used for the CAT transient expression
assay, a DNA fragment containing the upstream region from
position —260 to position +12 of tlycAgene was obtained by

Kc cells derived fronD.melanogasteembryos were grown at PCR usindrosophilaCanton S genomic DNA as a template and
25°C in M(3)BF medium supplemented with 2% fetal calf serunthe above-defined primer set, digested \&i#th and Sadl and

Cell culture

in the presence of 5% GQ26). then placed between tBal andSad| sites of plasmid pSKCAT
) ) (27). The resltant plasmid was named p—260DCYCACAT. A set
Oligonucleotides of 5-end deletion derivatives of plasmid p—260DCYCACAT

were constructed by digestion witkcherichia colexonuclease llI

d S1 nuclease, as described earlier (28)tiDelereak points
these derivatives were determined by nucleotide sequencing.
To construct the plasmids p—260DCYCACATmutl and
p—260DCYCACATmutll containing mutations in the DRE

. . TRV _ sequence, p—260DCYCACAT was digested at the center of the
between —260 and —234 and e site); 3-TTCCCGCGGTA DRE sequence witlal and then blunt-ended using T4 DNA

betw(égr?é Hiﬁgﬁfg ZEJT ﬂ;;‘ngg)S (containing the region polymerase, followed by self-ligation using T4 DNA ligase. After
i %’s treatment, p—260DCYCACATmutl had an unexpected

To obtain a fragment containing the promoter ofGhieAgene
(nucleotide positions —260 to +12 with respect to the transcripti
initiation site) by the polymerase chain reaction (PCR), the foIIowin%
primers were chemically synthesizedAEACTCGAGAAGCT-
TAGAACTAAATAAATATGCAC-3' (containing the region

The sequences of double-stranded 30 bp oligonucleotides>...
- : ) ; P itional 1 bp at the center of the DRE sequence (TA&ATS,
containing the DRE sequence or its base-substituted derivati Inserted nucleotide underlined), while p—260DCYCACATmutll

in theCycAgene promoter were defined as follows: had, as expected, an additional 2 bp (TATGBIA).
DRE-CA, 5'-gatccACGACCTATCGATAGCTGGAa-3

3 -gTGCTGGATAGCTATCGACCTictag-5; ~ DNA transfection and CAT assay

' Kc cells (2x 106 cells/dish) were grown in 60 mm plastic dishes
DRE-CAmut 5'-gatccACGACCTATTCATAGCTGGAa-3 >
w g for 24 h and co-transfected with |8 CycA promoter—CAT

3 '-gTGCTGGATAGIATCGACCTtctag-5 ', plasmid as the reporter and 100 ng luciferase plasmid as an
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internal control by the calcium phosphate co-precipitation A DFE sequance
method, as described earl{g®). Cells were harvested 48 h after i) TATCOATA

DNA transfection and cell extracts for determination of CAT e TATCEGATA
activities were prepared as previously repd®@). Radioactities a0l TATCQOGATA

of spots corresponding to acetylateC]chloramphenicols were

guantified with an imaging analizer BAS2000 (Fuji Film). The e GEMCAT -FE0  -2ECmutl -PR0mut]
luciferase assay was carried out using a PicaGene assay Kit (Toyo gﬁ“‘-‘ < 100 20.88120 &35
Inc Co.) following a documented proto¢8Il). All assays were activity ) — 0
performed within the range of concentrations showing a linear

relation of activity to incubation time and protein amount. CAT s < ae -

activitiy was normalized to the luciferase activitiy.

Gel mobility shift analysis e T - 1 J

The gel mobility shift analysis was performed as reported

previously(21), with minor modifications. Kc cell nuclear extract 'R 7 ¥ FoE -

andE.colilysate containing GST-DREF(16—608) fusion protein

were prepared as described elsewhere (23). These were thef) e 2. Requirement for th€ycADRE for activation of the€ycA gene
added to a reaction mixture containing 15 mM HEPES, pH 7.Gromoter. &) Nucleotide sequences of BgcADRE in the wild-type plasmid
60 mM KCI, 0.1 mM EDTA, 1 mM dithiothreitol, 12% glycerol, (p—260DCYCACAT) and those in the mutant plasmids (p-260DCYCA-
0.5 pg poly(di—dC), 0.5ug sonicated calf thymus DNA (average CATmutl and p—260DCYCACATmutll) containing mutations in the DRE

. i ] . .~ sequence are illustrated. Inserted nucleotides are shown by lower case letters.
size 0.2 kb) and double strandééP-labeled synthetic oligo (B) Two micrograms each of CAT plasmids containing the wild-type DRE

nucleotides (10 000 c.p.m.) and incubated for 15 min on ice. Wh%quence({ycADRE) or the mutant DREs were co-transfected with 100 ng
necessary, unlabeled DNA fragments were added as competitausiferase plasmid into Kc cells. Forty eight hours after the transfection, cell
at this step. DNA—protein complexes were electrophoreticallygxtracts were prepared to determine CAT expression levels and values were
resolved on 4% polyacrylamide gels in 50 mM Tris—borate, pH 8 qmrmalized against the luciferase activity. Averaged val$3 obtained from
d 2.5% al | 9 | dri d’ d “Tour independent dishes are given as CAT activity relative to that of the

1mM EDTA and 2.5% glycerol at 26. Gels were dried an wild-type plasmid (—260, lanes 3 and 4). Acetylated form$4af]§hloram-
autoradiographed. phenicol were undetectable in the promoterless CAT (pSKCAT) plasmids

The gel shift assay was also performed with anti-DRERncluded as controls (lanes 1 and 2). Acetylated and non-acetylated forms of
monoclonal antibody no.1, anti-DREF monoclonal antibody no.4"“Clehloramphenicol are marked by Ac and CM respectively. ~260,
(23) and ati-chick DNA polymerase: monoclonal antibody Ezggggggﬁgg}nmﬂzeSOmutl, p-260DCYCACATMUL;  —260muitll,
2-4D (32), as aantrol. Kc cell nuclear extract was mixed with
each antibody, incubated for 2 h on ice, added to mixtures

containing®?P-labeled synthetic oligonucleotides (10 000 c.p.m.)
and 0.5ug poly(di-dC) and then incubated for 15 min on ice agctivation and DREF binding, as described later, it was given the

decribed above. nameCycADRE.
To investigate the requirement for gcADRE for activation
RESULTS AND DISCUSSION of the promoter of th€ycA gene, we introduced 1 and 2 bp

insertional mutations at the center of this sequence and carried out

The presence of a single transcription start site i€yledgene CAT assays. The mutations resulted in extensive reductions in
has been determined previously using mRNA from fly bodies &AT activity (Fig. 2), indicating the necessity for an intact
various developmental stag€®5). In the upstream gon  sequence for promoter activation.
(nucleotide positions —71 to —64 with respect to the transcriptionGel mobility shift assays were carried out to elucidate the
initiation site) of theCycAgene, we found a sequence identicabinding of DREF to th€ycADRE. When Kc cell nuclear extract
to the DRE (5TATCGATA) (Fig. 1), which is important for the was used as the source of DREF, specific DNA—protein
regulation of DNA replication-related genes, such as thosmmplexes could be detected using the chemically synthesized
encoding DNA polymerasee and PCNA (21). oligonucleotide carrying thEycADRE sequence as a probe

The genomic sequence corresponding to the —260 to +{Rig. 3A, lane 1). Complexing witP?P-labeled DRE-CA was
nucleotide positions was amplified by PCR and placed adjacatfitminished by adding excess amounts of the unlat@jed
to and upstream of the CAT gene to construct plasmiBRE-containing oligonucleotide (Fig. 3A, lanes 2 and 3) and
p—260DCYCACAT. Transient CAT assays with this plasmid an®DRE-P (Fig. 3A, lanes 6 and 7), an oligonucleotide containing the
its 5-end deletion derivatives were carried out to determinBRE sequence from tHerosophilagene for PCNA (21), as
which sequences are important for promoter activity (Fig. 1). Acompetitors. However, oligonucleotides containing DRE with
extensive reduction in CAT activity was observed when deletiofmse-substituted mutations, such as DRE-CAmut (Fig. 3A, lanes
were extended from position —120 to —92. The deleted regighand 5) and DRE-PM (Fig. 3A, lanes 8 and 9), did not diminish
contains a TATA-like sequeno@5), dthough we have not complex formation. An unrelated sequence of similar size also
determined that this sequence itself is essential for promowdid not demonstrate any competition (Fig. 3A, lanes 10 and 11).
activation. A further reduction in CAT activity was observedThese results indicate that the DRE-CA bound to a specific
when a deletion extended from position —82 to —63. This regiguotein factor, possibly DREF, which is known to bind specifically
contains the 8 bp palindromic sequence which is identical to DR&E DREs from the genes for PCNA and DNA polymerase
(5'-TATCGATA). Since this sequence is important for promote20,21).
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Figure 3. Binding of DREF to th€ycADRE sequenceA( 32P-Labeled double-stranded DRE-CA oligonucleotides were incubated with Kc cell nuclear extract in
the presence or absence (none) of competitor oligonucleotides. DRE-CA oligonucleotide contaiBycpAtb&E sequence; DRE-CAmut, oligonucleotide
containing a base substitutegcADRE sequence (see Materials and Methods); DRE-P, oligonucleotide containing the DRE sequencBrivsoptiiPCNA

gene; DRE-PM, the DRE-P oligonucleotide having mutations in the DRE sequence; BmE2F, oligonucleotide containg the E2F recognition Bite.finom the
PCNA gene.RB) 32P-Labeled DRE-CA oligonucleotide were incubated with an extré&tofi producing GST-DREF(16-608) fusion protein (GST-DREF, lane 3)

or E.coli extract containing GST (GST, lane ZJ) 82P-Labeled DRE-CA oligonucleotides were incubated with Kc cell nuclear extract in the absence (lane 1) or
presence (lanes 2-9) of various antibodies: anti-chick pati-chick DNA polymerase monoclonal antibody (0.4 and:2culture supernatant of the hybridoma);

MAb No.1, anti-DREF monoclonal antibody no. 1 (0.08, 0.4 aiid@ture supernatant); MAb No. 4, anti-DREF monoclonal antibody no. 4 (0.08, 0.@landtre
supernatant).

DNA-protein complexes were also detected WiR]DRE-  hypothesized that they might be under DRE/DREF cof@#)!
CA and an extract oE.coli producing GST-DREF(16—608) The present findings would argue that this hypothesis is correct.
fusion protein (Fig. 3B, lane 83), poviding further supportfor ~ The promoter region of ti&ycAgene contains two TATA-like
the conclusion that the binding factor is DREF. sequences. Our results indicate the presence of some promotel
In order to confirm the presence of DREF in the complex, wactivating element(s) in the distal TATA-containing region (-120
examined the effects of specific antibodies against recombinant —92), although we have not yet established whether the
DREF (23). As mdicated in Figure 3C, the DNA—protein responsible sequence is TATA or some other.
complexes were reduced by monoclonal antibody no. 1 (Fig. 3C In conclusion, genes encoding proteins with roles in cell cycle
lanes 4-6) and supershifted by monoclonal antibody no. 4 (Fig. 3@gulation may be at least partly in coordination with those
lanes 7-9). The antibody against chick DNA polymerase responsible for DNA replication, correlating with their common
applied as a control did not affect the complex formation (Fig. 3@)volvement in processes linked to cell proliferation.
lanes 2 and 3). Increased amounts of the complex were frequently
observed when the culture supernatant of hybridoma cells w.
added to the reaction (compare lanes 1 and 2). We do not knowt%%KNOWLEDGEMENTS
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Our previous studies suggested that the DRE/DREF system
plays an important role in transcription of DNA replication genes,
such as those encoding the 180 K&3g and 73 kDa (19)ubunits REFERENCE
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strongly implies that genes other than those directly related 9 LSt D M. (195410l 76 10115+ S ILE. &n

LT . . gston,D.M. (1994 Cell, 78, 161-172.

DNA rep!lcatlon may respond to this system. In order to clarifys Lees,E., Faha,B., Dulic,V., Reed,S.I. and Harlow,E. (16@2)es Dey6,
the function of th&€CycADRE duringDrosophiladevelopment, 1874-1885.
analyses using transgenic flies carrying the reporter gene und@rLehner,C.F. and O'Farrell,P.H. (198, 56, 957-968.
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