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Abstract: Coordinate expression of many cell proliferation-related genes is required for the cellular shift from resting
state into proliferating state. For a candidate of the regulatory factors involved this process, we found a transcription
regulatory factor named DREF (DNA replication-related element-binding factor) in Drosophila and then in
mammalian systems. Drosophila DREF consists of a homodimer of the polypeptide of 709 amino acid residues, and
shears about 22% identities of amino acid sequences with the human homolog which consists of 694 amino acid
residues. Drosophila DREF binds specifically to the DRE sequence (5’-TATCGATA-3") in the promoters of many
DNA replication/cell proliferation-related genes to activate their transcription. Ectopic expression of DREF in larval
imaginal discs induce abnormal DNA synthesis, apoptosis and failures in differentiation . Both Drosophila and
mammalian DREF’s interact genetically and physically with regulatory factors related to chromatin structures,
suggesting that DREF activates the expression of proliferation-related genes through modification of chromatin
structures. By searching the Drosophila genome, we found about 150 genes which carry DRE sequences in their
promoter regions, interestingly many of which are related to reactions required for cell proliferation such as DNA
replication, transcription, transcriptional regulation, cell cycle regulation, growth signal transduction, protein
metabolism. Thus, DREF is a master key-like factor for cell proliferation.

1. Introduction

Coordinate expression of many genes is required for the cellular shift from resting state into proliferating state.
On this important biological subject, we can propose two major questions: the first is how many and what kinds of
genes are related cell proliferation. And second question is what is the key regulatory mechanism(s) for the
expression of proliferation-related genes. Furthermore, it should be pointed out that expression of many proliferation-
related genes such as those related to DNA replication is reduced during cell differentiation processes in various
tissues (1). Since cell proliferation is shut off during the differentiation in many organs, the above mentioned
regulatory mechanism may be a target of negative regulation by differentiation signals. In order to answer these two
major questions, we have made efforts to find out common regulatory mechanisms for transcription of cell
proliferation-related genes and found a candidate, a transcription regulatory factor named DREF (DNA replication-
related element-binding factor). The present paper describes the finding, characterization and function of Drosophila
and mammalian DREF.

2. Finding of DRE and DREF

Previously, we observed that the protein factors involved in DNA replication such as DNA polymerase o are
clearly correlated to cell proliferation (1). Thus, we started to work on the transcription regulatory mechanism for
DNA replication-related genes. We isolated the Drosophila gene encoding the proliferation cell nuclear antigen
(PCNA), which is an important factor in DNA replication and cell cycle regulation. Then, we have determined the
transcriptional promoter of this gene (2). Furthermore, we also found that expression of the PCNA gene is repressed
by the product of the zerknulit (zen) gene (3), a homeobox-containing regulatory protein required for differentiation

of the dorsal structure of Drosophila embryo (4). Later, the repression by Zen was resulted from reduction of the
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DREEF, the regulatory factor for many genes including one for PCNA (5).

In addition to the PCNA gene, we cloned the gene for Drosophila DNA polymerase a, a central enzyme in

DNA replication (6). We found that a common palindromic 8 bp sequen:

ce 5'-TATCGATA-3' in the promoter regions

of both genes is required for the transcriptional activation, which is termed the DNA replication-related element

(DRE). The requirement of DRE for promoter activity was confirmed in both cultured cells (7-11) and transgenic
flies (12-14). Then, we identified a specific DRE-binding factor (DREF) consisting of an 80-kDa polypeptide

homodimer by a band mobility shift assay and other methods (7).

3. cDNA cloning and characterization
cDNA for DREF has been cloned as followed (15). DREF

was purified from the nuclear extracts of D.

melanogaster Kc cells using latex beads carrying DRE sequences. By using primers synthesized on the basis of

partial amino acid sequences, cDNA for DREF was isolated with the reverse-transcriptase polymerase chain reaction
method, and followed by screening of cDNA library (15). Deduced from the nucleotide sequences of cDNA, DREF is
a novel polypeptide of 709 amino acid residues. Deletion analysis of the bacterially expressed DREF fused with
glutathione S-transferase (GST-DREF) indicated that a part of the N-terminal basic amino acid region (16-115 amino
acid positions) is responsible for specific binding to DRE and dimer formation.

The gene for DREF was isolated from Drosophila virilis (D. virilis ), and shears 71% identity in amino

acid sequences with the D. melanogaster homologue (16). Three highly
acid positions 14 to 182 (CR1), 432 to 568 (CR2) and 636 to 730 (CR3)

conserved regions were identified at amino
of the D. virilis DREF, with 86.4%, 86.1%

and 83.3% identities, respectively. The CR1 contains the domain required for DRE-binding and dimer formation.

We have also isolated cDNA for a human homologue of DREF (h

DREF). hDREF consists of the polypeptide of

694 amino acid residues and shares 22% identity and 21% similarity with the Drosophila homologue. The CR1 was
highly conserved in hDREF. The binding sequence (5’-TGTCGCGAC/TA) for hDREF was identified.
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Fig. 1. Drosophila genes regulated by the DRE. Except for the ras2/rop genes, involvement of DREF in

transcription regulation has been confirmed.
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4. DREF function in cultured cells and individuals

DRE can activate transcriptional promoters through DREF binding, when it is located within the 2 kb
upstream region from the transcription initiation site (7). The promoter activating function of the DRE/DREF system
was confirmed using the chloramphenicol acetyl transferase (CAT) assay using cultured cells and specific binding
assay methods following genes: PCNA (7), DNA polymerase o 180kDa (6) and 73kDa subunits (10), raf (11),
ras2/rop (8), E2F (14), TBP (17), and DREF itself, cyclin A (9) (Fig.1). It should be notice that these genes are related
with either DNA replication, growth signal transduction, transcription regulation, or cell cycle regulation, all
important reactions for cell proliferation.

Functions of DRE and DREF were further examined in individuals by making many transgenic flies. We
developed two types of transgenic flies. The first types were made as to carry genes consisting of promoters from
above mentioned genes with various mutations and the reporter -galactosidase gene. The genes were inserted into
chromosomal DNA using P element-mediated transduction into early embryos. By detecting f-Gal activities
biochemically and histochemically, one can analyse the requirements for regulatory elements in promoters in various
tissues through developmental stages.

Second types of transgenic flies are for expressing the gene in desired cells at desired developmental stages,
which made possible to know the consequence of gene expression there. For this purpose, two kinds of transgenic
flies were required: one is a so called enhancer trap line which expresses the yeast transcription factor GAL4 under
either of various promoter/enhancers specific to cell types, and the other is one carrying the transgene made by
ligating the GAL4-binding regulatory element (UAS) and the desired cDNA. When two lines of flies are mated to
make hybrids, the desired protein such as DREF can be expressed under the control of the specifically supplied
GALA4 (18).

By using the first types of transgenic flies, we studied on the functions of regulatory elements in the PCNA
gene. The PCNA gene has at least three different elements: in order from the transcription initiation site to the distal,
two E2F-binding sites, a DRE and a URE (upstream regulatory element). Various deletion and point mutations were
introduced to see the functions of these elements in tissues. The results showed that the sequence containing URE
enhances the promoter activity in embryos and turned out to be almost absolutely required in the larvae (19). When a
part or all of the DRE sequence was further deleted, any $-Gal expression was not seen through developmental stages
except in the adult females. This means that DRE is essential for expression in embryos and larvae but not in adult
females (13). These observations were also confirmed by histochemical-detection of $-Gal in larval and ovary tissues.
Mutations in E2F sites I and II, even if the URE and DRE were left intact, eliminated completely the expression
through all stages of development. The region containing the cap site and E2F sites can support maternal expression
in the ovary and is essential during the rest of development (13, 20). DRE is essential for expression in embryos and
larvae, and URE is necessary for expression in larval tissues (13) (Fig.2). Thus, with development advancing more,
the promoter needs more elements to maintain high activity, although the physiological significance of this has to be
clarified.

To analyse the function of DREF, we developed the second types of transgenic flies. The transgenic flies
which is expressing the full length or N-terminal fragment (1-125 amino acid residues) of DREF under the control of
the salivary gland-specific promoter, the eye imaginal disc-specific promoter or the wing disc-specific promoter were
developed. In salivary glands of the transgenic larva, the N-terminal fragment forms a homo-dimer and by itself a
hetero-dimer with the endogenous DREF, and both capable of DRE-binding. Ectopic expression of the N-terminal
fragment in salivary gland cells resulted in reduction of the contents of mRNA's for the 180 kDa subunit of DNA
polymerase a and dE2F, and also the extent of DNA endoreplication. Ectopic expression of the N-terminal fragment
in the eye imaginal discs also reduced significantly DNA replication in cells at the second mitotic wave (21). These
lines of evidence suggest that the N-terminal fragment can impede the endogenous DREF function in a dominant

negative manner, indicating that DREF is required for normal DNA replication in both mitotic and endo-cell cycles.
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The full length DREF was expressed in the area posterior to the morphogenic furrow of the eye imaginal disc
of the larvae using the specific Glass gene promoter. This induced ectopic DNA replication and apoptosis, and
resulted in rough eye phenotypes in adults (22). Interestingly, this ectopic DREF expression enhanced the E2F gene
promoter. Thus, the excess expression of DREF in the cells after differentiation onset causes the ectopic DNA

replication and apoptosis, and inhibits normal differentiation.
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Fig. 2. Regulatory network for transcription of the Drosophila PCNA gene. DREF plays a central role in this network.

Requirements of regulatory elements change during development.

5. Network of regulatory mechanism consisting of DREF and related factors

Factors interacting genetically and (or) physically with DREF were identified by several methods, and
biological significance of interaction between DREF and these factors have been analysed. The transgenic flies
expressing DREF in eye-imaginal discs mentioned above is useful for screening mutants for genes whose products
affect the phenotype induced by DREF expression. Transgenic lines expressing the rough eye phenotype were mated
with mutant lines with defective alleles in various genes. If a mutant line carries defect in a gene encoding protein
inhibitory to the DREF function, the rough eye phenotype is expected to be enhanced in the hybrid progenies. On the
other hand, those suppressive to the rough-eye phenotype carry defects in the genes cooperative with DREF. Using
this genetic analysis, we identified a number of genes whose products might genetically interact with DREF. One of
such examples showing cooperation with DREF is the E2F gene: we found that reducing the copy number of the
active E2F gene from two to one suppressed the DREF-induced rough eye phenotype. One of mechanism of the
cooperation was clarified by the finding that DREF bounds directly to DRE sequences in the promoter of the E2F
gene to enhance transcription (14) (see also Fig.1). Reaction to supply the E2F by the DRE/DREF regulatory system
in combination with physiological regulation of E2F by the Rb protein and G1-cyclin/CDK system may be a key
molecular process for regulation of cell proliferation.

In addition to DREF and E2F/DP systems (23), we isolated CFDD (common regulatory factor for DNA
replication and DREF genes), a novel protein factor(s), from nuclear extracts of D. melanogaster Kc cells. CFDD,
which recognize two unique nucleotide sequences (5'-CGATA and 5'-CAATCA), binds to promoter region of PCNA
gene, and makes an important contribution to promoter activity in both cultured cells and in living flies. Also multiple
CFDD sites were found in promoters of the DNA polymerase a and DREF genes (24). Therefore, CFDD may play



June 2002 " DREF, a transcriptional regulatory factor related to cell proliferation 59

important roles in regulation of D. melanogaster DNA replication-related genes. However, the functional relationship

between CFDD and other factors remains unclear.

6. Interactions between DREF and chromatin-modifying factors

Another interaction, between DREF and BEAF-32 (boundary element association factor of 32 kDa) was found.
BEAF-32 can bind to the boundary element consisting of 5'-CGATA-3', a sequence present in DRE (5-TATCGATA-
3"), to block the effect of upstream regulatory elements such as enhancers. DREF antagonizes BEAF-32 to activate
transcription of genes regulated by BEAF-32 (25).

The boundary elements (BEs) in D. melanogaster was identified on the the scs' (special chromatin structure)
region in the Asp 70 gene locus, and is known important role in limiting the spread of open and closed chromatin
states by binding BEAF-32 (26). As described above, BEAF-32 and DREF share common binding site, DREF may
be a key factor for shift of many DNA replication/cell proliferation-related genes from inactive to active states by
impeding BEAF-32 (25).

In addition, by the yeast two-hybrid screening method using hDREF as a bait, several cDNA encoding proteins
related to modification of chromatin structures including Polycomb and Zinc finger helicase (ZFH) were isolated (our
unpublished data). Polycomb group proteins are involved in the establishment of heterochromatin (26), while ZFH is
a member of chromatin-remodeling factors (27).

To understand significance of interactions, we constructed plasmids for expression of hDREF in a form
of fusion protein with Flag-tag and of Polycomb or ZFH in a form of fusion protein with hemagglutinin (HA)-tag in
mammalian cells (our unpublished data). When Flag- hDREF and HA- Polycomb were co-expressed, these proteins
showed transient co-localization, and then, dissociated. Similar results were obtained with the co-expression of Flag-
hDREF and HA- Zinc finger helicase (our unpublished data). This change in localization of DREF through
interaction with these factors possibly correlates to the shift of gene expression through the chromatin remodeling.
Furthermore, immuno-coprecipitaiton experiments confirmed the interaction between Flag- hDREF and HA-
Polycomb. Furthermore, we found that the genetic interaction between DREF and Polycomb or trithorax group
proteins were confirmed using the transgenic Drosophila system (18).From these results, it is suggested that DREF

interacts with chromatin-modifying factors to activate genes carrying DREs in the promoters.

Table 1. Genome wide screening of DRE-containing genes in Drosophila

Functions Numbers of genes
1 DNA metabolism 12
(replication, repair, synthesis of precursors)
2 Transcriptional regulation 15
3 Nuclear or chromatin structures 9
4 Protein metabolism 35
5 Signal transduction and the phosphorylation 25
6 Germ line formation 8
7 Cell cycle regulation 7
8 Miscellaneous 14
9 Unknown functions 31

DRE sequences found within 1kb from their transcription initiation sites.

7. Genome-wide screening of Drosophila genes regulated by the DRE/ DREF system
As described above, DRE/DREF is one of the common regulatory mechanisms for the cell proliferation-related genes.

Previously, by screening about 3.5 % of the Drosophila genome sequence, we found that 61 genes carry DRE
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sequences (28). These genes carry the DRE within 600 base pairs (bp) upstream regions of their transcription
initiation sites, and interestingly many of them were related with reactions required for cell proliferation such as DNA
replication, transcription, translation, growth signal transduction and other regulatory functions. By simple
extrapolation, it was estimated that more than one thousand Drosophila genes are regulated by DRE.

We are interested in searching again DRE-containing genes in the whole Drosophila genome sequences to find
out how many and what kinds of genes are regulated by the DRE/ DREF system. We found 456 of DRE sequences,
and 156 genes carry the DRE sequences within 1kb upstreams from their transcription initiation sites (Table 1). Many
of them are related to reactions required for cell proliferation such as DNA metabolism, transcriptional regulation,
nuclear or chromatin structures, protein metabolism, signal transduction, cell cycle regulation and germ line
formation, suggesting that the DRE/DREEF system is a common regulator of many cell proliferation-related genes. We
have tried to determine the sites for DREF-binding on the larval salivary grands polytene chromosomes using anti-
DREF antibody to compare the sites and the maps of the genes found in the genome screening. Several hundreds of
antibody-stained bands were detected through the chromosomes, suggesting many genes are under the regulation of
DREF in the salivary grands. For example, the skp A gene encoding the factor involved in cell cycle regulation and
mapped in the 1B region, carries two DREs. The band stained by the anti-DREF antibody was detected in the 1B

region of the polytene chromosome.

—»
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Fig. 3. A model of interaction between DREF and chromatin-modifying factors in regulation

of proliferation-related genes.

8. Conclusion and perspectives
From the obtained results, we can conclude as following: 1) Drosophila DREF binds specifically to the

DRE sequence (5°-TATCGATA-3’) in the promoters of many cell proliferation-related genes to activate their
transcription. 2) Some differentiation-related signals down-regulates the expression of DREF genes. 3) Ectopic
expression of DREF in larval imaginal discs induce abnormal DNA synthesis, apoptosis and differentiation failures.
4) Both Drosophila and mammalian DREF’s interact genetically and/or physically with regulatory factors related to
chromatin structures, suggesting that DREF activates proliferation-related genes through modifying chromatin
structures. 5) The DRE/DREF system regulates possibly several hundreds of genes related cell proliferation. From
these results, we can suggest the DRE/DREF system may be one of the master key-like regulatory mechanisms for
coordinated expression of many cell proliferation-related genes. '

Although we can draw a rough model of the DRE/DREF system in regulation of cell proliferation, many

questions are still left to be clarified: The first is related the mechanism of activation of the genes by DREF through
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interaction with chromatin-modifying factors. One possible mechanism is that DREF may replaced the inhibitory
chromatin factors at the promoters containing DREF sequences (Fig. 3). Second question is how DREF is involved in
repression of cell proliferation during differentiation. We observed the expression of hDREF was gradually decreased
during differentiation of the rat pheochromocytoma cell line, PC12 (our unpublished data), which are known to
differentiate into nerve cells by adding nerve cell growth factor (29). This shutting off of DREF may possibly be
related to the interaction with inhibitory factors such as Polycomb.

We represented about 150 Drosophila genes carrying DRE in the upstream regions of transcription initiation
sites, most of these genes seem to be related to cell proliferation. Are more genes regulated by the DRE/DREF
system? We found that 8 bp sequences with 1-2 bp differences from TATCGATA can also function as DRE to
stimulate transcription as seen with the case of dE2F1 gene (14). Thus, additional genes may be found by further
screening, which is suggested by results of staining of the salivary grand polytene chromosome by anti-DREF
antibody. It is also important question whether human DREF has a similar function on many genes as the Drosophila

homologue or not.
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