
 

 

 Introduction 
 
The Hippo pathway has been found to restrict 
cell proliferation by inducing apoptosis and cell 
cycle arrest [1-3]. The core components of this 
pathway are Hippo (Hpo), Warts (Wts), Salvador 
(Sav), Mob as tumor suppressor (Mats), and 
Yorkie (Yki). Hpo and Wts are serine/threonine 
kinases, while Sav functions as a scaffold to 
support their activity. Mats regulates Wts phos-
phorylation by Hpo and Yki as a transcriptional 
coactivator [3-7]. By phosphorylation of Yki, this 
signaling pathway inhibits Yki transcriptional 
effects on target genes such as the cell cycle 
regulator cyclin E and the inhibitor of apoptosis 
gene product DIAP1 [8]. In this way, the Hippo 
pathway controls cell number in growing tissues 
of Drosophila. Accordingly, mutations in Hpo, 
Wts, Sav, Mats or overexpression of Yki induce 
similar tumor-like phenotypes in Drosophila 
epithelial tissues. These components are con-
served between the fly and vertebrates and mu-
tations in these factors also result in tumori-

genesis in mice. Additional components such as 
membrane-associated protein Merlin (Mer) and 
Expanded (Ex) function upstream of Hpo to pro-
mote its phosphorylation and activation of Wts 
[9]. Both Mer and Ex contain FERM domains 
linking with cytoskeletal and transmembrane 
proteins [10]. Thus, it is suggested that they 
might transmit signals from membranes. A re-
cent study showed that the Hippo pathway also 
regulates proliferation of intestinal stem cells in 
Drosophila midgut [11], playing an essential 
role in maintaining homeostasis and regenera-
tion in response to tissue damage. Furthermore 
a variety of other factors have been identified 
which interact with the Hippo pathway, indicat-
ing wide-ranging functions [12]. However, the 
transcriptional regulation of genes encoding 
these factors is largely unknown and poorly 
studied. 
 
Promoters of many DNA replication- and prolif-
eration-related genes such as PCNA, DNA poly-
merase α (the 180kDa and 73kDa subunit), 
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dE2F, cyclin A, D-ras, D-raf, orc2, rfc1, elf4A, 
osa and moira contain a common 8 base pair 
(bp) palindromic sequence (5’-TATCGATA) 
named the DNA replication-related element 
(DRE) [13-23]. The requirement of DRE for pro-
moter activity has been confirmed in both cul-
tured cells and transgenic flies [24, 25] and a 
specific DRE-binding factor (DREF) has been 
identified [25, 26]. Molecular cloning of its 
cDNA has revealed that DREF is an 80kDa poly-
peptide of 709 amino acid residues trans-
activating DRE-containing genes [25]. It is also 
reported that DREF is a component of a tran-
scription initiation complex containing TRF2 
[27]. In addition, the chromatin remodeling fac-
tor dMi-2 and the homeodomain protein Distal-
less (Dll) interact with the DNA-binding domain 
of DREF and inhibit its DNA-binding activity, 
separately [28, 29]. Overexpression of the DREF 
in Drosophila eye imaginal discs induces ec-
topic S phase and apoptosis, while inhibiting 
photoreceptor cell differentiation, resulting in a 
rough eye phenotype in the adult [30]. Genetic 
screening taking advantage of this rough eye 
phenotype has identified many genes involved 
in cell proliferation and cell cycle [22]. Recently, 
transcriptional regulation of the Drosophila p53 
gene by the DRE/DREF system was revealed by 
cytological and molecular biological studies 
[31]. For many years DRE/DREF system was 
thought to simply promote cell proliferation or 
growth via activation of gene transcription. How-
ever, since the p53 gene is well-known as a 
tumor suppressor gene, DRE/DREF may not 
only up-regulate but also down-regulate cell pro-
liferation, suggesting roles in fine-tuning of tis-
sue kinetics in Drosophila. In the present study 
we focused on the tumor suppressor wts gene, 
thereby obtaining evidence of a novel link be-
tween DRE/DREF and the Hippo pathway. 
 
Materials and methods 
 
Fly strains 
 
Fly strains were maintained at 25°C on stan-
dard food. The fly line st1in1kniri-1ppwts3-17/ TM3, 
Sb1 was obtained from the Bloomington, Indi-
ana stock center. The UAS-DREF line was de-
scribed earlier as well as the transgenic fly line 
carrying GMR-GAL4 on the X chromosome [21]. 
 
Scanning electron microscopy 
 
Adult flies were anesthetized, mounted on 

stages and observed under a VE-7800 scanning 
electron microscope (Keyence Inc.) in the high 
vacuum mode. In every experiment, the eye 
phenotype of at least five adult flies of each line 
was simultaneously examined by scanning elec-
tron microscopy, and these experiments were 
repeated three times. No significant variation in 
eye phenotype among individuals was apparent. 
 
Plasmid construction 
 
To construct the plasmid p5’-wtswt-luc, PCR was 
performed using Drosophila genomic DNA as a 
template and the following primer combination:  
wts5’KpnI: 5’-ACCGGTACCGGCTACGGTGACCTTG 
ATCT; wts3’XhoI: 5’GATCTCGAGAGACAGAGATC-
TAGGGAGGAG;  
 
PCR products were digested with KpnI and XhoI 
and inserted between the KpnI and XhoI sites of 
the PGVB plasmid (Toyo Ink). 
 
Base-substituted derivatives of p5’-wtswt-luc 
were constructed using a QuickChange Site-
Directed Mutagenesis Kit (Stratagene) accord-
ing to the manufacturer’s protocol. The follow-
ing oligonucleotide pairs carrying base substitu-
tions in DRE were used as primers: 
wtsDRE1mutF: 5’-GGTCAAATCCTcgCGgcAC 
CTGATGTGGTTGCCAG; wtsDRE1mutR :5’-CTGGC 
AACCACATCAGGTgcCGcgAGGATTTGACC; 
wtsDRE2mutF :5’-GTTTTCAGTATAATcgCGgcGTTT 
ATATACCACGGTC; wtsDRE2mutR :5’-GACCGTGG 
T A T A T A A A C g c C G c g A T T A T A C T G A A A A C ; 
wtsDRE3mutF :5’-CCATGCAGATACGATAGCTTcgC 
G g c A G C G C T G T T C T G G A A C G C A G C ; 
wtsDRE3mutR:5’-GCTGCGTTCAGAACAGCGCTgc 
CGcgAAGCTATCGTATCTGCATGG. 
 
DNA transfection into S2 cells and luciferase 
assays 
 
Approximately 2×105 cells were plated 24h be-
fore plasmid transfection, then 500ng of re-
porter plasmid and 1ng of pAct5C-seapansy as 
an internal control were cotransfected into the 
cells using CellFectin II reagent (Invitrogen). 
After 48h from transfection, S2 cells were har-
vested and luciferase activities were measured 
with the Dual-Luciferase Reporter assay system 
(Promega). All assays were performed within the 
range of linear relation of activity to incubation 
time and values were normalized to Renilla 
luciferase activity. Transfections were per-
formed several times with at least two inde-
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pendent plasmid preparations. 
 
For dsRNA interference (RNAi) experiments, 
1×105 cells were plated in 24-well dishes in the 
presence of 3µg/well of DREF-dsRNA, YFP-
dsRNA and mock for control (dsRNA free incu-
bation) in fetal bovine serum (FBS) free M3 me-
dium for 1h. After the incubation, three volumes 
of M3 containing 10% FBS were added to each 
well. Four days after RNAi treatment, cells were 
co-transfected with the luciferase reporter plas-
mid (500ng) and pAct5C-seapancy plasmid 
(1ng) as an internal control then harvested after 
48h for measurement of luciferase activities 
according to the standard instructions with the 
kit (Promega). 
 
Quantitative RT-PCR 
 
1×106 S2 cells were plated in 6-well dishes in 
2ml M3 medium containing 30g/well of dou-
ble-strand RNAs for DREF (DREFdsRNA) or LacZ 
(LacZdsRNA) for 1h. After the incubation, 3ml of 
M3 medium containing 10% FBS was added to 
each well. At 5 days after the RNAi treatment, 
total RNA was isolated from cells using Trizol 
Reagent (Invitrogen) and 1μg aliquots were re-
verse transcribed with oligo dT primer using a 
Takara high fidelity RNA PCR kit (Takara). Then, 
real-time PCR was performed with a SYBR 
Green I kit (Takara) and the Applied Biosystems 
7500 Real-time PCR system using 1μl of re-
verse transcribed sample per reaction. β-tubulin 
mRNA was chosen as a negative control and 
Rp49 was used as an endogenous reference 
gene. To carry out quantitative real-time PCR, 
the following PCR primers were chemically syn-
thesized: Wts2ndPrimer 5’-GTTAGTGTGCGGA 
GCATTTC; Wts3rd Primer 5’-GCCGTCATCATCTT 
TGGCACA; DREF-F 5’-GGCAATCTCCGTTGAAT 
GACG; DREF-R 5’-TTCACCTCCGAGAAGCCCTT; β-
tubulin-F 5’-AGTTCACCGCTATGTTCA; β-tubulin-R 
5’-CGCAAAACATTGATCGAG; RP49-F 5’-
GCTTCTGGTTTCCGGCAAGCTTCAAG; RP49-R 5’-
GACCTCCAGCTCGCGCACGTTGTGCACCAGGAAC. 
 
Chromatin immunoprecipitation 
 
We performed chromatin immunoprecipitation 
using a Chip assay kit as recommended by the 
manufacturer (MILLIPORE). Approximately 
1×107 S2 cells were fixed in 1% formaldehyde 
at 37°C for 10 min and then quenched in 
125mM glycine for 5 min at 25°C. Cells were 
washed twice in PBS containing protease inhibi-

tors (1mM PMSF, 1μg/ml aprotinin and 1μg/ml 
pepstain A), lysed in 200µl of SDS lysis buffer, 
sonicated to break DNA into fragments of less 
than 1kb and centrifuged at 15,300×g for 10 
min at 4°C. The sonicated cell supernatants 
were diluted 10-fold in Chip Dilution Buffer and 
pre-cleared with 80µl salmon sperm DNA/
Protein A agarose-50% slurry for 30 min at 4°C. 
After brief centrifugation, each supernatant was 
incubated with 1µg of the rabbit IgG or anti-
DREF polyclonal antibodies [25] for 16h at 4°C. 
Salmon sperm DNA/Protein A agarose-50% 
slurry was added with incubation for 1h at 4°C. 
After washing, immunoprecipitated DNA was 
eluted with elution buffer containing 1% SDS 
and 0.1M NaHCO3. Then the protein-DNA 
crosslinks were reversed by heating at 65°C for 
4h. After deproteinization with proteinase K, 
DNA was recovered by phenol-chloroform ex-
traction and ethanol precipitation. Quantitative 
real-time PCR was performed as described 
above. To carry out chromatin immunoprecipita-
tion, the following PCR primers were chemically 
s y n t h e s i z e d :  C h I P w t s 5 ’ P r i m e r  5 ’ -
C C G A T A A C A T T T A C T T G C T C T C - 3 ’ ; 
ChIPwts3’Primer 5’-GACCGATATCGATAGACA 
GAG-3’; PCNAP 5’-GATGAATGATTAACGTGGGCTG; 
PCNAantiP 5’-GAAATAAATATACTCTGTAAAAAGTG 
TGAAC; actin5CF5’-CTCCATCATGAAGTGTGATG 
TG; actin5CR 5’-CGTACTCCTGCTTGGACGTC. 
 
Results 
 
Half reduction of the wts gene dose enhances 
the DREF-induced rough eye phenotype 
 
Recently, it is revealed that DRE/DREF regu-
lates transcription of the Drosophila p53 gene 
[31], suggesting that DRE/DREF is responsible 
for balanced cell proliferation by activating and 
deactivating it simultaneously. Since both DRE/
DREF system and the Hippo pathway regulate 
cell proliferation, we were interested in examin-
ing the relationship between these two path-
ways. Overexpression of DREF induces ectopic 
DNA synthesis and apoptosis and inhibits photo-
receptor cell differentiation in eye imaginal disc 
so that adult flies exhibit a severe rough eye 
phenotype [30]. Since eye phenotype does not 
impair viability or fertility, these flies serve as an 
excellent genetic tool to screen for mutations 
that modify the rough eye phenotype. As a first 
step, we carried out modifier test of DREF-
induced rough eye phenotype by a mutant of 
one of the genes involved in the Hippo pathway. 
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As expected, overexpression of DREF induced a 
rough eye phenotype (Figure 1A), regarded as a 
reference. Compared with this, we found that 
half reduction of the wts gene dose promoted 
more pronounced fusion of ommatidia and loss 
of sensory hairs, resulting in strong enhance-
ment of the DREF-induced rough eye phenotype 
(Figure 1B). The results indicate that the wts 
gene genetically interacts with DREF in vivo. 
 
The 5’-flanking region of the wts gene contains 
DRE and DRE-like sequences 
 
To examine the possibility that transcription of 
the wts gene is directly regulated by DREF, we 
searched for DRE sequences within 1.4kb ge-
nome region from the transcription initiation 
site of the wts gene from the Drosophila ge-
nome database, FlyBase (http://flybase.org/). 
Previous studies demonstrated that DRE se-
quences within such regions can up-regulate 
transcription of many target genes, and the cen-
tral 6 bp of DRE (5’-ATCGAT) are essential for 
DREF binding and activation of promoter [13, 
24]. In the 5’-flanking region of the wts gene, 
within 1.4kb of the transcription initiation site, 
we found one DRE-like and two DRE sequences, 
named DRE1 (-49 to -56), DRE2 (-79 to -86), 

and DRE3 (-502 to -509) (Figure 2). DRE1 and 
DRE3 perfectly match the consensus DRE se-
quence and DRE2 matches 7 out of 8bp DRE.  
 
Roles of DREs in wts promoter activity 
 
To investigate the role of the DREs in wts pro-
moter activity, we carried out luciferase tran-
sient expression assays with cultured Droso-
phila S2 cells. We constructed a wts promoter-
luciferase fusion plasmid and derivatives carry-
ing mutations in one or more of DRE1, DRE2, 
and DRE3. These plasmids were transfected 
into S2 cells and luciferase activity was meas-
ured. A mutation in DRE1 (wts-DRE1mut) almost 
completely abolished wts promoter activity, as 
was also the case with mutations in both DRE1 
and DRE2 (wts-DRE1, 2mut), DRE1 and DRE3 
(wts-DRE1,3mut), and in all three DREs (wts-
DREallmut). Mutation in DRE2 (wts-DRE2mut) 
and DRE3 (wts-DRE3mut) alone reduced the 
promoter activity by 34% and 43%, respectively, 
relative to that of the wild-type promoter (Figure 
3A). These results suggest that DRE1 is essen-
tial for wts gene promoter activity, while DRE2 
and DRE3 might have supporting roles. 
 
To further examine the requirement of DREF for 
wts promoter activity, we performed luciferase 
transient expression assays in DREF-knockdown 
cells. DREF-dsRNA or YFP-dsRNA were added to 
S2 cells. Western immunoblot analyses with 
anti-DREF antibody revealed that DREF protein 
was not detectable at 3 and 5 days after DREF-
dsRNA treatment, while no significant change 
was evident in mock and YFP-dsRNA-treated 
cells (Figure 3C). When luciferase reporter plas-
mids were transfected into S2 cells at 4 days 
after RNAi treatment, wild type wts promoter 
activity was decreased to 56% in DREF-dsRNA-
treated cells compared with no-dsRNA treat-
ment cells (mock), while the promoter activity 
was only a slightly reduced in the YFP-dsRNA-
treated cells (Figure 3B). 

Figure 1. The wts gene genetically interacts with 
DREF. Scanning electron micrographs of adult eyes. 
(A) GMR-GAL4/Y; UAS-DREF/+, (B) GMR-GAL4/Y; UAS
-DREF/+; +/wts3-17. Lower panels indicate higher 
magnification images of the upper panels. Scale bars 
are for 12.5 µm and 50 µm, respectively. 

Figure 2. The wts gene carries DRE and DRE-like 
sequences in the 5’-flanking region. The transcrip-
tion initiation site is indicated by the arrow and des-
ignated as +1. The positions and nucleotide se-
quences of DRE1, DRE2 and DRE3 are shown. 
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To further confirm dependence of promoter acti-
vation by DREF, we determined luciferase ex-
pression with the wts promoter carrying muta-
tions in all three DREs in DREF-knockdown cells. 
The data indicated no reduction of promoter 
activity in DREF-knockdown cells (Figure 3B). 
These results again confirmed a positive role of 
DREF in wts promoter activity. 
 
Knockdown of the DREF gene reduces endoge-
nous wts gene expression in cultured S2 cells 
 
To examine whether DREF affects expression of 

the endogenous wts gene, we carried out DREF 
RNA interference experiments in Drosophila S2 
cells. Total RNAs from dsRNA-treated S2 cells 
were isolated at 5 days after addition of dsRNA 
for assessment by quantitative RT-PCR. The β-
tubulin gene was used as a negative control. 
The DREF mRNA level was extensively reduced 
to 2% by DREF-dsRNA treatment as compared 
with no-dsRNA treated cells (mock) (Figure 4). 
The wts mRNA level in DREF dsRNA treated 
cells was reduced to 31% relative to no dsRNA 
treated cells, while no significant change was 
observed with LacZ-dsRNA-treated cells (Figure 

Figure 3. DREs play essential roles in 
wts gene promoter activity in cultured 
cells. (A) Schematic features of the 
wts promoter-luciferase fusion plas-
mid wts-WT-luc, and its base-
subst i tuted der ivat ives (wts-
DRE1mut, wts-DRE2mut, wts-
DRE3mut, wts-DRE1,2mut, wts-
DRE1,3mut, wts-DRE2,3mut and wts-
DREallmut) are illustrated. DRE is 
represented by an open box and mu-
tated DRE by a closed box. Plasmids 
were transfected into S2 cells and 
luciferase activities measured at 48 h 
thereafter. Luciferase activity was 
normalized to Renilla luciferase activ-
ity and expressed relative to that of 
wts-WT-luc. The mean activities with 
standard deviations from three inde-
pendent transfections are shown. (B) 
Three days after treatment with DREF 
dsRNA (DREF RNAi) or YFP dsRNA 
(YFP RNAi), S2 cells were transfected 
with 0.5 g each of wts-WT-luc or wts-
DREallmut-Luc. Promoter activities 
were measured at 48 h after trans-
fection. The luciferase activity was 
normalized to Renilla luciferase activ-
ity and expressed relative to that of 
wts-WT-luc in non-RNA treated cells 
(Mock). (C) Western immunoblot 
analysis showing decreased DREF 
protein level in S2 cells after DREF 
dsRNA treatment. The upper panel 
shows data for the DREF band with 
anti-DREF polyclonal antibody. The 
lower panel shows findings for α-
tubulin as a loading control.  
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4). These results indicate that DREF is truly re-
quired for wts gene expression.  
 
DREF binds to the genomic region containing 
DRE and DRE-like sequences of the wts gene in 
vivo 
 
To test whether DREF binds to the DRE-
containing 5’-flanking region of the wts gene in 
S2 cells, chromatin immunoprecipitation assays 
with anti-DREF polyclonal antibodies were car-
ried out (Figure 5). Since it is well known that 
the PCNA gene is regulated by DRE/DREF sys-
tem it was here used as a positive control, and 
the Actin5C genomic region not carrying any 
DREs was used as a negative control. 
 
Amplification of the PCNA gene promoter region 
containing DRE in the immunoprecipitates with 
the anti-DREF IgG was 97-fold higher than that 
with control IgG (Figure 5). In contrast, no sig-
nificant amplification of the Actin5C gene region 
was observed. Amplification of the wts gene 
region containing DRE1, 2 from the immunopre-
cipitates with the anti-DREF IgG was about 319-
fold higher than that with the control IgG (Figure 
5). We also could detect binding of DREF to the 
DRE3 region of the wts promoter, but this bind-
ing was weaker than was the case for the DRE1, 
2 containing region. These results indicate that 
DREF mainly binds to the genomic region con-

taining DRE1, 2 and less effectively to DRE3 
under cellular conditions.  
 
Discussion 
 
In this study, we obtained evidence that the wts 
gene is a DREF-target, featuring two DREs and 
one DRE-like sequence in its 5’-flanking region. 
Luciferase transient expression assays showed 
wts promoter activity to depend on both DREs 
and DREF levels. In addition, the level of wts 
mRNA was reduced in DREF knockdown S2 
cells treated with DREF dsRNA. Furthermore, 
chromatin immunoprecipitation assays showed 
DREF to bind to the genomic region of the wts 
gene containing DREs. These data provide com-
pelling evidence that DREF is a positive regula-
tor of the wts gene, suggesting that wts gene 

Figure 4. DREF dsRNA treatment reduces endoge-
nous wts mRNA levels in S2 cells. DREF mRNA and 
wts mRNA in DREF dsRNA-treated cells were meas-
ured by quantitative RT-PCR and compared with val-
ues for non-dsRNA treated cells (Mock). The mRNA 
for β-tubulin was used as a negative control. 

Figure 5. Binding of DREF to the DRE-containing 
genomic region of the wts gene. (A) Schematic of the 
5’-flanking region of the wts gene. Arrowheads indi-
cate positions of the primers used for real-time PCR 
reactions. (B) Crosslinked chromatin of S2 cells was 
immunoprecipitated with either anti-DREF IgG or the 
control rabbit IgG. Genomic regions containing 
wtsDRE1, 2 or wtsDRE3 were amplified by PCR, and 
compared with amplicons from immunoprecipitates 
with the control rabbit IgG. 
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expression is directly activated by the DRE/
DREF pathway. 
 
In general, half-dose reduction of DREF target 
genes results in suppression of the DREF-
induced rough eye phenotype [21, 23]. How-
ever, with the wts gene, it was not reduced but 
rather enhanced. Although proof is lacking at 
present, we can propose a model to explain 
these observations (Figure 6). In general, the 
DRE/DREF system mainly up-regulates genes 
which promote cell proliferation like CycE [32]. 
The Wts is known to down-regulate CycE expres-
sion. Therefore, DRE/DREF may simultaneously 
function as both strong enhancer and mild sup-
pressor of cell proliferation. Overexpression of 
DREF results in the rough eye phenotype, and 
half dose reduction of the wts gene might 
weaken inhibitory effects on cell proliferation 
inducing a severer rough eye. Consistent with 
this interpretation, we confirmed that half dose 
reduction of the wts gene suppressed the rough 
eye phenotype induced by DREF-knockdown 
(Figure 7).  
 
In addition to the wts gene, we found DRE-like 
sequences on the 5’-flanking regions of other 
Hippo pathway genes such as the sav, hpo and 
ex genes, suggest that these three are also 
DREF targets. It is therefore possible that a tight 

link exists between the DRE/DREF and Hippo 
pathways. Since the Hippo pathway restricts cell 
proliferation via cell cycle arrest and inducing 
apoptosis [1, 2], it is possible that DREF simul-
taneously activates both positive and negative 
regulators of cell proliferation as suggested pre-
viously [23, 33] and evidenced by its positive 
regulation of the p53 gene. The p53 transcrip-
tional activator has three major functional ar-
eas: cell cycle arrest, cellular senescence and 
apoptosis [34]. The so-called ‘the guardian of 
the genome’, regulates cell proliferation nega-
tively and the fact of DREF influence suggest 
fine-tuning of appropriate cell proliferation.  
 
In addition, the relationship between cell prolif-
eration and cell death are complex. It has been 
known that increased proliferation via activation 
of oncogenes like Myc or Ras is often induced 
simultaneously with increased apoptosis [35]. 
Apoptosis functions as a built-in failsafe to re-
press inappropriate cell proliferation [3]. Thus, 
DREF may have important role to balance cell 
proliferation with apoptosis and maintain tissue 
kinetics. 
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