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The promoter region of the Bombyx mori gene encoding the proliferating cell nuclear
antigen (PCNA), and its activating factor(s) were analyzed to ascertain similarities with
Drosophila regulatory elements. Full promoter activity was established to reside within
the region from —466 to +347 base pairs with respect to the transcription initiation site.
Within this region, we found a sequence similar to the DNA replication-related element
(DRE), 5-TATCGATA, which is a promoter-activating sequence common to promoters of
the Drosophila genes for DNA replication-related factors, including PCNA. A mutation in
the DRE-like sequence of the B. mori PCNA gene promoter caused reduction of the promoter
activity and also binding to the recombinant Drosophila DRE-binding factor (DREF).
Furthermore, a factor(s) binding to the DRE sequence was detected in extracts of B. mort
BmN4 cells. Monoclonal antibodies against Drosophila DREF inhibited the binding
activity of the factor, as shown by gel mobility shift assays, and allowed specific detection
of a 100 kDa protein on immuno Western blot analysis. These results suggest that the B.
mori DREF homolog binds to DRE to regulate transcription of the PCNA gene.
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Proliferating cell nuclear antigen (PCNA) is an auxiliary
protein for DNA polymerase & (I, 2), and is one of the
essential factors for leading strand replication of simian
virus 40 DNA (3-5). It is also essential for cellular DNA
synthesis and cell cycle progression (6, 7). PCNA can bind
to various cell cycle regulators such as cyclins and p21/
WAF1/CIP1 (8), an inhibitor of the cyclin-dependent
protein kinases (9, 10). Recent studies have shown that
PCNA isinvolved in excision repair (11) and also mismatch
repair (12). The level of mRNA for PCNA, like those for
other replication-related factors such as DNA polymerase
a and DNA topoisomerase I, increases prior to DNA
synthesis (13, 14), and therefore, transcription of these
genes 18 likely to be regulated through a common mecha-
nism. :

In budding yeast, the promoter regions of many DNA
replication-related genes contain a common nucleotide
sequence (5 -ACGCGT) named MCB (15) (Mlul cell cycle
box), and the specific transcription factor, MBF (MCB-
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binding factor.

binding factor), is required for their transcription at the
G1-S boundary (16, 17). In mammalian cells, the tran-
scription factor, E2F, binds to the E2F-binding site (5'-TT-
TCGCGC), and positively regulates the transcription of
genes whose products are required for cell proliferation
(18, 19), such as DNA polymerase «, dihydrofolate re-
ductase (DHFR), thymidine kinase, ¢-Myc, ¢-Myb, cdc2,
PCNA, cyclin D, and cyclin E (20-23).

We have analyzed transcriptional regulation of Droso-
phila genes for the DNA polymerase o 180 kDa subunit
and 73 kDa subunit, PCNA, cyclin A, and D-raf (24-27).
The promoter regions of these genes contain a common 8
base pair (bp) palindromic sequence (5-TATCGATA),
named the DNA replication-related element (DRE). The
requirement of DREs for promoter activity has been
confirmed in both cultured cells (24-27) and transgenic
flies (28). We have also found a specific DRE-binding factor
(DREF) consisting of an 80 kDa polypeptide homodimer
(24), and isolated its cDNA (29). Since this DRE/DREF
transcriptional regulatory system plays a key role in
regulation of the proliferation-related genes in Drosophila,
it is of interest to determine whether this system functions
in other organisms. As a first step to generalize our findings
in Drosophila, we have initiated a search for the DRE/
DREF system in Bombyx mori.

In the present study, we found that the promoter region
of the B. morit PCNA gene contains one DRE and one E2F-
binding site, and that a specific binding factor for the DRE
is detectable in cell extracts. A mutation in the DRE
sequence resulted in a reduction of the promoter activity.
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The obtained results thus suggest that the DRE/DREF
transcriptional regulation system also functions in B. mort.

MATERIALS AND METHODS

Cell Culture—BmN4 cells derived from B. mori were
grown at 27°C in TC-100 medium supplemented with 10%
fetal calf serum (30).

Oligonucleotides—To obtain a fragment containing the
promoter of the PCNA gene, the following polymerase
chain reaction (PCR) primers were chemically synthesized:
BmPP-1,5-CCCTCTAGATGTATCACTTCAATAATTTT
(containing an Xbal site) (see Fig. 4); and BmPP-2,5-CCC-
TCTAGAGTTTATCTGAAAGTTGATGT (containing an
Xbal site) (see Fig. 4). Two oligonucleotides were used as
primers for base-substitution mutation at the E2F site by
means of PCR-aided mutagenesis: BmE2FmutC, 5'-GAA-
GAATTGGCTCGACACTTGTCCATTTG; and BmE2F-
mutN, 5-AATGGACAAGTCTCGAGCCAATTCTTCCC-
G.

To determine the transcription initiation site, the follow-
ing oligonucleotide was used in primer extension experi-
ments (see Figs. 1 and 4): P.E. primer, 5'-ATAATTTCGC-
TAACGAGGCAGCGCGACCCCTAACTT.

The sequences of double-stranded 30 bp oligonucleotides
containing the DRE sequence or its base-substituted deriv-
atives in the PCNA gene promoter were defined as follows:

BmDRE-P, 5'-
GATCCATGCCAGTATCGATTGTCTTTATA-3
3-GGTACGGTCATAGCTAACAGAAATATCTAG-5
BmDRE-PM, 5’
GATCCATGCCAGTAg CGAgg GTCTTTATA-3
3-GGTACGGTCATc GCTc c CAGAAATATCTAG-5
DcDRE-P, 5'-
GATCCCTGCCTGCTATCGATAGATTCAGGA-3
3'-GGACGGACGATAGCTATCTAAGTCCTCTAG-3
DcDRE-PM, 5'-
GATCCCTGCCTGCTt a CGATAGATTCAGGA-3’
3-GGACGGACGAat GCTATCTAAGTCCTCTAG-3

Nucleotides different from in the wild type sequence are
shown by lowercase letters, and Bm and Dc indicate B. mori
and Drosophila meranogaster, respectively. The DRE se-
quence and its derivatives are underlined.

Igolation of B. mori cDNA and the Gene for PCNA—The
Agtll cDNA library, constructed from mRNA of 4-day-old
B. mori embryos, was a gift from Dr. Kokubo (31). cDNA
clones for PCNA were isolated by screening the library
with a Drosophila PCNA ¢cDNA (pDcPCNAO1) as a probe
(32) under high-stringency hybridization conditions (10%
dextran sulfate, 1% SDS, and 1 M NaCl at 65°C). The
genomic library, which was constructed by Sau3AlI partial
digestion of B. mori DNA and ligation into the BamHI site
of AEMBL3, was provided by Dr. Adachi (33). Genomic
clones were isolated by screening the library with the B.
mori PCNA cDNA probe under high-stringency hibridiza-
tion conditions.

Southern and Northern Blot Analysis—DNA was ex-
tracted from silkmoth larvae as described previously (34),
digested with restriction enzymes, and then separated by
agarose gel electrophoresis and blotted onto a GeneScreen
Plus membrane (New England Nuclear) using a VacuGene
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blotting apparatus (LKB). The membrane was sequentially
hybridized with the **P-labeled probe which contained the
PCNA cDNA of Drosophila or B. mori under high-strin-
gency hybridization conditions.

Total cellular RNA was isolated from BmN4 cells by the
acid-guanidinium thiocyanate-phenol-chloroform extrac-
tion method (35), and then blotted onto a GeneScreen Plus
membrane (New England Nuclear). The membrane was
then hybridized with a *P-labeled B. mori PCNA cDNA
probe. The hybridization and washing conditions were as
described elsewhere (36).

Plasmid Construction—All nucleotide positions of the
PCNA gene referred to below are expressed with respect to
the transcription initiation site, which was determined in
the present study. To construct a plasmid containing PCNA
c¢cDNA, 1¢cBmPCNA1A was digested with EcoRI, and then
the cDNA fragment was inserted into the EcoRI site of
pBluescript II to create plasmids pBmPCNAlAup and
pBmPCNA1lAdown.

To construct a plasmid containing the PCNA gene,
A1gBmPCNA was digested with Sall and EcoRI, and then
the obtained fragment containing the gene sequence was
inserted between the Sall and EcoRlI sites of pBluescript II
to create plasmid pBmgPCNA.

To isolate the promoter region of the PCNA gene, PCR
was performed using plasmid pBmgPCNA as a template,
and the combination of primers T-7 and BmPP-2. The PCR
product was digested with Xbal and HindIll, and then
inserted between the Xbal and HindIIl sites of plasmid
pBluescript II. This plasmid was digested with Kpnl and
Sacl, and then the obtained insert was placed between the
Kpnl and Sacl sites of plasmid pGV-B to create plasmid
pBmPLuc, which contains the gene region from —466 to
+347 and firefly luciferase cDNA.

To construct plasmid pBmPLucCla(—), containing a
mutation in the DRE sequence, pBmPLuc was digested at
the center of the DRE sequence with Clal and then blunt-
ended using T4 DNA polymerase, followed by self-ligation
with T4 DNA ligase. With this treatment, two base pairs,
GC, were inserted at the center of the DRE sequence. To
construct plasmid pBmPLucE2F(—), containing a muta-
tion in the E2F site, a first PCR was performed using
pBmgPCNA as a template with the following combinations
of primers: T-7 and BmE2FmutC, and BmPP-2 and
BmE2FmutN. The resultant products were named
E2Fmutup and E2Fmutdown, respectively. A second PCR
was performed using E2Fmutup and E2Fmutdown as
templates with primers T-7 and BmPP-2. Under these
conditions, only the DNA fragment produced on hybridiza-
tion of two templates was amplified, and the hybridized
region contained the mutated E2F site. The product was
digested with BamHI and HindIIl, and then used to replace
the region carrying the wild type sequence between the
BamHI and Hindlll sites of pBmPLuc to create plasmid
pBmPLucE2F(—).

DNA Sequencing—In order to determine the nucleotide
sequences of the cDNA and genomic clones, DNA frag-
ments were cloned into pBluescript II. A series of unidirec-
tional deletion derivatives was constructed using a Erase-a-
Base system (Promega). The nucleotide sequence of each
clone was determined by the dideoxy-sequencing method
using a Sequenase kit (United States Biochemical) with the
T-3 or T-7 primer. When necessary, chemically synthe-
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sized oligonucleotides with sequences derived from the
gene or cDNA were used as sequencing primers.

Primer Extension—Total cellular RNA was isolated from
BmN4 cells by the acid-guanidinium thiocyanate-phenol-
chloroform extraction method (35). A 34 mer primer (P.E.
primer) complementary to the downstream 5’ end of cDNA
(Fig. 1) was chemically synthesized. Primer extension
analysis was performed as described (25).

Gel Mobility Shift Analysis—The expression plasmid for
the GST-DREF fusion protein was constructed and ex-
pressed in Escherichia coli as described previously (29).
The E. coli cells were collected and suspended in a solution
comprising 25 mM Hepes (pH 7.9), 1 mM EDTA, 0.02%
2-mercaptoethanol, 10% glycerol, 0.1% Tween 80, and 0.2
M KCl, sonicated, and then centrifuged. The supernatant
was collected and used for the gel mobility shift analysis.
Whole cell extracts of BmN4 cells were prepared as
described (37), with minor modifications. A 3?P end-labeled
oligonucleotide containing the DRE sequence was used as a
probe. Gel mobility shift analysis was performed as de-
scribed (24), with minor modifications. The 3?P-labeled
probe (10,000 cpm) was added to 14 zl of a reaction
mixture comprising 15 mM Hepes (pH 7.6), 60 mM KCl,
0.1 mM EDTA, 1 mM dithiothreitol, 12% glycerol, and 0.5
ug of poly(dl-dC) on ice for 5 min. When necessary,
unlabeled oligonucleotides were added as competitors at
this step. Then, an extract of E. coli or BmN4 cells was
introduced and the mixture was incubated for 45 min on
ice. DNA-protein complexes were electrophoretically re-
solved on 3% polyacrylamide gels in 50 mM Tris/borate
(pH 8.3) containing 1 mM EDTA and 2.5% glycerol at 25°C.
The gels were dried and autoradiographed.

DNA Transfection and Luciferase Assay—BmN4 cells
(2% 10%) were grown in a 25-cm? flask for 24 h and then
transfected with 10 yg of reporter plasmid DNA by lipofec-
tion as described previously (38). Cells were harvested 48
h after DNA transfection and extracts were prepared for
determination of luciferase activity (39). The assay was
carried out with a PicaGene assay kit (Toyo) as described
previously (40). All assays were performed within the
linear activity range with regard to incubation time and
protein amount. Luciferase activitiy was normalized as to
the contained protein.

Immuno Western Blot Analysis—A monoclonal antibody
against Drosophila DREF was produced as described
previously (29), and purified from the culture medium of
hybridoma cells using E-Z-SEP (Pharmacia). GST-DREF
fusion protein was expressed in E. coli as described above.
GST-DREF or GST was allowed to bind to glutathione-

Sepharose beads for 1 h at room temperature, which were
then washed. The monoclonal antibody was incubated with
glutathione-Sepharose, GST-DREF bound glutathione-Se-
pharose, or GST bound glutathione-Sepharose for 1h at
room temperature. The supernatants were then used as the
sources of primary antibodies for immuno Western blot
analysis. Whole cell extracts of Drosophila Kc cells or B.
mori BmN4 cells were subjected to electrophoresis (50 g
of cellular protein per lane) on 8% polyacrylamide gels
containing 0.1% SDS, and then transferred to PVDF
membranes (Bio-Rad). The membranes were blocked in
TBST (150 mM NaCl, 10 mM Tris-HCI, pH 8.0, and 0.05%
Tween 20) containing 10% skim milk for 1h, and then
incubated with a 1:2,000 diluted monoclonal antibody in
TBS containing 20% FCS for 1 h, both at room tempera-
ture. After washing with TBST and exposure to alkaline
phosphatase-conjugated rabbit anti-mouse IgG, bands
were visualized with an NTB (nitro blue tetrazolium)/BCIP
(5-bromo-4-chloro-3-indolyl phosphate) color development
system (Promega), according to the manufacturer’s in-
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Fig. 2. Southern and Northern blot analyses. (A) Southern blot
analysis of DNA from B. mori. Genomic DNA from B. mori larvae
(lanes a to e) was digested with EcoRI, HindIIl, BamHI, Xhol, or
Pstl. The 0.3 kb fragment was used as a probe (see Fig. 1). (B)
Northern blot analysis of RNA from B. mori BmN4 cells. The 0.3 kb
fragment was used as a probe.

Kb Fig. 1. Structures of the gene

S HB BE HBS H H S and cDNA for B. mori PCNA.
MBmMPCNA  } 44 ﬁ ddeec] o — : - A restriction map of the genomic
i : clone, AgBmPCNA4, is presented
& at the top. The structure of the 5’ region of the PCNA gene is shown in the
& 3000p middle. The nucleotide sequence indicated by the bracket was determined and
) H E is shown in Fig. 4. The structure of the full length cDNA clone A¢cBmPCNA1A
“-"“—‘_-:w is shown at the bottom. The 0.3 kb fragment used as a probe for Southern and
N Northern analyses and screening for genomic clones is indicated. The coding
I regions and introns are indicated by solid and open boxes, respectively. The
_ 5" and 3’ untranslated regions are indicated by shaded boxes. Restriction

HEBIPENETA sites: B, Bglll; E, EcoRI; H, HindlIl; S, Sall.

0.3 kb tragment
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structions. The molecular masses of the protein bands were
estimated by comparing their mobilities with those of
prestained marker proteins (Bio-Rad) which migrated
differently from their true molecular masses. The apparent
molecular masses of the prestained marker proteins were
as follows; A-galactosidase (112 kDa), BSA (84 kDa),
ovalbumin (53 kDa), and carbonic anhydrase (36 kDa).

RESULTS

Cloning of ¢cDNA and the Gene for B. mori PCNA—An
0.7 kb DNA fragment isolated from the insert of plasmid
pDcPCNAOQ1, containing cDNA for Drosophila PCNA, was
used as a probe to screen the B. mori cDNA library. One
positive clone, designated as AcBmPCNA1A, contained a
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1.1 kb insert, and another, designated as 1¢cBmPCNA9A,
contained an 0.75 kb insert. The 0.3 kb fragment contain-
ing the 5'-untranslated region and a part of the translated
region of the B. mori PCNA gene (Fig. 1) was used as a
probe to screen the B. mori genomic library. A genomic
clone, A gBmPCNA containing an insert of about 16 kb, was
obtained. The restriction map and relationships of these
clones are shown in Fig. 1. The 0.3 kb fragment was used as
a probe for Southern blot hybridization analysis of B. mort
genomic DNA. A single band was detected on the blot of
DNA digested with EcoRI, BamHI, HindIIl, or Pstl (Fig.
2A, lanes a, b, ¢, and e). When DNA was digested with
Xhol, double bands were detected (Fig. 2A, lane d). Bands
of similar sizes were also observed when Drosophila PCNA
c¢DNA was used as a probe (data not shown). The results
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of B. mori PCNA c¢cDNA and
the deduced amino acid se-
quence. The nucleotide and
deduced amino acid sequences of
B. mori PCNA cDNA. The open
reading frame encodes a protein
of 260 amino acid residues
(shown below the nucleotide
sequence).
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indicate that the PCNA gene exists as a single copy per
haploid genome.

The complete nucleotide sequences of the 1.1 kb cDNA
fragment, pPBmPCNA1A, and the 0.75 kb cDNA fragment,
pBmPCNA9A, were determined (Fig. 3). The open reading
frame was found to encode a polypeptide of 260 amino
acids. The deduced amino acid sequence was 78.8% identi-
cal to that of Drosophila PCNA. In addition, the amino acid
sequence of B. mori PCNA was 70.8, 70, 69.6, 60.4, and
35.1% identical to those of Xenopus, mouse, human, rice,
and Saccharomyces serevisiae PCNAs, respectively.

The nucleotide sequence of the 3.3 kb EcoRI-Sall frag-
ment (Fig. 1), AgBmPCNA, was determined (Figs. 1 and
4). Comparison of the nucleotide sequences of the genomic
DNA and the cDNA revealed the presence of a 185 bp
intron in the non-coding region (Fig. 1). The nucleotide
sequences at the splicing junctions were confirmed to agree
with the consensus sequence for splicing (Fig. 4).

Determination of the Transcription Initiation Site and
the Promoter Region of the PCNA Gene—To determine the
transcription initiation site, a primer extension experiment
was performed using a primer complementary to a region in
the first exon. A single transcription initiation site was
identified (Fig. 5) and defined as nucleotide position +1
(Fig. 4). The 5’ end of the isolated cDNA clone was at +12.

The 0.3 kb ¢cDNA fragment was used as a probe for
Northern blot hybridization analysis of RNA extracted
from BmN4 cells. A single band was detected (Fig. 2B),
indicating that transcription of the B. mori PCNA gene

1219

starts from one site.

To determine the promoter region, we constructed
plasmids for the luciferase assay, and transfected them into
BmN4 cells. Two deletion constructs from the 5 end were
made using the available restriction enzyme sites. A
deletion from about position —2700 to position —466 did
not result in any significant change in luciferase activity
(data not shown), indicating that the limit of the 5" end of
the promoter is downstream of position —466. To deter-
mine the 3’ end of the promoter, two PCR primers were
synthesized. One PCR product generated using primer
BmPP-1 lacked the first intron, while the other generated
using primer BmPP-2 contained the first intron. An about
70% reduction of the luciferase activity was observed with
a deletion from +347 to +146 (Fig. 6). Because this
deleted region contains an intron, some unknown element
may play a role in activating the promoter of this gene.
From these results, it is concluded that the promoter region
resides within the region from —466 to +347.

At nucleotide positions —122 to —115, we found a
sequence (5'-TATCGATT) similar to DRE (5-TATCGA-
TA) (Fig. 4). Since this sequence functions in activation of
the promoter and in binding to the DREF, as described
below, we named this site, BmDRE-P. In addition, we
found a sequence identical to the E2F-binding site (5"-TTT-
CGCGQC) at nucleotide positions —12 to —5.

Effects of Mutations at the BnDRE-P and E2F-Binding
Sites on the Promoter of the B. mori PCNA Gene—Lucifer-
ase expression plasmids with mutations in the DRE or

-450 GAAAAATAGG ACAGGTGTTG TTTTTCAGAT ATTGTGATAT AATTTATTAT
-400 TATTCTGTAT TGAATGTAAC AACACTTAAA TAACTCTTAA ATAAAAGAGA
-350 TCTTTGAATT AAATATTGCT GTTATCAATT CATATAATAA AACAGTGCAA
300 TCCAGTACAT AGGAGAAATA ACAAAAATAA ATATTTAATT GTAGAAATTT
-250 AATTTAATAG AAATTGTGGT TTCTCGTCAT TTTACTAAAG ACTTATTCAT
-200 TTCATTCCAC TCAACATGTA CGTTAGGTCA CGTCATTTAA TCATATTTAA
-150 TTTTATGCCA TTTCAATTTT CATGCCAGTA TCGATTGTCT TTATTACAAA
-100 AGGCTTGTCA ATGTGAGCTA CGTTTCATTT GCCTGTCCGA CGGATTCATA
-50 ARACGARAAG TCTATGGTTG GTTGGACAAA TGGACAAGTT TCGCGCTAAT
+1 TCTTCCCGCT ACCGARCGTC GAACGGGTTA CGAACCTACT CCTTTGTCAT
+51 TTATTTTACA CAGTTGTTTT AATTTGTTTG TAAGTTAGGG GTCGCTGCCT

+101 GCTTAGCGAA ATTATTAATT TTCAACAAAR TTATTGAAGT GATACATTAA Fig. 4. Nucleotide sequence of the 5

151 o BmPP-1 ™~ upstream region of the B. mori PCNA

+ ARTGTAAGTA TRACAGTTTT TTCTACARAC CTGCCTTAAG CGTCACCATG gene. The transcription initiation site is

indicated by an arrow and i8 number-

+201 TACTATTAAAR ACAAGAGCAA TTACTAACCA TGTTTCGAAT TTGGTACAAA ed +1. The DRE sequence and E2F-

binding site are boxed by solid and

+251 TTACATGAAA TCTTAGTTTA CGTTGAAAGG CGAGGGTCAG CATATGTTT broken lines, respectively. The first -

< TTTT intron is indicated by the bracket. The

+301 positions of the primers (BmPP-1 and

TATCTGATTA ARGTAGAAGT TCAAACATCA ACTTTCAGAT AAACATGTTT BmPP.2) used for the PCR are also

I BmPP-2 NG indicated.
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Fig. 5. Mapping of the transcription initiation site by primer
extension analysis. The **P-labeled 34 mer primer (P.E. primer)
complementary to the PCNA mRNA was hybridized with total RNA
isolated from B. mori BmN4 cells or E. coli rRNA as indicated at the
top. The primer was extended using reverse transcriptase as de-
scribed under “MATERIALS AND METHODS.” To align the ex-
tended products with the genomic DNA sequence, a parallel dideoxy
sequencing reaction was carried out using the same 34 mer primer
(lanes A, C, G, and T). The transcription initiation site was defined
as +1.

E2F-binding site were constructed (Fig. 6A), and transient
expression assays on BmN4 cells were performed. The
mutation in the DRE resulted in a 50% reduction of the
luciferase activity, and that in the E2F-binding site in a
60% reduction (Fig. 6B), indicating that both are required
for high promoter activity.

Detection of the B. mori DREF—A gel mobility shift
assay was performed using a recombinant Drosophila
DRE-binding factor (DREF) (41) to examine whether the
DRE sequence of the B. mori PCNA gene is recognized by
the Drosophila DREF. When the GST-DREF fusion protein
was mixed with the **P-labeled BmDRE-P oligonucleotide,
a shifted band was detected (Fig. 7A, lane c). The unlabeled
oligonucleotide containing BmDRE-P as a competitor
decreased the shifted band progressively (Fig. 7A, lanes d
to g). In contrast, the shifted band was decreased to only a
limited extent on the addition of a competitor with a
mutation in the DRE sequence (Fig. 7A, lanes h to k). The
results indicate that the DRE is specifically recognized by
Drosophila DREF, and also suggest that the DRE/DREF
transcriptional regulatory system functions to control B.
mori PCNA gene expression.

Y. Takahashi et al.

1tHthp

BmPLuc
BmPLuc-Clal(-)
BmPLuc-E2F(-)

7-4146)
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$
i
Fig. 6. Effects of mutations on promoter activity of the PCNA
gene. (A) Features of the reporter luciferase plasmids are schemati-
cally illustrated. The DRE sequence is indicated by the open circle and
the E2F-binding site by the open box. The shaded and solid boxes
indicate the 5 -untranslated and coding sequences, respectively. The
mutated sites are indicated by crosses. An internal deletion is also
indicated. (B) These reporter luciferase plasmids (10 xg each) were
transfected into BmN4 cells, and then the luciferase activities were
determined. The activities are presented relative to that of the
wild-type BmPLuc construct.

To examine whether a DREF homolog might exist in B.
mori, a gel mobility shift assay involving extracts of BmN4
cells was performed, with the *?P-labeled BmDRE-P oligo-
nucleotide as a probe. A shifted band was observed (Fig.
7B, lane b) which was competitively abolished by adding an
excess amount of BmDRE-P or DeDRE-P (Fig. 7B, lanes c,
d, g, and h). In contrast, BmDRE-PM or DcDRE-PM
containing base-substitution mutations in DRE showed no
competition (Fig. 7B, lanes e, f, i, and j). The results
indicate that a factor(s) specifically binding to DRE exists in
BmN4 cells.

When monoclonal antibodies against Drosophila DREF
were added to the binding reactions, the specifically shifted
band also disappeared (Fig. 7C, lanes ¢ to h). However, a
control monoclonal antibody against chick DNA polymerase
a did not have any effect (Fig. 7C, lanes i to k). The DRE
was, thus, specifically recognized by monoclonal antibodies
against Drosophila DREF, further pointing to the existence
of a DREF homolog in BmN4 cells.

To obtain further insight into this DREF homolog, im-
muno Western blot analysis was performed. When mono-
clonal antibodies against Drosophila DREF pretreated with
either glutathione-Sepharose or glutathione-Sepharose
bearing GST were used, 100 and 86 kDa polypeptides were

J. Biochem.
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Fig. 7. Gel mobility shift assay. (A) The assay was carried out
using the GST-DREF recombinant fusion protein and a **P-labeled
DRE oligonucleotide derived from the B. mori PCNA gene as a probe.
The oligonucleotide was incubated with GST-DREF (lanes ¢ to k), GST
(lane b), or with neither (lane a). Excess amounts of the unlabeled
wild-type DRE oligonucleotide (lanes d to g) or mutant-type DRE
oligonucleotide carrying a 3-bp mutation in the DRE sequence (lanes
h to k) were added to the reaction mixtures as competitors. The
amounts of competitors were as follows: 1 ng, lanes d and h; 5 ng, lanes
e and i; 10 ng, lanes f and j; 50 ng, lanes g and k. (B) The **P-labeled
B. mori DRE oligonucleotide was used as a probe and incubated with
(lanes b to j) or without (lane a) a whole BmN4 cell extract. Excess

COMPIBX —p

glutathione- glutathione-
glutathione- Sepharose/ Sepharose/

Sepharose GST-DREF GST
2 2 2
w8 28 o8
3 % 3 % g 2
MSEmMEeEEme S
kDa
112 - - "
84 - -
53
35
awb c d e f

Fig. 8. Immuno Western blot analysis. Immuno Western blot
analysis was performed as described under “MATERIALS AND
METHODS.” Whole cell extracts of Drosophila Kc cells (lanes a, c,
and e) and B. mori BmN4 cells (lanes b, d, and f) were subjected to
electrophoresis (50 ug of cellular protein per lane) in an 8% polyacryl-
amide gel containing 0.1% SDS, followed by protein transfer to a
PVDF membrane (Bio-Rad). Anti-DREF antibodies (No. 1) were used
as the primary antibodies after pretreatment with glutathione-Se-
pharose (lanes a and b), glutathione-Sepharose bearing GST-DREF
(lanes c and d), or glutatione-Sepharose bearing GST (lanes e and f).
M, prestained marker proteins: §-galactosidase (112 kDa), BSA (84
kDa), ovalbumin (63 kDa), carbonic anhydrase (36 kDa).

detected in extracts of B. mori BmN4 cells and Drosophila
Kc cells, respectively (Fig. 8, lanes a, b, e, and f). These
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amounts of the unlabeled B. mori wild-type DRE oligonucleotide
(lanes ¢ and d), the B. mori mutant-type DRE oligonucleotide (lanes e
and f), the Drosophila wild-type DRE oligonucleotide (lanes g and h),
or the Drosophila mutant-type DRE oligonucleotide (lanes i and j)
were added to the reaction mixtures as competitors. The amounts of
competitors were as follows: 4 ng, lanes c, e, g, and i; 16 ng, lanes d,
f, h, and j. (C) The **P-labeled DRE oligonucleotide was used as a probe
and incubated with (lanes b to k) or without (lane a) the whole BmN4
cell extract, which had been treated with anti-DREF monoclonal
antibodies (No. 1) (lanes ¢ to e), anti-DREF monoclonal antibodies
(No. 4) (lanes f to h), anti-chick polymerase a monoclonal antibodies
(4-8H) (lanes i to k), or no antibodies (lane a and b).

bands were not detected after pretreatment of the primary
antibodies with glutathione-Sepharose bearing the GST-
DREF fusion protein (Fig. 8, lanes ¢ and d).

DISCUSSION

In our previous studies, promoters of the Drosophila genes
encoding PCNA, the 180 and 73 kDa subunits of DNA
polymerase a, and cyclin A were found to be positively
regulated by the DRE in both cultured cell (24-27) and
transgenic fly systems (28). The widespread presence of
DRE sequences in the Drosophila DNA database suggests
that this is a common regulatory element responsible for
the coordinated expression of many proliferation-related
genes (42). Furthermore, overexpression of the zerkniillt
gene product (Zen) was found to result in repression of the
promoter action for the PCNA and DNA polymerase « 180
kDa subunit genes by impeding the DREF binding (43).
This could be overcome by overexpression of the DREF
protein in Kc cells (29). These lines of evidence indicate
that DREF is an important transcription regulatory factor
involved in proliferation- and differentiation-related con-
trol. However, up to the present, this system has not been
reported to exist in other organisms.

The silk gland cells of the mulberry silkworm, B. mori,
contain large quantities of DNA as a result of endomitosis,
and DNA polymerases isolated from this source have been
extensively characterized (44, 45). However, the cloning of
genes and cDNAs encoding DNA replication enzymes such
as DNA polymerases and PCNA has not been reported to
our knowledge. In the present sutudy, we isolated the B.
mori PCNA gene and found a sequence similar to that of the
Drosophila DRE in its promoter region. The introduction of
a 2 bp insertional mutation into the DRE resulted in a
reduction of the promoter activity. Furthermore, a puta-
tive B. mori DREF homolog which specifically binds to the
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B8.mor1 PCNA gene +1

o

DRE E2F site

Drosophila PCNA gene .

URE DRE E2F sites

Fig. 9. Schematic features of the promoter regions of the B.
mori and Drosophila PCNA genes. The major transcription initia-
tion sites are indicated by arrows. The shaded and solid boxes indicate
the 5’-untranslated and coding sequences, respectively. DREs are
indicated by open circles and E2F-binding sites by open boxes. An
upstream regulatory element (URE) which is required to activate the
Drosophila PCNA gene promoter during larval stages (50) i8 indicat-
ed by a hatched box.

DRE and is recognized by anti- Drosophila DREF mono-
clonal antibodies was detected in B. mori cells. These
results indicate that transcription of the B. mori PCNA
gene is also regulated by the DRE/DREF system. Although
promoter sequence information is not available for other B.
mori genes involved in DNA replication, the possibility that
the transcription of many B. mori DNA replication-related
genes may be similarly controlled clearly warrants further
investigation.

The E2F regulation system is evolutionarily conserved
among various eukaryotes, and a Drosophila homolog of the
mammalian E2F1 has been isolated (46-48). E2F-binding
sites exist in the promoter regions of the DNA polymerase
a 180 kDa subunit (46), DNA polymerase a« 73 kDa
subunit (25), and PCNA (49) genes, and appear to function
in both cultured Drosophila cells and living flies (25, 49).
The finding in the present study of a sequence carrying the
E2F-binding site consensus in the promoter region of the B.
mori PCNA gene is therefore also of interest. A three-base
substitution mutation in the E2F-binding site again re-
duced the promoter activity, suggesting the B. mori PCNA
gene is regulated by E2F, like the Drosophila DNA replica-
tion-related genes, although further analysis is necessary
to clarify this point.

The organization of the transcriptional regulatory ele-
ments of B. mori and Drosophila PCNA genes is summa-
rized in Fig. 9. The similarities regarding the DRE and
E2F-binding sites most likely point to a common regulatory
mechanism for the expression of both the B. mori and
Drosophila PCNA genes.

We are grateful to Drs. Kokubo and Suzuki for providing the B. mori
cDNA library, and Dr. Adachi for the B. mori genomic library. We
also thank Dr. Malcolm Moore for the comments on the English in the
manuscript.
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